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         PREFACE   

 The epidermal growth factor (EGF ) receptor and its downstream signal transduction 
networks have been implicated in the ontology and maintenance of tumor tissues, which 
has motivated the discovery and development of molecularly targeted anti-EGF receptor 
therapies. Over decades of study, the EGF receptor structure, its ligand binding domains, 
the physical biochemistry underlying its intrinsic tyrosine kinase catalytic function and the 
modular interactions with SH2, PTB, and SH3 domain containing signaling adaptor pro-
teins required for signal transduction, have been extensively dissected. Not only is the EGF 
receptor the nexus of many streams of information, but it also forms one part of a calculat-
ing device by forming dimers and oligomers with the other three receptors in its family in 
response to at least eleven ligands (some of which are expressed in multiple forms with 
overlapping or quite distinct functions). This  phenomenon, while recruiting to the inner 
surface of the cell membrane and activating multiple second messenger proteins, also allows 
the possibility of cross talk between these systems, permitting a further layer of information 
to be exchanged. 

 Less well described are the cross regulation of the EGF receptor and other anti-apoptotic, 
mitogenic and metabolic signaling systems. The study of these systems has yielded new 
surprises. One hurdle in these efforts has been that signal transduction pathways have 
frequently been defined in the generic absence of their tissue-specific or cell-interaction 
specific context. It is worth recalling, however, that despite these many  “ known and unknown, 
unknowns ”  much progress has been achieved in the last fifty years of research on this 
system. As opposed to  many other cell surface signaling proteins or protein families, we 
now have a wealth of knowledge, and, importantly, many vitally useful reagents such as 
antibodies and experimental models  in silico, in vitro,  and  in vivo , all of which will assist in 
improving our understanding. 

 The volume is separated into two sections. The first section probes the molecular path-
ways and the intersection of signaling networks that are frequently deregulated in human 
cancers. Our aim here is to describe the EGF receptor in a tumor tissue-specific context. The 
second section illustrates the many ways in which the EGF receptor contributes to abnormal 
survival and migration signaling in cancer cells and to epithelial and  mesenchymal transition 
and metastasis. 

 In this volume we describe the mitogenic, survival, adhesive, and migratory pathways 
within a framework of interacting subsystems that contribute to the activity and physiological 
regulation of the receptor in normal and neoplastic tissues. Recent work has clearly shown that 
epithelial tumor cells are capable of transdifferentiation to a more mesenchymal phenotype, 
a process resembling an epithelial to mesenchymal transition (EMT). Similarly, it has been 
shown that epithelial tumors can promote genetic alterations and loss of heterozygosity in 
surrounding stromal cells leading to hyperproliferation of activated stromal cells and tumor 
migration. These cellular transitions and cellular interactions have profound consequences for 
the EGF receptor signaling networks and for the dependence of carcinoma cells on those sig-
nals for survival. The interactions of the EGF receptor signaling with other cellular subsystems 
regulating survival, mitogenic and migration cues thus have medical meaning as we try to 
identify and develop treatments that not only cause apoptosis of tumor cells directly but also 
have impact on the altered cell populations from whence cancer recurrence occurs. 

 The importance of this EGF receptor and its family as a target in cancer drug development 
is manifest in the level of interest and investment in academic research and in pharmaceutical 
development. There have been mixed results and rewards to date. It can now be accepted that 
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interdiction with agents such as antibodies or small molecule drugs does work, and in fact 
works quite well in some patients. We do, however, face frustration when we do not know 
the full potential of these targets. Current needs include better methods of patient selection, 
better surrogate markers, and especially better drugs. Although progress to these ends is 
continuous and indeed often exciting and encouraging, the only rational basis on which to 
found this enterprise is substantial increases in our knowledge of how the system works and 
how this knowledge may vary in the context of the living, differentiated cell. It is unlikely 
that acquisition of this knowledge will be an easy or a short task, but it is a good bet that it 
will be a productive one. Along with the contributors to this volume and those involved in 
exploring this fascinating system, we still have much to learn. 

   “ Now this is not the end. It is not even the beginning of the end. But it is, perhaps, the 
end of the beginning. ”    Winston Churchill, Mansion House, November 1942.    

John D. Haley
William John Gullick
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         1     EGF Receptor  Family Extracellular 
Domain Structures and Functions 

          Antony   W.   Burgess   
and    Thomas   P.J.   Garrett       

  CONTENTS 
  Introduction — EGFR Structure/Function  

   Studies  
  EGFR  
  ErbB2  
  ErbB3 and ErbB4  
  Antibody Binding to the EGFR Family Members  
  References    

  Abstract 
 From its discovery, the EGFR has been linked to the transformation events associated with 

 oncogenic changes. Until recently, however, investigations on the 3-dimensional structures, cell surface 
configurations, and activation of the EGFR family members have yielded only limited insight into the 
biochemistry and biology of this receptor family. We now have the 3D-structures of the extracellular 
domains (ECDs) of all four family members. Surprisingly, when forming the activated, ligand-bound 
structures, the EGFR, ErbB3 and, ErbB4 undergo major conformational changes. 

 These family members appear to form tethered, low-affinity conformers and untethered,  ligand-
bound conformers that are capable of oligomerization. The 3D-structure of the ErbB2-ECD sug-
gests that this family member only exists in the untethered form and is ready for  oligomerization 
and consequential activation by ligand-associated untethered conformers of the other EGFR family 
members. The 3D-structures allow an understanding of the activation  processes and the mechanisms 
by which several anti-EGFR and anti-ErbB2 antibodies inhibit the activation of these receptors.  

  Key Words:   ErbB2 ,  ErbB3 ,  ErbB4 ,  3-dimensional structures ,  conformational transitions , 
 antibody epitopes .   

  1. INTRODUCTION — EGFR 
STRUCTURE/FUNCTION STUDIES  

 Since the discovery of EGF  by Stanley Cohen in the early 1950s, ( 1 ) cellular-signaling 
systems have intrigued both biochemists and cancer biologists. Once the EGF receptor was 
identified, it was quickly apparent that the biology of this receptor system was closely connected 
to transforming events associated with cancer ( 2 ). Pioneering work by biochemists, cell 
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4 Burgess and Garrett

biologists and biophysicists established a framework for the understanding of growth-factor 
signaling. In particular, the descriptions of high and low affinity EGFRs on the same cell ( 3 ), 
the discovery of ErbB2 ( 4 ), ErbB3 ( 5 ), and ErbB4 ( 6 ) (see also Chapter 2), as well as the 
down-regulation of the EGFR ( 7 ) and the induction of dimerization of sEGFR by ligand ( 8 ) 
allowed the development of sensible models for receptor activation and signal transduction 
( 9 ). The validity of these models and progression of the molecular basis for regulation of the 
EGFR kinase (signaling) was hampered by the lack of reliable 3D-information relevant to 
either the extracellular domain (ECD) or the intracellular kinase. 

 In 2001/2002, the crystallographers finally broke through, solving a portion of the EGFR 
kinase domain ( 10 ), fragments of the EGFR-ECD bound to ligand ( 11 ), full-length erbB3-
ECD ( 12 ), full-length EGFR-ECD in the presence of EGF ( 13 ,  14 ), and the ErbB2-ECD 
( 15 ,  16 ). These structures revealed remarkable sub-domains and potential monomer-inter-
action sites, confirming a major conformational difference between unbound and ligand-
bound ECDs ( 17 ,  18 ). Most recently, the 3D-structures of ErbB4 ( 19 ) and the structures of 
the ECDs of the EGFR ( 20 ) and ErbB2 ( 15 ,  20 ,  21 ) with clinically relevant antibodies have 
been reported. In conjunction with analysis of the properties of site directed mutants and 
biophysical studies on the oligomerization state of the EGFR on the cell surface ( 22  –  26 ), it is 
possible to develop a much clearer model for the processes involved in the activation, regula-
tion, and biology of signaling from the EGFR family in normal and transformed cells.  

  2. EGFR  

 Since the amino acid sequence of the EGFR was reported, there has been intensive 
investigation of its overall structure, the nature of the ligand-binding site(s), and the oli-
gomerization state of the receptor in the presence and absence of the ligand. The recognition 
of the domain structure for the EGFR has been helpful in defining some the interactions 
that determined the functional roles for the receptor. The identification of two leucine-rich 
domains and two cystine-rich domains (Fig.  1.1 ) dominated our view of the EGFR family 
for a number of years. It was apparent that the leucine-rich domains were both involved in 
ligand binding, but the roles of the cystine-rich domains remained obscure. Despite many 
valiant attempts, the 3D-structures of the ECDs of EGFR family members were not available 
until a few years ago.        

 The breakthrough actually came when scientists at the CSIRO and the Biomolecular 
Research Institute in Melbourne, Australia determined the structure of a fragment of the 
insulin-like growth factor receptor ECD (IGF-IR) ( 27 ). Our understanding of the IGF-1R 
structure has improved substantially (as a result of the reporting of the 3D-structure for the 
insulin receptor ( 28 )). When the structure of the IGF-1R was first published, however, it pro-
vided an example for the architecture of domains found in EGFR ECD. The juxtaposition of 
the  “ ligand-binding domains ”  suggested how a ligand could be bound by these domains but 
did not give us a detailed understanding of the mechanism by which dimerization occurred 
or signal transduction was activated. 

 At first sight, the dominating features of the extra-cellular domain of the IGF-1R are 
the two  β -solenoid domains. These domains are structurally homologous, with each con-
taining five turns of  “ rhomboidal ”  folds of the leucine-rich repeats and two capping turns. 
These domains are separated by a cystine-rich, rod-shaped  β -solenoid  consisting of seven 
disulfide-boned modules. A very similar arrangement occurs in all of the EGFR family 
members:  β -solenoid(L1)-cystine-rich(CR1)-  β -solenoid(L2)-cystine-rich(CR2). 

 In IGF1R, the ligand-binding faces of both  β -solenoid domains are flat  β -sheets with one 
protuberance in the middle turn. For EGFR  β -solenoid domains, there more irregularities, 
and in many of these excursions from the  β -solenoid fold, loops are formed, which, together 
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with the flat  β -sheets, constitute the ligand-binding surface. In the L1 domain, the first strand 
of the flat  β -sheet extends in a V-shape, covering much of the face of the domain. In this 
position, it makes a crucial main chain to main chain  contact with the different EGF-related 
ligands. This motif, in part, explains why EGFR can bind a number of ligands, even when 
they share relatively little sequence homology. 

 The cystine-rich domain (CR1), which joins the L1 and L2 domains, has a fascinating 
feature - a 17-amino acid loop that projects a substantial distance away from the body of 
the protein. In the insulin-receptor family, a similar-sized loop projects from CR1 into the 
ligand-binding site and may play a role in substrate specificity. The positioning of that loop 
would not be compatible with the EGFR structures. Instead, the EGFR loop projects in the 
opposite direction and makes no direct interaction with the ligand. The sequence of this 
CR1 loop, particularly the presence of some proline and asparagine residues, is essential for 
maintaining its structure and for the ability of the receptor to respond to ligands. 

 Amazingly, 18 years after the amino acid sequence of the EGFR was reported by Ullrich 
and his colleagues at Genentech ( 29 ), the HER3-ECD 3D-structure was published ( 12 ). 
One month later, two structures were reported simultaneously for the ligand-bound form 
of the EGFR-ECD ( 11 ,  13 ). These three structures provided a major conundrum. While the 
domains were homologous, in the HER3 structure the second cystine-rich domain was folded 
back onto the first, occluding the CR1-loop and positioning the L domains in an orientation 
that could not be bridged by a ligand. In both the Garrett and Ogiso ligand-bound EGFR-
ECD structures ( 11 ,  13 ), the CR-1 loop did not interact with the same monomer but lay in a 
pocket of the juxtaposed receptor pair. It was not possible for the back-to-back EGFR dimer 
to form unless the CR2 domain folded out of the way. Although Ogiso’s EGFR structure 

 Fig. 1.1.      The extracellular domains (ECDs) of the human EGFR and ErbB2. The left-hand model is 
the tethered form of the EGFR-ECD ( 14 ) with the CR1 loop highlighted in magenta and the C225 
(cetuximab) epitope (lower part of the diagram) and the 806 epitope ( 43 ), ( 56 ) (below CR1 loop) 
are displayed in yellow. The EGF is colored green. On the right, the human, untethered EGFR-ECD 
conformer (blue) modeled from the conformation of the back-to-back ligand dimer ( 11 ), is docked in 
the back-to-back configuration with the human ErbB2-ECD ( 15 ) (red). The TGF-a   is colored green 
and the CR1 loop is colored magenta. The antibody epitopes are colored yellow. For the EGFR-ECD, 
the C225 epitope is on the left, and the 806 epitope is on the right facing ErbB2. For ErbB2, the 2C4 
epitope is close to the CR1 loop (magenta), and the herceptin epitope is at the C-terminus (at the bot-
tom of the diagram) (See Color Plate).  
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( 13 ) contained the CR2 domain, this part of the structure was not sufficiently ordered to trace 
the protein chain. The first two modules of the CR2 domain define the overall direction of 
the rod. Indeed, Jorissen was able to produce a model of the whole EGFR-ECD (residues 
1-621) where the C-termini of the CR2 domains of both EGFR molecules would be closely 
juxtaposed in the membrane ( 30 ). 

 The reporting of the EGFR structures was followed closely by two independent reports of 
the 3D-structure of the full length ErbB2-ECD (i.e., L1-CR1-L2-CR2 ( 15 ,  16 ,  30 )). ErbB2 
formed a configuration almost identical to the expected structure for the full-length, unteth-
ered EGFR-ECD. The ErbB2 structure crystals packed as monomers, rather than the lig-
and-bound EGFR-dimer configuration that formed in the EGFR-TGF- α  and EGFR-EGF 
crystals. Notably, the unbound CR1 loop in ErbB2 had a similar conformation to that of the 
EGFR. 

 These structures immediately generated models for the ligand binding, dimerization and 
consequent kinase activation on the cell surface ( 31 ). Even the configuration of the EGFR-
ErbB2 heterodimer could be envisaged (see Fig.  1.1 ). The structures suggested, however, 
that there was more to learn about the EGFR both in solution and on the cell surface, in the 
presence and absence of ligand . In the same month, Ferguson and her colleagues published a 
low pH structure of the full length (residues 1-621) of the EGFR-ECD with EGF bound ( 14 ). 
Surprisingly, even in the presence of the EGF, the CR2 domain was tethered to the CR1 loop 
in the same way as HER3. The structure of the L1, and most of the CR1 domains were identi-
cal in the Garrett, Ogiso, and Ferguson EGFR-ECD structures, although the tethered structure 
was conformationally distinct in a small hinge region at the base of the CR1 domain. Clearly, 
when the EGFR-ECD forms the back-to-back dimeric configuration, the CR2 domain needs 
to untether from the CR1-loop. How is the transition from tethered to the untethered configu-
ration induced? Is it through heterodimerization, ligand binding, thermodynamic fluctuation 
or even inside-out signaling? The Ferguson structure potentially provides a snapshot of one 
step in this transition. Here the ligand was bound only to the L1 domain, the second inter-
action apparently disrupted by crystallizing the protein at pH 5, which would protonate a 
number of receptor and ligand-histidine residues in the L2 ligand-binding interface. There is 
still much to be learned about EGFR dynamics, the activation of the cell surface structure, and 
about consequential activation of intracellular EGFR kinase signaling. 

 One the most surprising findings related to the EGFR-ligand complex was the distance 
between the two ligands in the back-to-back dimer  –  almost 80  Å . Clearly, the ligand was 
not directly involved in cross-linking the receptor dimer. As seen in the untethered form of 
the EGFR-ECD, however, the ligand links the L1 and L2 domains through close contacts to 
both surfaces. Indeed, there are backbone-to-backbone hydrogen bonds between the ligand 
and L1, which were maintained even at pH 5 as observed in the tethered, back-to-back con-
figuration of the EGFR-ECD. The strong electrostatic and hydrophobic bonding between the 
ligand and the L2 domain, which includes the conserved amino acids in EGF (Arg 41 and 
Leu 47), appear to be equal contributors to ligand binding but could also provide a means of 
removing EGF during receptor recycling. 

 Apart from the beautiful  β -solenoids, perhaps the most extraordinary feature of the EGFR 
is the CR1 loop. The CR1 loop (Pro241-Lys260) projects out from the CR1 axis. In the pres-
ence of ligand, apart from a sidechain-to-sidechain hydrogen bond between asn-86 and Thr-
249, it interacts with the partner EGFR between residues 230 and 286. In particular, Tyr-251 
interacts at van der Waals distance with Phe-263 of the partner EGFR, and the sidechain of 
Gln-252 forms a hydrogen bond with the partner backbone at residue 286. The docking and 
configuration of the CR1 loop are critical for both high-affinity ligand binding and activation 
of the intracellular EGFR kinase ( 11 ,  13 ,  32 ). It appears that the docking of the CR1 loop to the 
region 230-286 of its partner influences the juxtaposition of L1and L2 (i.e., the conformation 
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of the ligand-binding site), as well as the configuration of the intracellular domain (presumably 
through changes in the oligomerization state of either homo-oligomers or hetero-oligomers. 

 From the crystal structures it is obvious that the EGFR ( 1 -621) can exist in two distinct 
conformations, namely, the tethered form, where the CR1 and CR2 loops interact, or the 
untethered form, where the hinge region at the C-terminus of the CR2 domain has rotated 
by 130 deg to bring the L1 and L2 close apposition ( 14 ,  31 ,  32 ). When the C-terminal 120 
residues of the EGFR-ECD are removed (EGFR-ECD 

1-501
 ), the EGFR-ECD 

1-501
 is not con-

strained to adopt a  “ tethered ”  conformation ( 11 ). Indeed, this conformational transition  is 
the most likely explanation for the dramatic increase in ligand affinity when the EGFR-ECD 
is truncated ( 33 ). Truncation is not the only mechanism by which the EGFR-ECD can form 
the untethered conformation, however. When the EGFR-ECD 

1-621
  or EGFR-ECD

1-501
 are pro-

duced as Fc fusion proteins, their affinity for ligand increases significantly, presumably by 
formation of the back-to-back EGFR-ECD untethered dimer. Although the EGFR-ECD-Fc 
fusion protein is a dimer, it appears possible to form the untethered conformation in the 
absence of further aggregation, as is the case for ErbB2 . 

 In solution, the EGFR-ECD can adopt the tethered and untethered conformations seen in the 
crystal. It has been difficult, however, to measure transitions between these conformations or 
even confirm that it is the untethered form of the receptor that binds ligands with high affinity. 
At low concentrations in solution, the EGFR-ECD is monomeric; at high concentrations in the 
presence of ligand, the EGFR-ECD forms an [EGF:EGFR-ECD] dimer and perhaps higher-
order oligomers ( 8 ,  34 ). It has still not been determined whether the EGFR-ECD tethered or 
untethered conformations are in equilibrium, whether ligand binding shifts the equilibrium 
toward the untethered form, or whether ligand induces the untethering, allowing the back-to-
back higher affinity conformation to form. It is important to emphasize, however, that EGFR-
ECDs anchored to a cell membrane via the transmembrane and intracellular domain (ICD, 
including the transmembrane, juxtamembrane, kinase and C-terminal domains) are likely to be 
influenced differently than the EGFR-ECD in solution. In particular, in the unstimulated state, 
the EGFR appears to be present on the cell surface as a dimer (or even higher order oligomer). 
At low density and/or in the absence of ligands, the EGFR kinase is inactive ( 35 ). Dimeriza-
tion, therefore, does not require ligand, and dimerization does not appear to be sufficient to 
activate the EGFR kinase. Many cells, especially in tissue culture, either express the EGFR at 
high density and/or produce an endogenous EGFR ligand (e.g., TGF- α ). These conditions can 
lead to EGFR kinase activation, stimulation of EGFR internalization, and intracellular docking 
to the phosphorylated forms of the EGFR, all of which confound the precise determination of 
the conformational events associated with ligand activation of the EGFR. 

 The EGFR was essentially the first growth factor receptor to be associated with cancer ( 7 ). 
Stanley Cohen and his colleagues observed that the EGFR was down-regulated in animal cells 
transformed with acute oncogenic viruses. In fact, the EGFR in these cells was activated and 
internalized by autocrine secreted TGF- α , which increased the cell surface tyrosine kinase 
dependent signaling, but reduced the amount of receptor available for further ligand-induced 
stimulation. It was soon discovered that human cancer cells often secreted ligands for the 
EGFR and that the ligand initiated an autocrine loop that was part of the oncogenic process. 
Interfering with EGFR signaling can reduce the tumorigenic characteristics of both human 
cell lines ( 7 ,  36 ,  37 ) and cancers in patients. The first therapeutics to target the EGFR ECD 
have been antibodies directed against the ligand-binding region of the EGFR, e.g., cetuximab, 
this antibody was also called C225  ( 7 ,  38 ). This antibody binds to the L2 domain, competes 
with ligand binding and inhibits the conformational changes necessary for activation of the 
ICD-EGFR kinase. Unfortunately, the expression of the EGFR on cells in normal organs such 
as the liver, lung, intestine, and skin means that the antibody is cleared from the circulation. 
When high concentrations of antibody are used, some side effects occur in both the skin and 
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the intestines. In conjunction with other antitumor agents (e.g., 5-fluorouracil), the anti-EGFR 
antibodies such as cetuximab have been shown to be active anticancer agents. Ligand-induced 
activation is not the only mechanism by which the EGFR is activated in cancer. In glioma 
and head and neck tumors, the EGFR gene is often amplified. There is a common mutation 
that leads to truncation of the EGFR-ECD associated with this amplification ( 7 ,  39  –  41 ). This 
mutation, which is known as   2-7EGFR (also called EGFRvIII), leads to truncation of the 
EGFR-ECD such that the residues between 6 and 273 are missing, i.e., most of the L1 and 
CR1 domains, including the CR1 loop. The tyrosine kinase of this mutant form of the EGFR 
is constitutively active even in the absence of ligand. The specific activity of EGFRvIII is 
less than that of the ligand-activated receptor, but the activity appears to be sufficient to con-
tribute to the malignancy of these cells. Antibodies that recognize the EGFRvIII have been 
developed: the exon 2-7 deletion mutation leads to a unique fusion-peptide sequence, which 
can be used to rise antibodies that bind to and kill cells expressing EGFRvIII ( 40 ). In another 
approach aimed at killing cells expressing EGFRvIII, cells expressing EGFRvIII and overex-
pressed wild-type receptor were used to raise monoclonal antibodies. One of these antibodies, 
mab806, recognized EGFRvIII and overexpressed EGFR, but not EGFR expressed at normal 
levels, i.e., below 100,000 copies per cell ( 42 ). These antibodies recognize an epitope at the 
C-terminus of the CR1 domain (residues 287-302) ( 42 ,  43 ). In both the tethered and unteth-
ered 3D-structures for the EGFR-ECD, it is difficult to see how the mab806 could bind to the 
epitope. Indeed, analysis of several EGFR-ECD mutants suggests that the mab806 epitope is 
only sterically available to the EGFRvIII or to the wild-type EGFR undergoing a conforma-
tional transition as a result of ligand ( 32 ) and/or interactions with other family members such 
as ErbB2. Interestingly, mab806 is capable of binding to cells that overexpress the EGFR 
and/or EGFRvIII and it can reduce the growth of human tumors xenografted into nude mice 
( 44 ). When mab806 is administered in conjunction with an antibody that recognizes the lig-
and-binding site (i.e., cetuxumab/C225), tumor growth can be suppressed completely ( 45 ). 
Similar antitumor action is observed in animals when mab806 is administered with the EGFR 
kinase inhibitor AG1478 ( 46 ). The precise mechanism of this antitumor synergy is still being 
explored, but the principle should be considered when using anti-EGFR therapies for the 
treatment of human tumors.  

  3. ErbB2  

 ErbB2 was discovered as an oncogene (neu) associated with a rat brain tumor ( 47 ). 
While there are very few examples of ErbB2 mutation in human cancer, ErbB2 is often 
overexpressed in human breast tumors ( 48 ). Indeed, women diagnosed with breast cancers 
that overexpress the ErbB2 respond to treatments that include anti-ErbB2 antibodies 
(e.g., herceptin). The amino acid sequence of ErbB2 revealed that it was closely related 
to the EGFR. In particular, it appeared to be the receptor tyrosine kinase. Although the 
tyrosine kinase activity was confirmed, many years of searching for ligands that bind to 
the ErbB2-ECD and activate the intracellular kinase have proven unsuccessful. None of the 
EGFR ligands binds to ErbB2. 

 Through many elegant experiments it was determined that ErbB2 formed heteromers with 
the other EGFR family members ( 48  –  50 ). For example, ErbB2 heteromers with the EGFR have 
enhanced ligand binding and signals from the heteromer  appear to be amplified in compari-
son to EGFR family homodimers. Similarly, when ErbB2 and ErbB3 form heteromers, strong 
intracellular signaling occurs in the presence of ligand. ErbB2 cannot bind the ligand, and the 
ErbB3 kinase is defective, but the combination of the two family members appears more potent 
than signaling when the receptors are expressed individually. It wasn’t until the 3D-structure of 
ErbB2 was solved that the biochemistry and biology of ErbB2 became clearer ( 15 ,  27 ,  31 ). 
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 The crystal structures of ErbB2-ECD fragments revealed an untethered conformation 
with many features similar to the ligand-bound, untethered conformer  of the EGFR. The 
L1 and L2 domains are juxtaposed closely, with several L1 and L2 residues are in van der 
Waals contact, so there is no possibility of a ligand binding in the configuration observed 
in the EGFR-ECD:TGF- α  of EGFR-ECD:EGF structures. The N-terminal residues of the 
L1 domain sit in contact with the bottom of the large  β -sheet on L2. At the N-terminal 
end of the ErbB2 L2 surface, residues 16 and 17 of the ErbB2-ECD L1 approach his-449 
so closely that a considerable conformational change would be needed to allow a ligand 
to align with the L2 surface. Furthermore, serine 15 of EGFR is replaced by arginine in 
ErbB2. In the EGFR, ErbB3, and ErbB4 sequences, a small residue such as serine or 
threonine is always present and the bulky arginine in this position for ErbB2 would disrupt 
ligand binding to L1. The hinge region between the CR1 module 7 and the L2 domain 
form similar angles for ErbB2 and the untethered conformation of the EGFR. The ErbB2 
CR1-L2 hinge region is stabilized by a series of H-bonds, suggesting that there is unlikely 
to be a major conformational change in this region of ErbB2. Similarly, the CR2 loop, 
which interacts with the CR1 loop in the tethered conformations of EGFR, ErbB3, and 
ErbB4, is not conserved in ErbB2. The tethered conformation appears to be more stable 
for EGFR, ErbB3, and ErbB4 than for ErbB2. Interestingly, although the modules of the 
CR1 domain can vary considerably, the tips of the CR1 loop for the EGFR and ErbB2 are 
in similar juxtaposition with respect to the L2 domain. When the L2 domains of ErbB2 
and the EGFR are superimposed, the tips of the CR1 loops are within 1 angstrom of each 
other ( 15 ,  16 ). 

 Although the ErbB2 CR1 loop has a similar conformation to the EGFR CR1 loop, ErbB2 
crystallizes as a monomer, not as a the back-to-back dimer found in the EGFR-ECD ligand 
complex ( 15 ). The binding pocket for the ErbB2 CR1 loop and the ErbB2 CR1 loop are nega-
tively charged, so it is unlikely that ErbB2 will form a back-to-back dimer. Actually, it is difficult 
to form EGFR-ECD:ErbB2-ECD heterodimers in solution. Given that ErbB2 forms complexes 
with the other EGFR family members on the cell surface ( 15 ,  49 ), it is likely that a considerable 
fraction of the binding energy between these family members must be associated with strong 
interactions between the transmembrane and/or intracellular domains of the receptors.  

  4. ErbB3 AND ErbB4  

 The 3D-structures of the ErbB3-ECD ( 12 ) and ErbB4-ECD ( 19 ) have also been deter-
mined. Although both receptor preparations are capable of binding ligands, these structures 
were solved in the absence of ligand and, not surprisingly, both were in the tethered confor-
mation. The CR1 loops of EGFR-ECD and ErbB4-ECD have remarkably similar conforma-
tions (see Fig.  1.2 ). Although the EGFR structure was determined in the presence of ligand 
(i.e., untethered), the back-to-back dimer and the HER4 structure was determined in the 
tethered conformation. Both the backbone and sidechains of all of the residues at the nine 
residues at the tip of the CR1 loop are virtually superimposed (see Fig.  1.2 ).  

 In the tethered conformation, the CR1 loops of both ErbB3 and ErbB4 contact the same 
pocket near the C-terminus of the CR2 domain. The molecular contacts between the CR1 
loop and the CR2 pocket are highly conserved between the EGFR, ErbB3, and ErbB4: 
 specifically, a hydrogen-bonded network between the side-chain of a tyr at the end of the CR1 
loop and an asp and lys in the LR2 pocket are conserved in all known vertebrate orthologs 
of EGFR, ErbB3, and ErbB4. 

 While ErbB3 binds neuregulins, ErbB4 binds both EGFR ligands and the neuregulins 
( 51 ). The 3D-structure of the ErbB4 ligand-binding domain is considerably more basic than 
EGFR ( 19 ), but neither ErbB3 nor ErbB4 have a pH sensitive histidine  in the ligand-binding 
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surface of the L2 domain. The structural data suggests that ErbB3 and ErbB4 are less likely 
to release ligand at low pH, i.e., the ligand-bound structures are likely to be more stable in 
the endosomal compartment, thus  altering the ability of these receptors to recycle.  

  5. ANTIBODY BINDING TO THE EGFR FAMILY MEMBERS  

 The EGFR family members are appropriate targets for cancer therapy. While small molecule 
kinase inhibitors are already being tested for their potential as cancer therapeutics ( 38 ,  52  –  55 ), 
it has not been possible to identify small molecules that will bind to and inhibit receptor 
activation by ligands. In part, the difficulties have been associated with significant confor-
mational change between the unbound and ligand-associated states, but the complexity of 
the ligand-binding sites and the high affinity of the ligands make it difficult to design small 
molecules that can compete effectively. Antibodies directed toward the EGFR family mem-
bers, however, have been developed ( 48 ,  54 ), and several of these antibodies have significant 
potential for development as anticancer therapeutics. Indeed, one of the most successful 
additions to the treatment of breast cancer is herceptin and antibody  directed toward the CR2 
domain of ErbB2 ( 48 ). 

 The Fab fragment of the herceptin/antibody (also known clinically as trastuzumab) binds 
to a site on the CR2 domain that includes the region of the pocket identified in EGFR, 
ErbB3, and ErbB4, which interacts with the CR1 loop ( 15 ). Binding close to the membrane 
appears to influence the biology of herceptin action. The complete herceptin antibody has 
an antiproliferative action, but the basis of this action is still being debated. The antibody 
appears to mediate cellular cytotoxicity (ADCC) as well as blocking receptor aggregation , 
stimulating cleavage of ErbB2 at the ECD-juxtamembrane and stimulating receptor endo-
cytosis. The herceptin Fab fragments do not inhibit tumor growth, but it is not clear whether 
reduced affinity or a failure of its biological actions (e.g., stimulation of receptor endocyto-
sis) is responsible for the loss of activity. The position of herceptin binding would be expected 
to modify the conformation of ErbB2-associated heteromers with the EGFR, ErbB3, and 
ErbB4. Another ErbB2 antibody, 2C4 (or pertuzumab), is being tested for its potential anti-
cancer activity. The 3D-structure of the ErbB2-ECD and pertuzumab-Fab has been deter-
mined ( 21 ). The structure of the ErbB2-ECD is essentially identical to the structure in the 
absence of the 2C4-Fab; the antibody contacts the C-terminal end of the CR1 domain, includ-
ing the CR1 loop. Binding of 2C4 to ErbB2 precludes binding of the CR1 loop to other EGFR 

  Fig. 1.2.      The structural homology between the CR1 loop of the human EGFR ( 11 ) and ErbB4 ( 19 ) is 
remarkable. The amino acid sequences are similar, but not identical. Despite different quaternary con-
texts, both the backbone atoms and the sidechains adopt almost identical conformations. The EGFR-
CR1 loop is involved in the crystal structure dimer interface in the ligand, untethered bound EGFR 
( 11 ), whereas the ErbB4-CR1 loop is taken from the crystal structure of the tethered, monomeric form 
of ErbB4 ( 19 ) (See Color Plate).       
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family members and the binding also masks the pocket on ErbB2, which would be expected 
to dock the CR1 loop from other EGFR family members. From these studies it is now clear 
why both the full-length antibody and the Fab fragment of 2C4 interfere with back-to-back 
binding by ErbB2 to other EGFR family members. 

 EGFR antibodies have also been reported to have potential as anticancer therapeutics 
( 38 ). The 3D-structure of an Fab fragment from the anti-EGFR antibody C225 complexed to 
the EGFR-ECD has been solved ( 20 ). As expected from epitope-mapping studies, this frag-
ment binds to the L2 domain in a position that would prevent ligand binding. The antibody 
fragment is bound to the tethered configuration in this structure and Fab fragment it would 
prevent the formation of the ligand-binding site described in the back-to-back EGFR-ECD 
dimer that forms in the presence of ligand. While it is clear that the antibody can bind the 
tethered form of the EGFR, further experiments are required to explore the activity of C225 
on EGFR-heterodimers on the cell surface. EGFR-ErbB2 heterodimers form higher affinity 
complexes, where the EGFR would be expected to be untethered. It is not clear whether the 
untethering would lead to a juxtaposition of the L1 and L2 domains, which would facilitate 
ligand binding and prevent antibody binding. Increased levels of ErbB2 (e.g., in a significant 
proportion of breast cancers) might lead to  “ priming ”  of the EGFR and a reduction in the 
effectiveness of C225. Similarly, tumors associated with elevated levels of ligand for EGFR 
may either compete for C225 binding or protect the receptor from C225 by inducing the 
untethered, back-to-back conformation. 

 Another anti-EGFR antibody, mab806, has a completely different mode of action 
( 42 ). The epitope for this antibody is buried at the C-terminus of the CR1 domain 
(residues 287-302) ( 43 ,  56 ). Mab806 binds to the denatured EGFR, the D2-7-trun-
cated-EGR found in many brain tumors, and EGFR-ECD1-501, but mab806 does not 
bind well to the tethered or untethered, back-to-back form of the EGFR. When the 
EGFR is expressed on cells at levels below 100,000 receptors per cell, mab806 bind-
ing is less than 5 %  of the binding by antibodies such as mab528, which bind to the 
native conformation of the L2 domain. On the other hand, when the receptor is over-
expressed (e.g., head and neck tumors and brain tumors), mab806 binding increases. 
Furthermore, mutant forms of the EGFR, which are unable to form the back-to-back 
EGFR dimer, can be trapped by mab806 as the receptor is in transition to the ( 32 ) 
back-to-back conformation. This antibody has already been used in the clinic to detect over-
expressed or truncated EGFR associated with tumors, and in animal studies mab806 
synergizes effectively with other anti-EGFR antagonists/inhibitors and anticancer 
agents to prevent tumor growth ( 44  –  46 ,  57 ). 

 More than any other information over the last decade, the 3D-structures of the EGFR 
family ECDs has improved our understanding of the mechanisms involved in the activa-
tion of the EGFR. The 3D-structures have not only provided exciting explanations for the 
multiple-affinity states, the formation of heteromers between family members and the roles 
of the different family members in the absence of ligand binding (e.g., ErbB2), they have 
also provided the basis for biophysical determination of the conformation and aggregation 
state of the EGFR on both normal and cancer cells, in the presence and absence of different 
ligands, in the presence and absence of the different antibody probes, at different ratios of 
the various family members, and under different conditions of cell adhesion or metabolism. 
The distribution of tethered and untethered states on the cell surface is still a matter of con-
jecture, and the conformation of the untethered state in the presence and absence of ligand 
or heteromer association still needs to be determined. The availability of the 3D-structures 
of the ECDs for all four EGFR family members, the rich array of mutants based on these 
structures, the range of ligands, and the fluorescent derivatives of both the receptors and their 
ligands makes for an exciting time for scientists in the EGFR field.    
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  Abstract 
 The ErbB family of receptor tyrosine kinases mediates oncogenic signaling in a variety of differ-

ent cancer types. For example, ErbB1 (or EGFR) is thought to play an important role in the genesis of 
lung and colon cancer, and ErbB2 (or HER2) serves as a potent oncogene in a subset of breast cancer. 
Because of their role in cancer, ErbB1 and ErbB2 have long been a focus for drug development 
activities. Active signaling by the ErbB family of receptors requires formation of dimers including both 
homodimers and heterodimers. Mounting evidence in model systems suggests that ErbB heterodimers may 
be particularly oncogenic. Furthermore, recent structural analyses reveal how the receptors interact 
with ligands and with one another. These and other timely advances in ErbB heterodimer biology will 
be reviewed in detail in this chapter. Expanding knowledge of ErbB family signaling not only brings 
insight to the mechanism of action of existing therapies, but it also suggests that targeting specific 
heterodimers may have particular utility in treating cancer.  

  Key Words:   EGFR ,  ErbB1 ,  HER2 ,  ErbB2 ,  dimers ,  cancer ,  signaling  .   

  1. INTRODUCTION  

 The human epidermal growth factor receptor (HER or ErbB) family plays a central role in 
driving neoplastic growth and has been a major focal point in cancer drug discovery ( 1 – 3 ). 
The formation of dimers among the ErbB family has long been known to be a critical event in 
receptor activation, but only recently has the mechanism of dimerization and activation been 
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elucidated ( 4 ,  5 ). The prototypical member of the family is known as HER1, EGFR, or ErbB1. 
A series of studies in the late 1970s and early 1980s revealed an association of ErbB1 with 
neoplastic transformation ( 6 – 8 ). These seminal findings culminated decades later in several 
targeted therapies for  cancer patients, including the small-molecule inhibitors gefitinib and 
erlotinib and the monoclonal antibodies cetuximab and panitumumab. Subsequent to the dis-
covery of ErbB1, closely related receptor tyrosine kinases were identified, including ErbB2, 
ErbB3, and ErbB4. The ErbB2 gene is amplified in approximately 20% of breast cancers and 
is another example of an ErbB family member that is known to drive tumorigenesis and is a 
target of the therapeutic monoclonal antibody trastuzumab and small-molecule tyrosine kinase 
inhibitor lapatinib ( 2 ,  9 – 11 ). The focus of this chapter is to review current knowledge of ErbB 
family dimerization and activation with an emphasis on the role of heterodimers in the patho-
genesis of cancer and the impact of heterodimers on cancer treatment.  

  2. ErbB FAMILY DIMERIZATION AND ACTIVATION  

 As members of the receptor tyrosine kinase family, the ErbB family receptors are com-
posed of an extracellular domain which in most cases binds growth-factor ligands, a single 
transmembrane domain, and an intracellular domain that is involved in activation of down-
stream signaling upon receptor dimerization. Although there is significant sequence-based 
and structural conservation among the ErbB family receptors, there are also significant func-
tional differences. Both ErbB1 and ErbB4 are more typical members of the RTK family 
in that they both have the capability to bind ligand, and they both have intact intracellular 
kinase domains ( 2 ,  3 ,  12 ). ErbB2 is unusual because it lacks the capacity to bind ligand yet 
retains a functional kinase domain that can be activated via dimerization with other recep-
tors ( 13 ). ErbB3 is unusual in a different way. It is known to bind ligand but lacks a func-
tional intracellular kinase domain ( 14 ). Thus, ErbB3 is dependent on heterodimerization 
with kinase-intact family members to mediate signaling. 

 Several ligands are capable of inducing ErbB family dimerization and activation. These 
ligands fall into three major classes. One class specifically interacts with ErbB1 and includes 
EGF, TGF-α, and amphiregulin ( 2 ,  15 ). A second class consists of betacellulin, HB-EGF, 
and epiregulin, which interact with both ErbB1 and ErbB4 ( 2 ,  15 ). A third class, the heregu-
lin or neuregulin (HRG or NRG) family, binds to ErbB3 and ErbB4, with NRG-1 and NRG-
2 binding to both ErbB3 and ErbB4 and NRG-3 and NRG-4 binding to only ErbB4 ( 16 – 20 ). 
It was originally hypothesized that ligand-dependent ErbB receptor dimerization occurs via 
bivalent binding of a single ligand to cross-link two receptors ( 21 – 23 ). In that model, one 
high-affinity binding site on the ligand would interact with ErbB1 or ErbB3, and a second 
low-affinity binding site would interact more broadly with other HER family receptors, including 
ErbB2 ( 22 ). This proposed mechanism was analogous to the mechanism of activation for growth 
hormone receptors ( 24 ,  25 ). Subsequent studies examining the stoichiometry of EGF binding to 
ErbB1, however, indicated that receptor dimers contain not one, but two, ligands ( 26 – 28 ). This 
finding suggested that the process of ligand-induced ErbB receptor dimerization is more compli-
cated than what was observed with growth hormone receptors. Data from X-ray crystal structures 
add further insight to this issue and will be described in more detail in the following section. 

 None of the three classes of ligand bind to ErbB2, but interestingly all ligands are  capable 
of inducing phosphorylation of the ErbB2 intracellular domain ( 29 – 32 ), suggesting that 
ErbB2 participates in heterodimerization and trans-phosphorylation with other  ligand-
activated ErbB family receptors. In fact, evidence suggests that ErbB2 is the preferred 
dimerization partner for the other ErbB receptors. For example, in the T47D cell line that 
expresses all four ErbB receptors, neuregulin preferentially induces ErbB2/3 and ErbB2/4 
heterodimers while EGF preferentially induces ErbB1/2 heterodimers ( 33 ). In the same 
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model,  neuregulin can induce ErbB1/3 and ErbB1/4 heterodimerization but only if ErbB2 
is depleted via an endoplasmic reticulum targeted single-chain antibody ( 33 ,  34 ). For a long 
time, it was unclear how ErbB2 is able to act as the preferred dimerization partner in the 
absence of any ligand binding, but data from X-ray crystal structures of ErbB family members 
have helped to elucidate the mechanism.  

  3. STRUCTURAL INSIGHTS ON ErbB FAMILY DIMERIZATION  

 Recent data from a number of structural studies of ErbB family members provide significant 
insight into the mechanism by which receptor dimerization occurs and how this event is medi-
ated by ligand binding. The extracellular portion of all four ErbB family members is organized 
into four domains – two large, leucine-rich repeat domains (also known as domains I and III) and 
two cysteine-rich domains (also known as domains II and IV) ( 35 ,  36 ). In the absence of ligand, 
ErbB1, ErbB3, and ErbB4 exist in a closed configuration in which there is a close interaction 
between domains II and IV ( 4 ,  37 ,  38 ) (Fig.  2.1 ). This interaction hides the dimerization arm 

  Fig. 2.1.    The ErbB family of receptors consists of an extracellular portion that is divided into four 
domains – two leucine-rich repeat domains (I and III) and two cysteine-rich domains (II and IV). There 
is a single transmembrane domain, and an intracellular kinase domain consisting of an N-lobe and a 
C-lobe. An intracellular tail contains phosphorylation sites that enable recruitment and activation of 
downstream signaling molecules. ErbB1/ErbB2 heterodimers are depicted without ligand, with EGF, 
and with the ErbB1 monoclonal antibody cetuximab. ErbB2 is always locked in the open configuration 
even without ligand; whereas ErbB1 remains in the closed conformation with the domain II dimeriza-
tion arm buried via an interaction with domain IV ( 4 ). Upon EGF binding a bridge is created between 
domains I and III, locking ErbB1 in the open configuration, allowing the domain II dimerization arm to 
interact with the analogous arm on ErbB2 ( 4 ). Upon receptor dimerization, there is an allosteric interac-
tion that occurs between the N-lobe of one receptor and the C-lobe of the other receptor, resulting in 
kinase activation, much like the interaction that is observed with the CDK2/cyclin A cell cycle regulatory 
complex ( 44 ). Both ErbB1 and ErbB2 are capable of contributing either the N-lobe or the C-lobe to the 
interaction. The kinase domains phosphorylate the intracellular tails which then activate downstream 
signaling. In the presence of cetuximab, which binds to the ligand binding site in domain III of ErbB1, 
EGF is no longer able to interact with domain III. ErbB1 is thus locked in the closed conformation and 
both heterodimerization and downstream signaling are blocked, even in the presence of ligand.       
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located within domain II, thus preventing dimerization. The amino acid residues that mediate 
the domain II, IV interaction are conserved across ErbB1, ErbB3, and ErbB4, but interestingly 
are divergent in ErbB2 ( 38 ,  39 ). Crystal structures in the setting of ligand-bound ErbB1 reveal 
a dramatic conformational change in which ligand interacts with both domains I and III within 
the same receptor, locking the receptor in an open configuration in which the domain II-IV inter-
action has been disrupted and the domain II dimerization arm is revealed ( 4 ,  39 – 41 ) (Fig.  2.1 ). 
Of note, the crystal structure for ErbB2 is in the open configuration, providing a structural 
explanation for why ErbB2 does not require a ligand ( 42 ,  43 ). Furthermore, being in the open 
configuration, ErbB2 would always be ready to dimerize, consistent with the observation that 
it is the preferred dimerization partner.  

 Once the ligand-induced receptors engage in heterodimerization or homodimerization, a 
trans-phosphorylation event occurs in the intracellular domain, leading to downstream pathway 
activation. Although initially assumed to be a symmetric cross-phosphorylation event, recent 
evidence, at least with EGFR, suggests that there is an asymmetric allosteric interaction similar 
to that seen with CDK2/cyclin A ( 44 ) (Fig.  2.1 ). In support of the allosteric model, amino acid 
residues that mediate the asymmetric intracellular domain interaction are conserved across 
the ErbB family. Interestingly, the one exception is ErbB3, where only one interaction face is 
conserved, which is perhaps consistent with the lack of an active kinase domain.  

  4. DIVERSITY OF ErbB DIMERS AND DOWNSTREAM EFFECTS  

 With four ErbB receptors, there are ten potential combinations of receptor pairs – four homodimers 
and six heterodimers. Although the numerous possibilities may seem redundant, there are a 
number of factors that differentiate the downstream effects of the receptor dimers. First, each 
of the receptors has a distinct affinity for specific downstream signaling effectors. Thus, vari-
ous dimer combinations will result in differential activation of signaling pathways, which 
may in turn become integrated into distinct phenotypic consequences. Second, the predomi-
nant dimers in a particular cell at a given moment will depend upon the composition of 
ligands in the extracellular milieu. Finally, the level of expression of specific ErbB receptors 
in a cell can affect the predominant dimers that form. 

 The intracellular domains of ErbB1, ErbB2, and ErbB3 are well characterized in terms of 
the number of phospho-epitopes and the types of signaling modulators each phospho-epitope 
recruits ( 15 ). The ErbB1-intracellular domain can activate several downstream pathways, 
including PI3K, MAPK, PKC, and JNK. Although there are no binding sites for the p85 
regulatory subunit of PI3K, ErbB1 can activate the PI3K pathway via GRB2, which recruits 
GAB1 and couples to the PI3K pathway ( 2 ). ErbB2 activates the MAPK pathway via GRB2, 
SHC, DOK-R, and CRK, and ErbB3 is a potent activator of the PI3K pathway with six binding 
sites for the p85 regulatory subunit of PI3K. With the diversity of homodimers and heterodim-
ers, there is an open question regarding the mechanism by which the various pathway inputs 
are integrated to result in a specific cellular phenotype. Regardless of the mechanism, it is quite 
clear that there are dramatic differences in the phenotypic effect of receptor activation depending 
on the combination of dimers involved. This concept is well-illustrated by a study in which 
cells were transfected with various combinations of ErbB receptors and proliferation index was 
measured. The dimers most potent at stimulating proliferation are ErbB1/2, 2/3, and 1/3, the 
latter in the setting of heregulin stimulation ( 1 ,  45 ). 

 Differential level of ErbB receptor expression is another feature that may impact the 
downstream sequelae of receptor activation. One dramatic example is the consequence of 
altered ErbB2 expression in breast cancer. Although ErbB2 is always in the open configu-
ration with dimerization arms exposed, ErbB2 is not considered to be oncogenic unless 
 activated by overexpression via gene amplification. The effect of ErbB receptor levels on cell 
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signaling was recently illustrated in a study in which protein microarrays containing most 
 SH2 and PTB domain proteins in the genome were used to survey the affinity of interaction 
with phophopeptides representing the phosphorylation sites in the intracellular domain of 
ErbB1, ErbB2, and ErbB3 ( 46 ). At any affinity threshold, ErbB3 consistently favored the 
PI3K pathway. For ErbB1 and ErbB2, however, the receptors engage an increasingly broad 
network of signaling components at increasing affinity thresholds. This observation may 
explain why overexpression of ErbB1 or ErbB2 can lead to active oncogenic signaling in 
some circumstances. 

 In a recent study, the importance of ErbB family heterodimerization was illustrated using 
a proximity-based assay to determine the level of interaction between specific ErbB dimer 
pairs. Chimeric receptors were engineered in which the intracellular domain consists of an 
inactive fragment of the β-gal enzyme. Enzymatic activity is restored when two inactive 
fragments are brought in proximity via receptor dimerization. With this technology, it was 
determined that association of ErbB2 with itself is relatively inefficient, whereas formation 
of ErbB1/2 and ErbB2/3 heterodimers is very efficient in the presence of ligand ( 47 ). 

 Despite the appearance of redundancy, there is considerable evidence suggesting a discrete 
biology attributable to specific dimer pairs, most frequently heterodimers. The following 
sections focus on the role of heterodimers in both development and cancer and will further 
highlight the distinct roles of specific ErbB heterodimers.  

  5. ErbB HETERODIMERS IN DEVELOPMENT  

 As with many genes involved in cancer pathogenesis, the ErbB family plays an important 
role in embryonic development. Some of the developmental biology discussed in this section 
serves as a nice illustration of discrete ErbB heterodimers being associated with specific phe-
notypes. In addition, some of the developmental phenotypes may be relevant to understanding 
specific adverse events observed with cancer therapies targeting ErbB family members. 

 Much of the information on ErbB receptors in embryonic development has come from 
studies in genetically engineered mice. Some homozygous ErbB1 knockout mice live until 
birth, but then all mice die shortly thereafter. Such mice exhibit a broad range of defects 
including abnormalities in the brain, lung, gastrointestinal tract, and skin ( 48 – 51 ). It is dif-
ficult from this information to glean the extent to which these phenotypes are due to loss 
of ErbB1 homodimers versus heterodimers. The phenotypes observed from knockouts of 
other ErbB family receptors do not overlap with that of the ErbB1 knockout, suggesting that 
the ErbB1 knockout phenotypes are attributable to ErbB1 homodimers. The ErbB2, ErbB3, 
and ErbB4 knockouts all are embryonic lethal, however, so one can’t rule out the possibility 
that these receptors cooperate with ErbB1 in the perinatal phenotypes observed with ErbB1 
knockout. One common adverse event observed with ErbB1 inhibition in humans is a skin 
rash. In that context, it is notable that the ErbB1 knockout mouse exhibits a skin phenotype. 

 Interestingly, the phenotype of ErbB2, ErbB4, and neuregulin knockout mice exhibits 
significant overlap. All such mice are embryonic lethal at E10.5 and exhibit a lack of trebec-
ulation in the cardiac ventricle ( 52 – 55 ). Neuregulin is known to be expressed in the endo-
cardium and ErbB2/ErbB4 is expressed in the myocardium. These observations have led 
to a model in which cardiac ventricular trebeculation is driven by paracrine activation of 
ErbB2/ErbB4 heterodimers in the myocardium via neuregulin produced in the endocardium 
( 15 ). A role for ErbB2 in cardiac function of adult mice was revealed by an elegant experi-
ment in which the cre- loxP  system was utilized to produce a conditional knockout of ErbB2 
in the cardiac ventricles. Although such mice were viable, they exhibited a physiological 
phenotype consistent with dilated cardiomyopathy ( 56 ). The observation of a cardiac pheno-
type in ErbB2 knockout mice is particularly notable given that administration of the ErbB2 
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inhibitor trastuzumab to HER2-positive breast cancer patients is associated with a risk of 
cardiac dysfunction ( 57 – 59 ). 

 In addition to the cardiac phenotype, there is also evidence for ErbB2/ErbB4 involvement 
in the mammary epithelium where expression of dominant negative ErbB2 or ErbB4 each 
results in a defect in lactation ( 60 ,  61 ). Similar observation of coincident developmental 
phenotypes suggests a role for ErbB2/ErbB3 heterodimers in peripheral nervous system 
development. Knockout of either of these genes leads to defects in Schwann cell devel-
opment, hypoplasia of the sympathetic chain ganglia and cranial sensory ganglia ( 62 – 64 ). 
These peripheral nervous system phenotypes can all be attributed to cells of neural crest 
origin, and possibly a defect in neural crest migration ( 15 ).  

  6. ErbB1/ErbB2 HETERODIMERS IN CANCER  

 Numerous studies have been performed to examine the role of ErbB1 and ErbB2 in neo-
plastic  progression. At least three mechanisms of activation have been proposed for ErbB1. 
First, several different types of ErbB1 mutations have been observed in non-small cell lung 
cancer patients. These mutations include exon 19 deletion and exon 21 L858R, both of which 
have been shown to activate in vitro signaling in the absence of ligand and are transform-
ing ( 65 – 68 ). An extracellular domain deletion mutant called EGFRvIII has been observed 
most frequently in glioblastoma ( 69 ), and is also associated with constitutive activation. The 
significance of these and other mutations in EGFR are discussed in Chapters 19 and 20 . In 
general, whether or not these mutations have any effect on the efficiency of homodimeriza-
tion or heterodimerization has not been clearly established. 

 Another proposed mechanism of activation is increased ErbB1 mRNA and/or protein 
expression as observed in breast, ovarian, glioblastoma, non-small cell lung, colon, bladder, 
prostate, kidney, and head and neck tumors ( 3 ,  70 ). In many cases, however, it is not clear 
whether overexpression necessarily equates with activation. A third potential mechanism of 
activation is overexpression of ErbB1 ligands such as TGF-α. In vitro, the presence of ligand 
has clearly been shown to activate dimerization and downstream receptor signaling. 

 In the case of ErbB2, the main mechanism of activation is overexpression. Increased 
ErbB2 expression is well described in breast cancer and is a direct result of gene amplifica-
tion. Although less common, ErbB2 overexpression with or without gene amplification has 
also been observed in lung, stomach, ovarian, colon, bladder and salivary gland carcinomas 
( 3 ,  70 ). The detailed mechanism by which increased ErbB2 expression results in pathway 
activation is not entirely clear but is presumed to be due to a shift in equilibrium toward 
ErbB2 homodimerization or ligand-independent heterodimerization. Much less commonly 
observed are ErbB2 mutations (mostly insertion mutations), which have been described in 
non-small cell lung cancer and are predicted to activate the receptor ( 71 ). 

 Given the overlap of tumor types, there is the possibility that ErbB1 and ErbB2 could 
cooperate in tumorigenesis. In support of that concept, ErbB1 alone is not a very potent onco-
gene in some model systems. For example, ErbB1 expression in mouse mammary epithelial cells 
only rarely induces adenocarcinoma compared to ErbB2 expression ( 72 ,  73 ). Furthermore, in 
the MCF10A mammary epithelial cell line, introduction of chimeric ErbB1 receptors that can 
undergo homodimerization with a synthetic ligand do not show any evidence of transformation 
( 74 ). In contrast, ErbB2 was potent at transformation in similar studies. Comparable observations 
have been made in fibroblast cell lines transfected with either ErbB1 or ErbB2 ( 75 ). 

 Despite the weak transforming activity of ErbB1 alone, there is considerable evidence sug-
gesting potent cooperativity with ErbB2. First, experiments performed in the 1980s demon-
strated that addition of the ErbB1 ligand EGF to various cell lines of rodent or human origin 
results in tyrosine phosphorylation of ErbB2, as well as an increase in the ErbB2 tyrosine kinase 
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activity ( 76 – 79 ). Transforming activity was also examined in rodent fibroblast cell lines, such 
as NR6, in which it was found that neither ErbB1 nor ErbB2 alone had transforming capacity, 
but when co-transfected, the cells adopted a transformed phenotype ( 80 ). Mouse models also 
support the concept of cooperativity between ErbB1 and ErbB2. Mice in which both ErbB2 
and TGF-α are overexpressed in mammary epithelial cells results in multiple mammary tumors 
with short latency compared to mice expressing either transgene alone ( 81 ). 

 There are several mechanisms that have been proposed to explain the cooperative interaction 
between ErbB1 and ErbB2. One key aspect of ErbB signaling regulation is the mode by which 
the signal is turned off. Ligand binding induces clustering of ErbB1 homodimers at clathrin-
coated pits. Endocytic vesicles form, resulting in loss of ErbB1 from the plasma membrane and 
eventually degradation of the receptors, but the remaining ErbB family members do not follow 
the same fate ( 3 ,  82 ). Endocytosis of ErbB2, ErbB3, and ErbB4 occurs at a slower rate, and 
receptors are recycled to the cell surface rather than being degraded in endosomes. It has been 
observed that ErbB1 binding to ErbB2 reduces ErbB1 endocytosis and redirects ErbB1 to be 
recycled back to the cell membrane rather than being degraded in endosomes ( 83 ,  84 ). 

 A second mechanism of cooperative interaction is heterodimer-specific phosphorylation. 
NIH3T3 cells transfected with single ErbB receptors or combinations of ErbB receptors 
were treated with radiolabeled phosphate and stimulated with EGF. Phosphopeptide map-
ping was performed on immunoprecipitated ErbB receptors, and it was found that the spec-
trum of phosphopeptides in the context of ErbB1/ErbB2 co-expression was distinct from the 
spectrum  observed in the setting of ErbB1 or ErbB2 expression alone ( 85 ). A third potential 
mechanism is increased affinity of ligand binding. In-depth studies of ligand-receptor inter-
actions have demonstrated that ligands have higher affinity for ErbB2 containing heterodim-
ers than for ErbB family homodimers, likely due to a slower off-rate ( 86 ,  87 ). 

 While the above observations and proposed mechanisms for cooperative interactions 
between ErbB1 and ErbB2 are interesting, a remaining question is whether ErbB1/ErbB2 
heterodimers exhibit any evidence of unique downstream signaling properties compared to 
either receptor alone. This question was addressed in an MCF10A mammary epithelial cell 
line system. MCF-10A cells were transfected with chimeras of the intracellular domain of 
ErbB receptors fused to either wild-type or mutant FK506 binding protein (FKBP) deriva-
tives. Using rapamycin-like small molecules that bind to FKBP, dimerization events can be 
initiated in the absence of ligand ( 88 ). In these experiments, it was found that both ErbB2 
homodimers and ErbB1/ErbB2 heterodimers exhibit equal activation of the MAPK pathway, 
but that heterodimers are more effective at activating PI3K and phospholipase Cγ1 path-
ways. In three-dimensional cell culture, ErbB1/ErbB2 heterodimers were found to be more 
effective at inducing cell invasion into Matrigel than were ErbB2 homodimers ( 88 ). 

 Although ErbB1 and ErbB2 each independently play some role in neoplastic progres-
sion, the formation of ErbB1/ErbB2 heterodimers seems to be particularly oncogenic in 
some settings. Thus, therapies that target the ErbB1/ErbB2 heterodimer may have benefit 
in cancer therapy. In that regard, the small molecule lapatinib is a tyrosine kinase inhibitor 
that exhibits dual specificity for ErbB1 and ErbB2. Lapatinib was recently FDA-approved 
for use in HER2-positive metastatic breast cancer patients that have progressed on a trastu-
zumab-based regimen ( 89 ).  

  7. ErbB2/ErbB3 HETERODIMERS IN CANCER  

 Of all the ErbB receptor family dimer combinations, ErbB2/ErbB3 heterodimers are 
considered to be the most transforming. 32D cells, which are IL3 dependent and do not 
express endogenous ErbB receptors, were infected with recombinant retroviruses expressing 
ErbB receptors either singly or in pairs. Examination of all the permutations revealed that the 
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most potent mitogenic signals eminate from the ErbB2/ErbB3 combination ( 45 ). Similarly, 
in NIH3T3 cells, it was found that co-expression of ErbB2 and ErbB3 exhibited an enhanced 
tumorigenic phenotype compared to expression of ErbB2 alone ( 90 ). The mitogenic effect 
of ErbB2/ErbB3 heterodimers may be due to very efficient activation of the PI3K pathway 
( 12 ,  91 ). More specifically, the effects on cell proliferation have been linked to deregulation 
of the G1/S transition. This transition is regulated by the CDK2/cyclin E complex, which 
can be inhibited by the cyclin dependent kinase inhbitor p27 Kip1 . PI3K pathway activation via 
ErbB2/ErbB3 heterodimers results in inhibition of p27 Kip1  activity, resulting in derepression of 
the G1/S transition ( 15 ,  92 ,  93 ). 

 Some studies have explored the role of ErbB2/ErbB3 heterodimers in cell line models via 
downregulation of ErbB3. Expression of an artificial transcription factor E3 consisting of 
a polydactyl zinc finger domain that is designed to recognize an 18bp region of the ErbB3 
5’ untranslated region was used to decrease expression of ErbB3 in ErbB2 amplified cell 
lines ( 94 ). Cells with decreased expression of ErbB3 exhibited diminished cell proliferation. 
In another study, ErbB3 was examined via a short hairpin RNAi approach. Knockdown of 
ErbB3 in MDA-MB-435 cells was associated with a decrease in the incidence of metastasis 
when such cells were grown in vivo compared to separately selected control cell lines ( 95 ). 
Although often described as a breast cancer cell line, there have been some data suggesting 
that MDA-MB-435 may actually be a melanoma cell line ( 96 ,  97 ). Regardless of the cancer 
type, the data suggest that ErbB3 could play a role in driving tumorigenesis either by main-
taining proliferation, promoting metastasis or perhaps both. 

 Involvement of ErbB3 in heterodimers is not only important for tumorigenesis, but it may 
also provide some insight into development of resistance to ErbB1 and ErbB2 targeted thera-
pies. When ErbB2 amplified cell lines were treated with ErbB family tyrosine kinase inhibitors 
(TKIs), it was observed that phosphorylation of ErbB1 and ErbB2 was consistently reduced over 
the time period examined (up to 96 hours) ( 98 ). Phosphorylation of ErbB3, however, exhibited 
an initial decrease followed by a recovery to higher levels of phosphorylation between 12 and 24 
hours of treatment. The recovery of ErbB3 phosphorylation was paralleled by a recovery in phos-
phorylation of AKT. These observations were accompanied by a shift in localization of ErbB3 
from the cytoplasm to the membrane as determined by biochemical analysis of fractionated cells 
( 98 ), raising the possibility that sub-cellular localization of ErbB3 participates in a regulatory 
feedback loop. Examination of ErbB3 status in human tumors will be needed to determine if 
these observations have relevance for development of resistance to TKIs in patients. Due to the 
difficulty in obtaining the on-therapy biopsies of tumor tissue needed to assay biomarkers in 
relation to therapeutic response and resistance, such questions are not trivial. 

 Many studies of ErbB3 have focused on breast cancer, but there is increasing evidence that 
ErbB3 may also play an important role in other cancer types. It is well documented that EGF can 
activate the androgen receptor in prostate cancer cell lines under conditions of androgen with-
drawal ( 99 ,  100 ). This finding has led to a hypothesis that ErbB signaling could be associated 
with evolution of prostate cancer from androgen-dependent to androgen-independent growth. 
In a recent study of ErbB receptors in prostate cancer cells, a small molecule ErbB1/ErbB2 
inhibitor, PKI-166, was used to study ErbB pathway signaling on androgen receptor activation. 
It was found that ErbB2/ErbB3 heterodimers were the main driver of androgen receptor activation 
even when ErbB1 was present ( 101 ). These findings suggest that the ErbB2/ErbB3 heterodimer 
could play a role in growth of androgen independent prostate cancer. Further examination of the 
status of ErbB3 in tissues from prostate cancer patients would be helpful in determining whether 
this apparent correlation translates to human tumors. 

 Less is known about the status of ErbB2/ErbB3 heterodimers in human cancer tissues. 
There have been some studies examining ErbB3 expression by immunohistochemistry and 
correlating to clinical outcome in cancer patients. These studies have suggested that ErbB3 
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expression is correlated with poor clinical outcome in breast cancer and ovarian cancer 
( 102 ,  103 ). There is also some suggestion that high ErbB3 expression correlates with poor 
outcome in HER2-positive breast cancer after progression on the HER2 targeted antibody 
trastuzumab ( 104 ). Unfortunately, in some of these studies, it is not clear whether the 
immunohistochemical assay was validated to detect ErbB3 specifically in formalin-fixed, 
paraffin-embedded (FFPE) tissues.  

  8. ATYPICAL HETERODIMERS—p95 HER2   

 It is becoming increasingly evident that ErbB receptors are, at least in some cases, subject 
to cleavage of the extracellular domain. In the case of ErbB2, it is well-documented that 
a truncated form of the receptor known as p95 HER2  is produced in breast cancer cell lines 
( 105 – 107 ). In about 30% of HER2-positive breast cancer patients, p95 HER2  is detected in 
tumor tissue by Western blot and is associated with poor clinical outcome ( 108 ). The trun-
cated form of the receptor is structurally similar to the originally-described viral oncogene 
v-ErbB, and consistent with that observation, the receptor is constitutively active ( 109 ,  110 ). 
The therapeutic ErbB2 monoclonal antibody trastuzumab has been demonstrated to prevent 
the conversion of full length p185 HER2  to truncated p95 HER2  ( 109 ), suggesting that this may be 
one mechanism of trastuzumab activity. 

 The existence of a truncated form of ErbB2 raises the question of whether heterodimers with 
the truncated form of the receptor exist and whether they have any relevant biological role. One 
example of a heterodimer would be p185 HER2  with p95 HER2 , and in support of this model, there is 
evidence of an intracellular interacting domain that could mediate ligand-independent interaction 
of either full-length or truncated ErbB2 receptors ( 111 ). It is possible that this ErbB2 intracel-
lular domain interaction could be mediated by the allosteric association of the kinase domain 
N and C-lobes. In addition, there is also the possibility that p95 HER2  could associate with other 
ErbB family receptors. This concept is supported by a study in which p95 HER2  heterodimers were 
examined in the HER2 amplified BT474 breast cancer cell line. In that setting, p95 HER2  was found 
to heterodimerize specifically with ErbB3 but not with ErbB1 ( 112 ). Examination of p95 HER2  
containing heterodimers in a broader sampling of breast cancer cell lines and in human breast 
cancer tissues is warranted to determine the prevalence of such heterodimers. It would also be 
of interest to determine how the mitogenic potential of p95 HER2  /ErbB3 heterodimers compare 
to that of full-length ErbB2/ErbB3 heterodimers, and if there are significant differences in the 
phosphopeptide profile of the activated p95 HER2  containing heterodimers.  

  9. INHIBITION OF HETERODIMERS IN CANCER THERAPY  

 Given the substantial evidence for involvement of ErbB family members in oncogenesis, 
it is not surprising that this receptor family has been an area of significant activity with regard 
to drug development. Several approaches to inhibiting ErbB signaling have been exploited 
for therapeutic benefit. One approach is direct inhibition of tyrosine kinase activity by small 
molecule inhibitors of ErbB1 (e.g., erlotinib, gefitinib), as well as dual-specificity ErbB1/2 
tyrosine kinase inhibitors such as lapatinib. Such inhibitors have exhibited efficacy in some 
patient populations such as erlotinib in non-small cell lung cancer ( 113 ) and lapatinib in 
HER2-positive metastatic breast cancer patients who have progressed on trastuzumab ( 89 ). 
Although these agents do not inhibit the ErbB dimerization process, they can effectively 
inhibit dimer-mediated signaling. 

 A second mechanism for inhibiting signaling from ErbB dimers includes blocking ligand-
mediated activation via monoclonal antibody therapeutics (e.g., cetuximab, panitumumab). 
Although not direct, the inhibition of ligand binding to EGFR will leave the receptor extracellular 



24 Stern

domain in the closed configuration, thus inhibiting formation of ErbB1 homodimers and 
heterodimers. Cetuximab is known to bind to ErbB1 with high affinity and blocks ligand-
mediated activation of the receptor ( 114 ). A crystal structure reveals that cetuximab binds 
to the ligand-binding region within domain III of ErbB1, resulting in steric hindrance that 
prevents the receptor from adopting the open configuration and thus inhibiting heterodimeri-
zation ( 115 ) (Fig. 2. 1 ). In cell lines, cetuximab has been shown to induce G1 arrest, potentiate 
apoptosis, as well as inhibit cancer cell invasion and metastasis ( 114 ). Cetuximab has been 
found to have efficacy and is approved for use in metastatic colon cancer and head and heck 
cancer ( 114 ). 

 Aside from cetuximab, other anti-ErbB1 monoclonal antibodies are in development. 
Preclinical data with panitumumab, a fully humanized monoclonal antibody directed against 
ErbB1, reveals efficacy in xenograft models with moderate to high levels of ErbB1 expres-
sion. Xenograft cell lines exhibiting efficacy are from a range of indications including color-
ectal, breast, prostate, renal, ovarian and pancreatic cancer ( 116 ,  117 ). In general, efficacy 
was observed in xenograft lines in which cells express 17,000 receptors per cell or more, but 
was not observed in lines where there are fewer than 11,000 receptors per cell ( 117 ). A phase 
III trial of best supportive care with or without panitumumab in metastatic colorectal cancer 
patients that had previously progressed on chemotherapy was presented at the 2006 Annual 
Meeting of the American Association for Cancer Research ( 118 ). Panitumumab improved 
progression-free survival, and in September 2006, it was approved for this indication. 

 Direct inhibition of dimer formation is another strategy to inhibit ErbB family signaling. 
Pertuzumab is a monoclonal antibody that binds to the dimerization arm of ErbB2 and 
sterically interferes with formation of ErbB heterodimers ( 119 ) (Fig  2.2 ). In cell lines with 

  Fig. 2.2.     ErbB2 / ErbB3 heterodimers are depicted without ligand, with heregulin (HRG), and with the 
monoclonal antibody pertuzumab. Induction of receptor signaling occurs by much the same mecha-
nism as with ErbB1/2 heterodimers. HRG binding to domains I and III locks ErbB3 in the open 
configuration, thus allowing dimerization with ErbB2. One major difference is that ErbB3 lacks an 
active kinase, thus the phosphorylation of the intracellular tails must be mediated by the ErbB2 kinase. 
Perhaps consistent with this unique role for ErbB3, the N-lobe of ErbB3 is defective in its ability 
to interact with the C-lobe of other receptors ( 44 ). Thus, ErbB3 can only present the C-lobe during 
allosteric activation, leaving ErbB2 to present the N-lobe. Pertuzumab binds to the dimerization arm 
in domain II of ErbB2. As such, it sterically hinders ErbB2 from participating in dimerization. This 
antibody-receptor interaction inhibits signaling even in the presence of ligand.       
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high HER2 expression (e.g., SKBR3) and those with low HER2 expression (e.g., MCF7), 
pertuzumab is capable of inhibiting formation of ErbB2/ErbB3 heterodimers upon heregulin 
treatment and also inhibits receptor tyrosine phosphorylation. These observations translate 
into inhibition of ligand-dependent growth in vitro and preclinical efficacy of pertuzumab 
in xenograft models of both HER2-positive and HER2-negative breast cancer ( 119 ). 
Pertuzumab was also capable of inhibiting ligand-dependent growth in both androgen-
dependent and androgen-independent prostate cancer cell lines in vitro and in xenograft 
models ( 120 ). These data suggest that inhibition of ErbB family dimerization by targeting 
ErbB2, the preferred ErbB dimerization partner, may be clinically relevant in a wide range 
of tumor types, including tumors without HER2 amplification.  

 Pertuzumab was recently tested in a phase II monotherapy trial in heavily pretreated ovar-
ian cancer. Of 117 patients over two dose cohorts that were evaluable for efficacy, there were 
five partial responses (4.3%), and eight patients exhibited stable disease ( 121 ). Five patients 
exhibited an asymptomatic decrease in left ventricular ejection fraction. In a fraction of 
patients where pretreatment biopsies were possible, phospho-HER2 (pHER2) was measured 
by ELISA. Interestingly, the median progression free survival in pHER2+ patients was 20.9 
weeks compared to 5.8 weeks for pHER2- patients ( 121 ). These data suggest that pertuzumab 
is tolerable and that some heavily pre-treated ovarian cancer patients might benefit. An ongo-
ing randomized phase II trial is evaluating pertuzumab in combination with chemotherapy in 
platinum refractory ovarian cancer. A qRT-PCR-based surrogate marker for pHER2 that can 
be assessed in archival FFPE tissues is being evaluated as a predictive diagnostic marker as 
part of this trial ( 122 ).  

  10. CONCLUSIONS  

 Over the past two decades, tremendous progress has been made in our understanding of the 
ErbB signaling pathway. This knowledge has led to the development of several clinically benefi-
cial therapies, including both small molecule and monoclonal antibody inhibitors of ErbB1 and 
ErbB2. Evidence suggests that various ErbB family homodimers and heterodimers may have dis-
crete biological function. In many cases, heterodimers exhibit stronger mitogenic signaling than do 
homodimers. ErbB1/ErbB2 and ErbB2/ErbB3 heterodimers in particular are the most oncogenic. 
Therapeutic strategies that prevent or disrupt heterodimer formation have the potential for clinical 
benefit. Cetuximab and panitumumab block ligand binding to ErbB1 and thus secondarily inhibit 
heterodimerization. Both have already shown significant efficacy in colorectal cancer. Pertuzumab 
is the first example of a distinct category of inhibitors that directly suppress ErbB dimerization via 
steric inhibition and is currently being evaluated in clinical trials. Undoubtedly, further insights 
into the biology of ErbB family signaling will help us understand in more detail how heterodimers 
impact cancer development and will allow more refined approaches to developing therapeutics that 
maximize clinical benefit for patients.   

   ACKNOWLEDGMENTS 

 I would like to thank Mark Sliwkowski for critical review of the manuscript and Jim 
Ligos for assistance with construction of figures.  

  REFERENCES 

   1.   Arteaga CL. The epidermal growth factor receptor: from mutant oncogene in nonhuman cancers to 
therapeutic target in human neoplasia. J Clin Oncol 2001;19:32S-40S.  

   2.   Hynes NE, Lane HA. ERBB receptors and cancer: the complexity of targeted inhibitors. Nat Rev 
Cancer 2005;5:341-54.  



26 Stern

   3.   Yarden Y, Sliwkowski MX. Untangling the ErbB signalling network. Nat Rev Mol Cell Biol 
2001;2:127-37.  

   4.   Burgess AW, Cho HS, Eigenbrot C, et al. An open-and-shut case? Recent insights into the activation 
of EGF/ErbB receptors. Mol Cell 2003;12:541-52.  

   5.   Schlessinger J. Ligand-induced, receptor-mediated dimerization and activation of EGF receptor. Cell 
2002;110:669-72.  

   6.   de Larco JE, Todaro GJ. Epithelioid and fibroblastic rat kidney cell clones: epidermal growth 
factor (EGF) receptors and the effect of mouse sarcoma virus transformation. J Cell Physiol 
1978;94:335-42.  

   7.   Downward J, Yarden Y, Mayes E, et al. Close similarity of epidermal growth factor receptor and v-erb-B 
oncogene protein sequences. Nature 1984;307:521-7.  

   8.   Ushiro H, Cohen S. Identification of phosphotyrosine as a product of epidermal growth factor-
activated protein kinase in A-431 cell membranes. J Biol Chem 1980;255:8363-5.  

   9.   Braga S, dal Lago L, Bernard C, Cardoso F, Piccart M. Use of trastuzumab for the treatment of early 
stage breast cancer. Expert Rev Anticancer Ther 2006;6:1153-64.  

   10.   Emens LA, Davidson NE. Trastuzumab in breast cancer. Oncology (Williston Park) 2004;18:1117-28; 
discussion 31-2, 37-8.  

   11.   Moy B, Goss PE. Lapatinib: current status and future directions in breast cancer. Oncologist 
2006;11:1047-57.  

   12.   Citri A, Yarden Y. EGF-ERBB signalling: towards the systems level. Nat Rev Mol Cell Biol 
2006;7:505-16.  

   13.   Klapper LN, Glathe S, Vaisman N, et al. The ErbB-2/HER2 oncoprotein of human carcinomas may 
function solely as a shared coreceptor for multiple stroma-derived growth factors. Proc Natl Acad Sci 
U S A 1999;96:4995-5000.  

   14.   Guy PM, Platko JV, Cantley LC, Cerione RA, Carraway KL, 3rd. Insect cell-expressed p180erbB3 
possesses an impaired tyrosine kinase activity. Proc Natl Acad Sci U S A 1994;91:8132-6.  

   15.   Olayioye MA, Neve RM, Lane HA, Hynes NE. The ErbB signaling network: receptor heterodimeriza-
tion in development and cancer. Embo J 2000;19:3159-67.  

   16.   Carraway KL, 3rd, Weber JL, Unger MJ, et al. Neuregulin-2, a new ligand of ErbB3/ErbB4-receptor 
tyrosine kinases. Nature 1997;387:512-6.  

   17.   Chang H, Riese DJ, 2nd, Gilbert W, Stern DF, McMahan UJ. Ligands for ErbB-family receptors 
encoded by a neuregulin-like gene. Nature 1997;387:509-12.  

   18.   Harari D, Tzahar E, Romano J, et al. Neuregulin-4: a novel growth factor that acts through the ErbB-4 
receptor tyrosine kinase. Oncogene 1999;18:2681-9.  

   19.   Riese DJ, 2nd, van Raaij TM, Plowman GD, Andrews GC, Stern DF. The cellular response to 
neuregulins is governed by complex interactions of the erbB receptor family. Mol Cell Biol 
1995;15:5770-6.  

   20.   Zhang D, Sliwkowski MX, Mark M, et al. Neuregulin-3 (NRG3): a novel neural tissue-enriched 
protein that binds and activates ErbB4. Proc Natl Acad Sci U S A 1997;94:9562-7.  

   21.   Gullick WJ. A new model for the interaction of EGF-like ligands with their receptors: the new 
one-two. Eur J Cancer 1994;30A:2186.  

   22.   Alroy I, Yarden Y. The ErbB signaling network in embryogenesis and oncogenesis: signal diversifica-
tion through combinatorial ligand-receptor interactions. FEBS Lett 1997;410:83-6.  

   23.   Pinkas-Kramarski R, Lenferink AE, Bacus SS, et al. The oncogenic ErbB-2/ErbB-3 heterodimer is a 
surrogate receptor of the epidermal growth factor and betacellulin. Oncogene 1998;16:1249-58.  

   24.   Wells JA, Cunningham BC, Fuh G, et al. The molecular basis for growth hormone-receptor interac-
tions. Recent Prog Horm Res 1993;48:253-75.  

   25.   Wells JA, de Vos AM. Structure and function of human growth hormone: implications for the hemat-
opoietins. Annu Rev Biophys Biomol Struct 1993;22:329-51.  

   26.   Domagala T, Konstantopoulos N, Smyth F, et al. Stoichiometry, kinetic and binding analysis of the 
interaction between epidermal growth factor (EGF) and the extracellular domain of the EGF receptor. 
Growth Factors 2000;18:11-29.  

   27.   Lemmon MA, Bu Z, Ladbury JE, et al. Two EGF molecules contribute additively to stabilization of 
the EGFR dimer. Embo J 1997;16:281-94.  



Chapter 2 / EGFR Family Heterodimers in Cancer Pathogenesis and Treatment 27

   28.   Odaka M, Kohda D, Lax I, Schlessinger J, Inagaki F. Ligand-binding enhances the affinity of dimeri-
zation of the extracellular domain of the epidermal growth factor receptor. J Biochem (Tokyo) 
1997;122:116-21.  

   29.   Beerli RR, Hynes NE. Epidermal growth factor-related peptides activate distinct subsets of ErbB 
receptors and differ in their biological activities. J Biol Chem 1996;271:6071-6.  

   30.   King CR, Borrello I, Bellot F, Comoglio P, Schlessinger J. Egf binding to its receptor triggers a rapid 
tyrosine phosphorylation of the erbB-2 protein in the mammary tumor cell line SK-BR-3. Embo J 
1988;7:1647-51.  

   31.   Plowman GD, Green JM, Culouscou JM, Carlton GW, Rothwell VM, Buckley S. Heregulin induces 
tyrosine phosphorylation of HER4/p180erbB4. Nature 1993;366:473-5.  

   32.   Sliwkowski MX, Schaefer G, Akita RW, et al. Coexpression of erbB2 and erbB3 proteins reconsti-
tutes a high affinity receptor for heregulin. J Biol Chem 1994;269:14661-5.  

   33.   Graus-Porta D, Beerli RR, Daly JM, Hynes NE. ErbB-2, the preferred heterodimerization partner of 
all ErbB receptors, is a mediator of lateral signaling. Embo J 1997;16:1647-55.  

   34.   Graus-Porta D, Beerli RR, Hynes NE. Single-chain antibody-mediated intracellular retention of 
ErbB-2 impairs Neu differentiation factor and epidermal growth factor signaling. Mol Cell Biol 
1995;15:1182-91.  

   35.   Lax I, Johnson A, Howk R, et al. Chicken epidermal growth factor (EGF) receptor: cDNA cloning, 
expression in mouse cells, and differential binding of EGF and transforming growth factor alpha. Mol 
Cell Biol 1988;8:1970-8.  

   36.   Ward CW, Hoyne PA, Flegg RH. Insulin and epidermal growth factor receptors contain the cysteine 
repeat motif found in the tumor necrosis factor receptor. Proteins 1995;22:141-53.  

   37.   Bouyain S, Longo PA, Li S, Ferguson KM, Leahy DJ. The extracellular region of ErbB4 adopts a 
tethered conformation in the absence of ligand. Proc Natl Acad Sci U S A 2005;102:15024-9.  

   38.   Cho HS, Leahy DJ. Structure of the extracellular region of HER3 reveals an interdomain tether. 
Science 2002;297:1330-3.  

   39.   Ferguson KM, Berger MB, Mendrola JM, Cho HS, Leahy DJ, Lemmon MA. EGF activates its receptor 
by removing interactions that autoinhibit ectodomain dimerization. Mol Cell 2003;11:507-17.  

   40.   Garrett TP, McKern NM, Lou M, et al. Crystal structure of a truncated epidermal growth factor receptor 
extracellular domain bound to transforming growth factor alpha. Cell 2002;110:763-73.  

   41.   Ogiso H, Ishitani R, Nureki O, et al. Crystal structure of the complex of human epidermal growth 
factor and receptor extracellular domains. Cell 2002;110:775-87.  

   42.   Cho HS, Mason K, Ramyar KX, et al. Structure of the extracellular region of HER2 alone and in 
complex with the Herceptin Fab. Nature 2003;421:756-60.  

   43.   Garrett TP, McKern NM, Lou M, et al. The crystal structure of a truncated ErbB2 ectodomain reveals 
an active conformation, poised to interact with other ErbB receptors. Mol Cell 2003;11:495-505.  

   44.   Zhang X, Gureasko J, Shen K, Cole PA, Kuriyan J. An allosteric mechanism for activation of the 
kinase domain of epidermal growth factor receptor. Cell 2006;125:1137-49.  

   45.   Pinkas-Kramarski R, Soussan L, Waterman H, et al. Diversification of Neu differentiation 
factor and epidermal growth factor signaling by combinatorial receptor interactions. Embo J 
1996;15:2452-67.  

   46.   Jones RB, Gordus A, Krall JA, MacBeath G. A quantitative protein interaction network for the ErbB 
receptors using protein microarrays. Nature 2006;439:168-74.  

   47.   Wehrman TS, Raab WJ, Casipit CL, Doyonnas R, Pomerantz JH, Blau HM. A system for quantifying 
dynamic protein interactions defines a role for Herceptin in modulating ErbB2 interactions. Proc Natl 
Acad Sci U S A 2006;103:19063-8.  

   48.   Miettinen PJ, Berger JE, Meneses J, et al. Epithelial immaturity and multiorgan failure in mice lacking 
epidermal growth factor receptor. Nature 1995;376:337-41.  

   49.   Sibilia M, Steinbach JP, Stingl L, Aguzzi A, Wagner EF. A strain-independent postnatal neurodegen-
eration in mice lacking the EGF receptor. Embo J 1998;17:719-31.  

   50.   Sibilia M, Wagner EF. Strain-dependent epithelial defects in mice lacking the EGF receptor. Science 
1995;269:234-8.  

   51.   Threadgill DW, Dlugosz AA, Hansen LA, et al. Targeted disruption of mouse EGF receptor: effect of 
genetic background on mutant phenotype. Science 1995;269:230-4.  



28 Stern

   52.   Gassmann M, Casagranda F, Orioli D, et al. Aberrant neural and cardiac development in mice lacking 
the ErbB4 neuregulin receptor. Nature 1995;378:390-4.  

   53.   Lee KF, Simon H, Chen H, Bates B, Hung MC, Hauser C. Requirement for neuregulin receptor erbB2 
in neural and cardiac development. Nature 1995;378:394-8.  

   54.   Meyer D, Birchmeier C. Multiple essential functions of neuregulin in development. Nature 
1995;378:386-90.  

   55.   Kramer R, Bucay N, Kane DJ, Martin LE, Tarpley JE, Theill LE. Neuregulins with an Ig-like 
domain are essential for mouse myocardial and neuronal development. Proc Natl Acad Sci U S A 
1996;93:4833-8.  

   56.   Crone SA, Zhao YY, Fan L, et al. ErbB2 is essential in the prevention of dilated cardiomyopathy. Nat 
Med 2002;8:459-65.  

   57.   Chien KR. Herceptin and heart failure – a molecular modifier of cardiac failure. N Engl J Med 
2006;354:789-90.  

   58.   Piccart-Gebhart MJ, Procter M, Leyland-Jones B, et al. Trastuzumab after adjuvant chemotherapy in 
HER2-positive breast cancer. N Engl J Med 2005;353:1659-72.  

   59.   Romond EH, Perez EA, Bryant J, et al. Trastuzumab plus adjuvant chemotherapy for operable HER2-
positive breast cancer. N Engl J Med 2005;353:1673-84.  

   60.   Jones FE, Stern DF. Expression of dominant-negative ErbB2 in the mammary gland of transgenic 
mice reveals a role in lobuloalveolar development and lactation. Oncogene 1999;18:3481-90.  

   61.   Jones FE, Welte T, Fu XY, Stern DF. ErbB4 signaling in the mammary gland is required for lobuloal-
veolar development and Stat5 activation during lactation. J Cell Biol 1999;147:77-88.  

   62.   Erickson SL, O’Shea KS, Ghaboosi N, et al. ErbB3 is required for normal cerebellar and cardiac 
development: a comparison with ErbB2-and heregulin-deficient mice. Development 1997;124:4999-
5011.  

   63.   Morris JK, Lin W, Hauser C, Marchuk Y, Getman D, Lee KF. Rescue of the cardiac defect in ErbB2 
mutant mice reveals essential roles of ErbB2 in peripheral nervous system development. Neuron 
1999;23:273-83.  

   64.   Riethmacher D, Sonnenberg-Riethmacher E, Brinkmann V, Yamaai T, Lewin GR, Birchmeier C. Severe 
neuropathies in mice with targeted mutations in the ErbB3 receptor. Nature 1997;389:725-30.  

   65.   Carey KD, Garton AJ, Romero MS, et al. Kinetic analysis of epidermal growth factor receptor somatic 
mutant proteins shows increased sensitivity to the epidermal growth factor receptor tyrosine kinase 
inhibitor, erlotinib. Cancer Res 2006;66:8163-71.  

   66.   Greulich H, Chen TH, Feng W, et al. Oncogenic transformation by inhibitor-sensitive and -resistant 
EGFR mutants. PLoS Med 2005;2:e313.  

   67.   Lynch TJ, Bell DW, Sordella R, et al. Activating mutations in the epidermal growth factor 
receptor underlying responsiveness of non-small-cell lung cancer to gefitinib. N Engl J Med 
2004;350:2129-39.  

   68.   Paez JG, Janne PA, Lee JC, et al. EGFR mutations in lung cancer: correlation with clinical response 
to gefitinib therapy. Science 2004;304:1497-500.  

   69.   Moscatello DK, Holgado-Madruga M, Godwin AK, et al. Frequent expression of a mutant epidermal 
growth factor receptor in multiple human tumors. Cancer Res 1995;55:5536-9.  

   70.   Holbro T, Hynes NE. ErbB receptors: directing key signaling networks throughout life. Annu Rev 
Pharmacol Toxicol 2004;44:195-217.  

   71.   Stephens P, Hunter C, Bignell G, et al. Lung cancer: intragenic ERBB2 kinase mutations in tumours. 
Nature 2004;431:525-6.  

   72.   Brandt R, Eisenbrandt R, Leenders F, et al. Mammary gland specific hEGF receptor transgene expres-
sion induces neoplasia and inhibits differentiation. Oncogene 2000;19:2129-37.  

   73.   Guy CT, Webster MA, Schaller M, Parsons TJ, Cardiff RD, Muller WJ. Expression of the neu pro-
tooncogene in the mammary epithelium of transgenic mice induces metastatic disease. Proc Natl 
Acad Sci U S A 1992;89:10578-82.  

   74.   Muthuswamy SK, Li D, Lelievre S, Bissell MJ, Brugge JS. ErbB2, but not ErbB1, reinitiates prolif-
eration and induces luminal repopulation in epithelial acini. Nat Cell Biol 2001;3:785-92.  

   75.   Di Fiore PP, Segatto O, Taylor WG, Aaronson SA, Pierce JH. EGF receptor and erbB-2 tyrosine 
kinase domains confer cell specificity for mitogenic signaling. Science 1990;248:79-83.  



Chapter 2 / EGFR Family Heterodimers in Cancer Pathogenesis and Treatment 29

   76.   Akiyama T, Saito T, Ogawara H, Toyoshima K, Yamamoto T. Tumor promoter and epidermal growth 
factor stimulate phosphorylation of the c-erbB-2 gene product in MKN-7 human adenocarcinoma 
cells. Mol Cell Biol 1988;8:1019-26.  

   77.   Kokai Y, Dobashi K, Weiner DB, Myers JN, Nowell PC, Greene MI. Phosphorylation process induced 
by epidermal growth factor alters the oncogenic and cellular neu (NGL) gene products. Proc Natl 
Acad Sci U S A 1988;85:5389-93.  

   78.   Stern DF, Heffernan PA, Weinberg RA. p185, a product of the neu proto-oncogene, is a receptorlike 
protein associated with tyrosine kinase activity. Mol Cell Biol 1986;6:1729-40.  

   79.   Stern DF, Kamps MP. EGF-stimulated tyrosine phosphorylation of p185neu: a potential model for 
receptor interactions. Embo J 1988;7:995-1001.  

   80.   Kokai Y, Myers JN, Wada T, et al. Synergistic interaction of p185c-neu and the EGF receptor leads to 
transformation of rodent fibroblasts. Cell 1989;58:287-92.  

   81.   Muller WJ, Arteaga CL, Muthuswamy SK, et al. Synergistic interaction of the Neu proto-oncogene 
product and transforming growth factor alpha in the mammary epithelium of transgenic mice. Mol 
Cell Biol 1996;16:5726-36.  

   82.   Baulida J, Kraus MH, Alimandi M, Di Fiore PP, Carpenter G. All ErbB receptors other than the epi-
dermal growth factor receptor are endocytosis impaired. J Biol Chem 1996;271:5251-7.  

   83.   Lenferink AE, Pinkas-Kramarski R, van de Poll ML, et al. Differential endocytic routing of homo- and 
hetero-dimeric ErbB tyrosine kinases confers signaling superiority to receptor heterodimers. Embo J 
1998;17:3385-97.  

   84.   Worthylake R, Wiley HS. Structural aspects of the epidermal growth factor receptor required for 
transmodulation of erbB-2/neu. J Biol Chem 1997;272:8594-601.  

   85.   Olayioye MA, Graus-Porta D, Beerli RR, Rohrer J, Gay B, Hynes NE. ErbB-1 and ErbB-2 
acquire distinct signaling properties dependent upon their dimerization partner. Mol Cell Biol 
1998;18:5042-51  .

   86.   Karunagaran D, Tzahar E, Beerli RR, et al. ErbB-2 is a common auxiliary subunit of NDF and EGF 
receptors: implications for breast cancer. Embo J 1996;15:254-64.  

   87.   Jones JT, Akita RW, Sliwkowski MX. Binding specificities and affinities of egf domains for ErbB 
receptors. FEBS Lett 1999;447:227-31.  

   88.   Zhan L, Xiang B, Muthuswamy SK. Controlled activation of ErbB1/ErbB2 heterodimers promote 
invasion of three-dimensional organized epithelia in an ErbB1-dependent manner: implications for 
progression of ErbB2-overexpressing tumors. Cancer Res 2006;66:5201-8.  

   89.   Geyer CE, Forster J, Lindquist D, et al. Lapatinib plus capecitabine for HER2-positive advanced 
breast cancer. N Engl J Med 2006;355:2733-43.  

   90.   Alimandi M, Romano A, Curia MC, et al. Cooperative signaling of ErbB3 and ErbB2 in neoplastic 
transformation and human mammary carcinomas. Oncogene 1995;10:1813-21.  

   91.   Wallasch C, Weiss FU, Niederfellner G, Jallal B, Issing W, Ullrich A. Heregulin-dependent 
regulation of HER2/neu oncogenic signaling by heterodimerization with HER3. Embo J 
1995;14:4267-75.  

   92.   Neve RM, Sutterluty H, Pullen N, et al. Effects of oncogenic ErbB2 on G1 cell cycle regulators in 
breast tumour cells. Oncogene 2000;19:1647-56.  

   93.   Sherr CJ, Roberts JM. CDK inhibitors: positive and negative regulators of G1-phase progression. 
Genes Dev 1999;13:1501-12.  

   94.   Holbro T, Beerli RR, Maurer F, Koziczak M, Barbas CF, 3rd, Hynes NE. The ErbB2/ErbB3 het-
erodimer functions as an oncogenic unit: ErbB2 requires ErbB3 to drive breast tumor cell prolifera-
tion. Proc Natl Acad Sci U S A 2003;100:8933-8.  

   95.   Xue C, Liang F, Mahmood R, et al. ErbB3-dependent motility and intravasation in breast cancer 
metastasis. Cancer Res 2006;66:1418-26.  

   96.   Rae JM, Ramus SJ, Waltham M, et al. Common origins of MDA-MB-435 cells from various sources 
with those shown to have melanoma properties. Clin Exp Metastasis 2004;21:543-52.  

   97.   Ross DT, Scherf U, Eisen MB, et al. Systematic variation in gene expression patterns in human cancer 
cell lines. Nat Genet 2000;24:227-35.  

   98.   Sergina NV, Rausch M, Wang D, et al. Escape from HER-family tyrosine kinase inhibitor therapy by 
the kinase-inactive HER3. Nature 2007;445:437-41.  



30 Stern

   99.   Culig Z, Hobisch A, Cronauer MV, et al. Androgen receptor activation in prostatic tumor cell lines 
by insulin-like growth factor-I, keratinocyte growth factor, and epidermal growth factor. Cancer Res 
1994;54:5474-8.  

   100.   Freeman MR. HER2/HER3 heterodimers in prostate cancer: Whither HER1/EGFR? Cancer Cell 
2004;6:427-8.  

   101.   Mellinghoff IK, Vivanco I, Kwon A, Tran C, Wongvipat J, Sawyers CL. HER2/neu kinase-dependent 
modulation of androgen receptor function through effects on DNA binding and stability. Cancer Cell 
2004;6:517-27.  

   102.   Tanner B, Hasenclever D, Stern K, et al. ErbB-3 predicts survival in ovarian cancer. J Clin Oncol 
2006;24:4317-23.  

   103.   Witton CJ, Reeves JR, Going JJ, Cooke TG, Bartlett JM. Expression of the HER1-4 family of receptor 
tyrosine kinases in breast cancer. J Pathol 2003;200:290-7.  

   104.   Robinson AG, Turbin D, Thomson T, et al. Molecular predictive factors in patients receiving trastuzu-
mab-based chemotherapy for metastatic disease. Clin Breast Cancer 2006;7:254-61.  

   105.   Lin YZ, Clinton GM. A soluble protein related to the HER-2 proto-oncogene product is released from 
human breast carcinoma cells. Oncogene 1991;6:639-43.  

   106.   Pupa SM, Menard S, Morelli D, Pozzi B, De Palo G, Colnaghi MI. The extracellular domain of the c-erbB-
2 oncoprotein is released from tumor cells by proteolytic cleavage. Oncogene 1993;8:2917-23.  

   107.   Zabrecky JR, Lam T, McKenzie SJ, Carney W. The extracellular domain of p185/neu is released from 
the surface of human breast carcinoma cells, SK-BR-3. J Biol Chem 1991;266:1716-20.  

   108.   Saez R, Molina MA, Ramsey EE, et al. p95HER-2 predicts worse outcome in patients with HER-2-
positive breast cancer. Clin Cancer Res 2006;12:424-31.  

   109.   Molina MA, Codony-Servat J, Albanell J, Rojo F, Arribas J, Baselga J. Trastuzumab (herceptin), a 
humanized anti-Her2 receptor monoclonal antibody, inhibits basal and activated Her2 ectodomain 
cleavage in breast cancer cells. Cancer Res 2001;61:4744-9.  

   110.   Christianson TA, Doherty JK, Lin YJ, et al. NH2-terminally truncated HER-2/neu protein: relation-
ship with shedding of the extracellular domain and with prognostic factors in breast cancer. Cancer 
Res 1998;58:5123-9.  

   111.   Penuel E, Akita RW, Sliwkowski MX. Identification of a region within the ErbB2/HER2 intracellular 
domain that is necessary for ligand-independent association. J Biol Chem 2002;277:28468-73.  

   112.   Xia W, Liu LH, Ho P, Spector NL. Truncated ErbB2 receptor (p95ErbB2) is regulated by heregulin 
through heterodimer formation with ErbB3 yet remains sensitive to the dual EGFR/ErbB2 kinase 
inhibitor GW572016. Oncogene 2004;23:646-53.  

   113.   Shepherd FA, Rodrigues Pereira J, Ciuleanu T, et al. Erlotinib in previously treated non-small-cell 
lung cancer. N Engl J Med 2005;353:123-32.  

   114.   Mendelsohn J, Baselga J. Epidermal growth factor receptor targeting in cancer. Semin Oncol 
2006;33:369-85.  

   115.   Li S, Schmitz KR, Jeffrey PD, Wiltzius JJ, Kussie P, Ferguson KM. Structural basis for inhibition of 
the epidermal growth factor receptor by cetuximab. Cancer Cell 2005;7:301-11.  

   116.   Cohenuram M, Saif MW. Panitumumab the first fully human monoclonal antibody: from the bench to 
the clinic. Anticancer Drugs 2007;18:7-15.  

   117.   Yang XD, Jia XC, Corvalan JR, Wang P, Davis CG. Development of ABX-EGF, a fully human anti-
EGF receptor monoclonal antibody, for cancer therapy. Crit Rev Oncol Hematol 2001;38:17-23.  

   118.   Van Cutsem E, Peeters M, Siena S, et al. Open-label phase III trial of panitumumab plus best sup-
portive care compared with best supportive care alone in patients with chemotherapy-refractory 
metastatic colorectal cancer. J Clin Oncol 2007;25:1658-64.  

   119.   Franklin MC, Carey KD, Vajdos FF, Leahy DJ, de Vos AM, Sliwkowski MX. Insights into ErbB 
signaling from the structure of the ErbB2-pertuzumab complex. Cancer Cell 2004;5:317-28.  

   120.   Agus DB, Akita RW, Fox WD, et al. Targeting ligand-activated ErbB2 signaling inhibits breast and 
prostate tumor growth. Cancer Cell 2002;2:127-37.  

   121.   Gordon MS, Matei D, Aghajanian C, et al. Clinical activity of pertuzumab (rhuMAb 2C4), a HER 
dimerization inhibitor, in advanced ovarian cancer: potential predictive relationship with tumor HER2 
activation status. J Clin Oncol 2006;24:4324-32.  

   122.   Amler L, Gordon MS, Strauss A, et al. Identification of predictive markers of cliinical activity from 
a phase II trial of single agent pertuzumab (rhuMab 2C4), a HER dimerization inhhibitor, in advanced 
ovarian cancer (OC). In: ASCO Annual Meeting; 2006; Atlanta, GA 2006.           



         

 3  Structure-Function of EGFR Kinase 
Domain and Its Inhibitors 

          Charles   Eigenbrot        

  CONTENTS 
  Introduction  
  General Structure Overview  
  Wild-type EGFR Kinase X-ray Structures  
  Implications for Escape Mutants  
  Structures of Erlotnib & Gefitinib Susceptibility 

EGFR Mutants  
  Future Directions in EGFR SMI Research  
  Summary  
  Acknowledgments  
  References   

  Abstract 
 The EGF receptor is a key mediator of oncogenic transformation in a wide variety of solid 

tumors. Since 2002, there has been an explosion of X-ray crystallographic results that provide 
powerful insight into the activation and hyperactivation of this receptor and of its close homologues 
HER2, HER3, and HER4. The ability to catalyze phospho-transfer resides in the EGFR intracellular 
tyrosine kinase domain, which has proven a clinically useful target for therapeutic intervention. 
The rapidly expanding catalogue of EGFR kinase domain structures is surveyed with a focus 
on inhibitor activities and liabilities, as well as on control and dysregulation phenomena intrinsic 
to the protein.  

  Key Words:   X-ray crystallography ,  small molecule inhibitor ,  escape mutation ,  kinase activation , 
 allostery ,  L858R ,  T790M .    

  1. INTRODUCTION  

 There has been an explosion of structural insight into the molecular mechanics of activation of 
EGFR and closely related receptors since 2002. After decades of scrutiny as the most- studied 
 family of cell-surface receptors, the new results have shown unprecedented arrangements (and 
rearrangements) of their extracellular domains ( 1 ) and the first structures of the EGFR kinase 
domain (both active ( 2 ) and inactive ( 3 ) forms). They have also given us powerful insight 
into the molecular connection between extracellular and intracellular compartments ( 4 ). 
Additionally, the structural origins of hyperactivity of some clinically important mutant kinase 
domains have been identified ( 5 ). 
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 The  topic before us in this work goes back about a decade, when information about small 
molecules targeting the EGFR kinase appeared from pharmaceutical companies ’   programs 
( 6  –  8 ). Following successful clinical experiences derived from these efforts, we have now 
seen broader discussion of therapeutic strategies that include small molecule kinase inhibi-
tors ( 9  –  11 ). This chapter will concentrate first on the structures of inhibitors in complex with 
the EGFR kinase domain, after which it will address hyperactivity of mutant kinases and the 
allosteric activation of the EGFR kinase arising from extracellular events. 

 The utility of small molecule inhibitors (SMI) of the catalytic domain of EGFR depends 
on their potency, specificity, and bioavailability. Potency is easily ascertained using an 
 in vitro  (or  “ biochemical ” ) enzyme assay. High potency allows low doses to be effective. 
Specificity is also studied using biochemical assays with other kinases that are of interest, 
but the likely biological context in which an inhibitor is used can guide how important an 
off-target potency is perceived to be. A relatively low toxicity made possible by high specifi-
city is the promise inherent in  “ targeted ”  therapies. Bioavailability, in the broadest sense, is a 
measure of how well an administered dose is delivered to the target kinase. All these proper-
ties arise from the chemical structure of the inhibitor and the resulting interactions with its 
target and with other components of the biological milieu. 

 Due to the wealth of X-ray crystal structures produced in drug discovery programs, 
potency and specificity are usually considered in light of structural information on the 
inhibitor bound to the target, as well as on available structures or models of off-target 
kinases of interest. Until 2002, there was no reported direct structural information for the 
EGFR kinase, which meant that extensive drug discovery efforts relied on the less robust 
structure-activity-relationship (SAR) paradigm. In a drug discovery program, SAR is the 
collected information about small molecules ’  properties and their activities. It arises from 
an iterative process where new molecules are designed and synthesized to test increasingly 
specific hypotheses about interactions between the small molecules and the target. In the 
absence of X-ray structures of the target kinase, the SAR data can arise in the light of 
computer models based on known structures of homologous proteins. This approach was 
successfully applied to the development of all three currently approved EGFR SMI drugs: 
erlotinib, gefitinib and lapatinib. 

 Nonetheless, achieving a deeper understanding of the activities of these medicines and 
others still in development has been aided significantly by X-ray structures of the EGFR 
kinase domain. In 2002, Stamos et al. reported the X-ray structure ( 2 ) of the kinase from 
EGFR in complex with the 4-anilinoquinazoline derivative discovered by OSI Pharmaceu-
ticals, Inc. (OSI-774, erlotinib, Tarceva ® ). Based on the protein construct used by Stamos 
et al., subsequent X-ray structures have appeared, which include other inhibitors and ATP 
mimics ( 3  –  5 ). These structural results will serve as the basis for the following discussion of 
the features in the EGFR kinase domain and in the inhibitors that account for their potency. 
They will also serve as the basis of a limited discussion of inhibitor specificity, how clini-
cally important mutations are related to inhibitor exposure, and future directions in develop-
ing additional useful or improved inhibitors.  

  2. GENERAL STRUCTURE OVERVIEW  

 There are approximately 500 protein kinases in the human genome ( 12 ,  13 ). The EGF recep-
tor (EGFR) is one of about 60 transmembrane proteins that have a tyrosine kinase domain 
within their intracellular region and which in most cases act as receptors for soluble ligands 
presented to their extracellular region (receptor tyrosine kinases, RTK). Eukaryotic protein 
kinases act as catalysts for the transfer of the  γ -phosphate group from the bound co-factor 
adenosine triphosphate (ATP) to a protein substrate, at a tyrosine (tyrosine kinase), serine, or 
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threonine (serine/threonine kinase) amino acid side chain’s hydroxyl group. Such reactions are 
integral to a myriad of cell-signaling processes. A great deal has been learned about protein 
kinases from X-ray structures ( 14 ) that started appearing in 1991, for instance the following 
prototypes:  protein kinase A ( 15 ) (PKA or cyclic-AMP dependent kinase), the insulin receptor 
kinase domain ( 16 ), and Abelson tyrosine kinase (Abl) ( 17 ). Protein kinase catalytic domains 
share an overall structure incorporating about 300 amino acids, with an amino-terminal (N-ter-
minal) lobe separated from a carboxy-terminal (C-terminal) lobe by the  “ ATP binding cleft ”  or 
inter-lobe cleft. The N-terminal lobe is mostly comprised of  β -strands, but with an important 
 α -helix ( α  

c
 ), while the C-terminal lobe is mostly  α -helical. The inter-lobe cleft is where ATP, 

the substrate segment of substrate proteins and most SMIs bind (Fig.  3.1 ).  
 The key role of protein phosphorylation in cell signaling is accompanied by mechanisms 

by which the enzyme activity of kinases is turned on and off. The most apparent  “ on switch ”  
is the phosphorylation of the enzyme domain itself, in that one or more hydroxyl-containing side 
chains (tyrosine, serine, or threonine) within a long loop are often the first site(s) at which 
kinase domains are themselves phosphorylated and thereby turned on. This  ~  25 amino acid 
segment, called the Activation Loop (A-loop), is within the C-terminal lobe. It emerges from 
the back of the inter-lobe cleft and has at its beginning a highly-conserved tripeptide motif 
Aspartic Acid-Phenylalanine-Glycine ( “ DFG ”  –  derived from the single-letter amino acid 
abbreviations for the amino acid residues). As they have been revealed in the large number of 
X-ray structures, the A-loop of protein kinases is highly variable conformationally, but since 
it supports substrate binding during phospho-transfer, we can presume a sharply restricted 
conformational space is relevant during the catalytic reaction. Phosphorylation within this 

  Fig. 3.1.      Simplified representations of the kinase domain from EGFR. (a) The  “ active ”  conformation 
as seen in the complex with erlotinib (pdb accession code 1M17). (b) The  “ inactive ”  conformation as 
seen in the complex with lapatinib (pdb accession code 1XKK). The principal difference between the 
inhibitors is the greater extension (toward the right) of lapatinib, which is accommodated by a large 
shift of helix  α c. Note also the additional short helix in front of  α c. Dotted segments represent parts of 
the structure that were too highly flexible to be discerned in the X-ray experiment.       
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loop is associated with a large conformational change (20-30  Å ) that either relieves an auto-
inhibitory steric blockage of the substrate binding site, arranges key elements of the catalytic 
machinery for phospho-transfer, or both ( 18 ,  19 ). Among the key elements are the  α -helix 
in the N-terminal lobe ( α  

c
 ), which can shift as a rigid body to provide important interactions 

with partners in the catalytic event and which can be associated with shifts of the entire 
N-terminal lobe, leading to a more  “ open ”  or more  “ closed ”  inter-lobe cleft. The simple 
picture of A-loop phosphorylation and rearrangement with  α  

c 
 and N-terminal lobe move-

ment neglects control exerted via other domains in kinases where they exist, e.g., Src ( 20 , 
 21 ), but it serves well for discussion of the structure-function relationships of SMIs that bind 
in the ATP-binding cleft. EGFR and its close homologues HER2 and HER4 are themselves 
exceptional in this regard, as a phosphorylation event is not required for the catalytically 
competent conformation of the A-loop and  α  

c 
 ( 2 ,  22 ). As for the other RTKs, EGFR enzyme 

activity is commonly turned off either due to de-phosphorylation by a phosphatase enzyme, 
or by internalization and degradation. Both these topics are covered elsewhere in this volume. 

 The structurally characterized EGFR kinase SMIs reported to date act by competing 
with ATP for binding in the inter-lobe cleft (Fig.  3.2 ). Almost all kinase SMIs use one or 
more hydrogen-bonds (H-bonds) to the polypeptide backbone in the segment connecting 
N- and C-terminal lobes (the  “ hinge ” ) for part of their binding energy, a feature also used 
for binding by ATP. Beyond this, many kinase SMIs diverge from ATP and tend not to 
extend in the direction where ATP places its triphosphate chain. Instead, kinase SMIs usu-
ally extend more or less parallel to the hinge, which leads in one direction toward solvent, 
and in the opposite direction deeper into the inter-lobe cleft. These SMIs are discussed 
in terms of the core (H-bonds to hinge), the solubilizing group (extends toward solvent), 
and the  “ head group ”  (reaching into the cleft) (Fig.  3.3 ). The size of the head group can 
have important implications for the conformation of the protein to which a SMI will bind. 
The prototype example is the Abl kinase SMI imatinib (STI571, Gleevec ®  ,Glivec ® , 
(Novartis)), which uses its relatively large head group to reach far into the cleft region 

  Fig. 3.2.      The nature of inhibition in the ATP-binding cleft. An overlay of two EGFR kinase 
X-ray structures, one with erlotinib (pdb accession code 1M17) and the other with a close analogue 
of ATP (pdb accession code 2GS7). Erlotinib is depicted as a semi-transparent surface, and AMP-PNP 
as grey sticks. Both molecules establish H-bonds with the hinge region, and they cannot bind at 
the same time.       
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  Fig. 3.3.      The chemical structures of some potent inhibitors of the EGFR kinase. Erlotinib, 
gefitinib, lapatinib and Cl-1033 share a 4-anilino-quinazoline chemotype, while EKB-569 and 
HKI-272 share a 4-anilino-3-cyanoquinoline chemotype. Cl-1033, EKB-569 and HKI-272 all 
have a reactive moiety in their solubilizing sections designed to form a covalent bond with a 
cysteine amino acid near the ATP binding site that is characteristic of the erbB family kinase 
domains.       

and bind to a protein conformation that requires the  α  
c 
 helix and DFG to be in a catalyti-

cally incompetent arrangement ( 23 ). Other clinically effective kinase SMIs, like erlotinib 
and gefitinib (ZD-1829, Iressa ® , (AstraZeneca)), have been captured in crystals binding 
tightly to the catalytically competent conformation, and so SMIs are sometimes described 
as binding to the  “ active ”  or  “ inactive ”  state.   

 The idea that every protein kinase target has an  “ inactive ”  conformation has given rise 
to the notion that targeting the  “ inactive ”  conformation may have an advantage regarding 
specificity. The reason is that as catalysts for ATP-dependent phospho-transfer, all kinase 
 “ active ”  forms must share certain features that make SMI specificity harder to obtain. Also, 
the many structures of inactive kinase conformations, which vary widely, have tended to 
support the logically opposite notion, namely, that inactive forms offered greater potential 
for specificity. Interestingly, recent developments in our understanding of the activation of 
the EGFR kinase rely, in part, on recognition of key similarities among the inactive forms of 
some kinase domains (Section 6).  

 One additional key feature of kinase/SMI interactions is the amino acid side chain presented 
by the protein at the  “ gatekeeper ”  position (Threonine 790 in EGFR, where the numbering 
system for reference to specific amino acid positions reflects inclusion of the 24 amino acids 
of signal peptide that are part of the EGFR gene but which are absent from the mature protein). 
In this numbering system, the Tyrosine residue referred to as Tyr845 (the  “ Src site ” , subject to 
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phosphorylation by the cellular kinase Src and a target of commercial phospho-EGFR 
 antibodies) is called Tyr869. The gatekeeper residue is in the beginning of the hinge, var-
ies among protein kinases, and is commonly engaged in binding SMIs (Fig.  3.2 ). These 
attributes allow use of gatekeeper interactions to create specificity against some non-target 
kinases, but in the same way allow mutations of this residue to have very significant effects 
on SMI affinity (potency), as has been observed among patients treated with imatinib ( 24 ), 
and more recently, with gefitinib ( 25 ) and erlotinib ( 26 ).  

  3. WILD-TYPE EGFR KINASE X-RAY STRUCTURES  

 In spite of long-term and rather intense study of EGFR, it was not until 2002 that the first 
X-ray structures of the EGFR kinase ( 2 ) were reported, which used a protein construct of 
327 amino acids extending between residue numbers 695 and 1022. The presence in this 
construct of approximately 40 amino acids C-terminal to the end on the canonical kinase 
domain seems to have been key to successful crystallization, as some of them are important 
mediators of crystal packing contacts. The structure with no inhibitor or ATP-like co-factor 
mimic ( “ apo ” ) revealed the A-loop in a conformation closely similar to that observed for the 
insulin receptor kinase in its phosphorylated (active) form ( 18 ). The positions of other ele-
ments of the catalytic machinery, the DFG tripeptide and the  α  

c 
 helix, were also consistent 

with catalytic competence. These details were in agreement with the finding that substitution 
of the hydroxyl-containing tyrosine residue within the A-loop (Tyr869) with phenylalanine 
(no hydroxyl) created an EGFR still competent for phospho-transfer activity ( 22 ). The same 
overall conformation was subsequently observed by Zhang et al. in a complex with an ATP 
analogue-peptide conjugate ( 4 ) that serves as a mimic of the phospho-transfer reaction. 

 Apo crystals were treated with erlotinib to provide the inhibitor complex structure in 
which the protein was found to be essentially unchanged from its apo parent. This mostly 
unchanged structure  suggested, but did not prove, that erlotinib binds to the active protein 
conformation preferentially. Indeed, to this point there was no direct structural evidence that 
other conformations existed. Nonetheless, the interactions between erlotinib and the protein 
are entirely consistent with tight binding and there is no contrary evidence suggesting a dif-
ferent protein conformation is better suited to bind erlotinib. 

 The 4-anilinoquinazoline chemotype found in erlotinib had been structurally character-
ized earlier with the protein kinases CDK2 and p38 ( 27 ), and together with the erlotinib and 
gefitinib EGFR kinase structures, we can observe some common themes. These SMIs share 
the bicyclic quinazoline core substituted at one end with two ether-linkage containing groups 
(solubilizing groups) and at the other end with a substituted aniline moiety (head group) 
(Fig.  3.3 ). Structure/function analyses of kinase inhibitors generally discount contributions 
to binding affinity made by the  “ solubilizing ”  groups, although the significant differences 
in the solubilizing groups in erlotinib and gefitinib may be important in determining their 
bioavailability. Erlotinib and gefitinib both accept an H-bond from the main chain amide of 
residue Met793 to the N1 atom of their quinazoline cores. The other nitrogen atom within 
the core, N3, probably interacts with the Thr790 side chain indirectly via a water molecule 
( 7 ,  27 ), although at the resolution of these structures ( ~ 2.6  –  2.7 Å ), such a water is not very 
reliably observed. Elsewhere, erlotinib and gefitinib differ only in the nature of the sub-
stituents on their respective anilino moieties. Erlotinib is meta-substituted with a 2-carbon 
acetylene group. Gefitinib is meta-substituted with a chlorine atom and para-substituted with 
a fluorine atom. As demonstrated with the CDK2 and p38 structures, the angle between the 
planes of the quinazoline core and the anilino head group is variable and is determined by 
details of the inter-lobe cleft it occupies. Erlotinib and gefitinib adopt very similar orienta-
tions in the EGFR kinase cleft, with an interplanar angle of about 40 ° . They both direct their 
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meta-substituent into a hydrophobic pocket created by the relatively small side chain of 
Thr790. There are other potential weak interactions between the hinge and the quinazoline 
core that, based on comparisons with the CDK2 and p38 structures, seem to differ in detail 
according to the size of the side chain at the gatekeeper residue. 

 In stark contrast  to the structures of erlotinib and gefitinib with (wild-type) EGFR kinase, 
the inhibitor lapatinib (GW-2016, Tykerb ®  (GlaxoSmithKline)) binds to an  “ inactive ”  form 
( 3 ). Lapatinib is also a 4-substituted quinazoline, but it has a much larger head group than 
erlotinib or gefitinib (roughly twice as big) (Fig.  3.3 ). Wood et al. discount any influence 
of the poorly ordered solubilizing group on protein conformation, but the head group of 
lapatinib is not compatible with the  “ active ”  conformation ( 3 ) bound by the smaller inhibi-
tors. The likelihood that the smaller erlotinib and gefitinib would also bind to the  “ inactive ”  
conformation is less easily judged. A simple superposition of the relevant structures shows 
that the inactive conformation presents an altered environment to the head group of erlotinib 
and of gefitinib, but it seems possible that the resulting steric problem could be eliminated 
by relatively minor conformational changes. 

As is true for erlotinib and gefitinib, the lapatinib quinazoline core H-bonds to the hinge 
via nitrogen atom N1. The water mediated H-bond from atom N3 in erlotinib (and perhaps 
gefitinib) is altered in the lapatinib structure, now associated with a different threonine resi-
due, Thr854. The lapatinib head group is like that of gefitinib in having a meta-chlorine, but 
diverges at the para position, which is now a 3-fluorobenzyloxy moiety (nine atoms) rather 
than the lone fluorine atom of gefitinib. The much larger para-substitution of the anilino ring 
requires much more room, and the protein conformation is very different (Fig.  3.1 ). The  α  

c
  is 

shifted away from the catalytic machinery by about 9 Å  at the end distal to the hinge region, 
and the  β -strands of the N-terminal lobe rotate by about 12 °  relative to the  “ active ”  confor-
mation seen with erlotinib and gefitinib. This creates a hydrophobic pocket for the fluor-
obenzyloxy group while at the same time disrupting important elements of the catalytically 
competent conformation. As the distal end of  α  

c
  is shifted away from the site of catalysis, 

the vacancy created is partially filled by lapatinib but also by a changed conformation of the 
A-loop. The lapatinib-bound A-loop includes a short  α -helical segment as it emerges from 
the inter-lobe cleft, reminiscent of the inactive form of the Src tyrosine kinase ( 28 ,  29 ).  

  4. IMPLICATIONS FOR ESCAPE MUTANTS  

 Clinical and research results involving the Abl kinase are defining a paradigm for the interplay 
between treatment using SMIs and biological effects, with direct relevance for the EGFR system. 
The use of imatinib in patients with chronic myeloid leukemia (CML) is associated with emer-
gence of  ~ 20 variant forms of the target Abl kinase ( 30 ,  31 ). These variant forms are less effec-
tively inhibited by imatinib and thus are considered imatinib  “ escape ”  mutants (Fig.  3.4 ). This 
clinical experience is providing very important insights into the use of SMIs in the genetically 
labile environment characteristic of cancer. Imatinib binds to an inactive conformation of Abl 
( 23 ). Among the origins of imatinib resistance are its relatively large size and its relatively low 
affinity. The large size is associated with contacts between imatinib and a relatively large number 
of Abl amino acid residues. The low affinity means that mutation at any contact residue has a rel-
atively high likelihood of reducing the affinity to a point where clinical efficacy is lost. The effect 
of lower affinity may arise directly at a contact residue, but for some clinical Abl escape mutants 
it must arise allosterically, because the amino acid itself is not contacted by imatinib (Fig.  3.4 ). 
In response to the Abl escape mutants, drug designers have created a second generation imat-
inib ( 32 ) (AMN107, nilotinib (Novartis)), which benefits from a 20-fold increased affinity while 
remaining a close chemical relative of imatinib. As a result, nilotinib retains useful affinity for 
many of the escape mutants arising from imatinib treatment.  
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 Another Abl SMI with good affinity for most clinical mutants of Abl is BMS-354825 ( 33 ) 
(dasatinib, Sprycel ®  (Bristol-Myers Squibb)). It is smaller than imatinib or nilotinib and is 
considered capable of binding with useful affinity to both active and inactive forms of the 
Abl kinase. The diminished conformational sensitivity is linked to dasatinib’s smaller size. 
However, the smaller size is probably also a cause of reduced specificity, in that dasatinib 
is described as a dual Abl/Src SMI, indicative of diminished specificity toward Abl relative 
to the larger Abl SMIs. We might expect such a phenomenon to be general, because smaller 
SMIs will tend to have fewer contacts with a protein, and therefore will tend to probe fewer of 
its chemical and conformational idiosyncrasies. Such a concept would be useful  during drug 
discovery and design efforts. Nonetheless, the EGFR SMIs erlotinib and  gefitinib (smaller) 
and lapatinib (larger) argue against this notion. Erlotinib and gefitinib are relatively specific 
EGFR binders, while lapatinib is described as a dual EGFR/HER2 SMI ( 3 ). 

 Recently, a mutation in the EGFR kinase domain has been identified among patients 
treated with erlotinib or gefitinib, a change from threonine at position 790 to the larger 
methionine residue (T790M) ( 26 ,  34 ,  35 ). The affinity of erlotinib and gefitinib for T790M 
is drastically reduced ( 35 ,  36 ), and this protein variant qualifies as an escape mutant. Inter-
estingly, this mutation has also been identified in lung  tumors at diagnosis ( 37 ) and in the 
germ line of a cancer-prone family ( 38 ). Nonetheless, T790M does not increase kinase activ-
ity in vitro ( 34 ) so its association with disease prior to treatment is not easy to understand. 
The position 790 in EGFR is homologous to position 315 in the Abl kinase, and among the 
 ∼ 20 imatinib escape mutants, the T315I mutation is the only one that second generation 
 inhibitors nilotinib and dasatinib do not inhibit effectively (Fig.  3.4 ). These mutations occur 

  Fig. 3.4.      Sites of mutations associated with the clinical experience following treatment with 
kinase inhibitors. (a) The Abl kinase complex with imatinib with black spheres at sites where 
mutations have arisen leading to imatinib escape (pdb accession code 2HYY). (b) The EGFR 
kinase complex with erlotinib with white spheres at sites where pre-treatment mutations confer 
heightened sensitivity to inhibitor treatment (pdb accession code 1M17). The single observed 
egfr kinase escape mutation is indicated with a black sphere at T790. The inhibitors are depicted 
as grey surfaces.       
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at the respective gatekeeper residues. As a result, the affinities of many hinge-binding SMIs 
are likely to be easily and drastically reduced when a small side chain gatekeeper is mutated 
to a large one. Due to the close overall similarity between erlotinib, gefitinib and lapatinib 
and the way their cores are oriented with respect to the hinge, it is no surprise that lapatinib 
shares the reduced affinity for T790M seen for erlotinib and gefitinib (G. Schaefer, personal 
communication).  

  5. STRUCTURES OF ERLOTNIB & GEFITINIB SUSCEPTIBILITY 
EGFR MUTANTS  

 Quite different from the Abl and more recently EGFR escape mutants associated with 
SMI exposure, a series of EGFR mutations have been identified that confer special sen-
sitivity to treatment with erlotinib and gefitinib ( 39 ,  40 ) (Fig.  3.4 ). These mutations were 
identified among patients who experienced very dramatic positive responses to erlotinib or 
gefitinib treatment. Curiously, these mutations both increase the intrinsic activity of EGFR 
and increase sensitivity to erlotinib and gefitinib relative to the wild-type protein ( 34 ,  41 ). 
In the context of the original apo and erlotinib complex structures of the  “ active ”  EGFR 
kinase, we lacked a molecular rationale for these characteristics, because the most interesting 
(hyperactive and but SMI sensitizing) mutations (L858R and deletions preceding  α  

c
 ) are not 

very close to the bound inhibitor. The recent X-ray structure of the L858R mutant complexed 
with gefitinib ( 5 ) seems to have helped understanding of the hyperactivity of the mutant, but 
less about the special susceptibility this mutant has to erlotinib and gefitinib ( 42 ). 

 With the discovery of these sensitizing mutations, the lapatinib complex structure 
achieved greater relevance, because it characterized the inactive state of the protein ( 3 ). 
This inactive conformation, despite having been captured with bound lapatinib, is probably 
biologically relevant because of its kinship with other kinase structures that lack such a con-
founding influence. This inactive EGFR kinase structure revealed how mutations L858R or 
L861Q might augment kinase activity and thus be associated with hyperproliferation. In the 
l apatinib complex structure, these residues contribute to a mini-hydrophobic core, with other 
contributions from neighboring hydrophobic residues. The switch to polar or charged side 
chains will destabilize this assembly and as a result tend to favor the active state in which 
they would be solvent exposed. 

 Additionally, the structure of L858R with gefitnib ( 5 ) allows speculation regarding a 
higher inhibitory activity relative to wild-type. Yun et al. report an  “ active ” , erlotinib-com-
plex-like protein conformation for gefitinib in complex with both wild-type and L858R pro-
teins. The details of the gefitinib interactions with protein are essentially identical in both 
structures. With L858R, however, they also report an additional gefitinib structure in which 
the anilino ring of gefitinib rotates by about 180 °  relative to its orientation in the wild-type 
protein, thereby establishing an interaction between the meta-chlorine atom and the Asp855 
side chain, which, via a water-mediated interaction, connects to the side chain of the mutated 
side chain (Arginine) at position 858. The net energetic difference of hydrophobic pocket/
chlorine interactions versus hydrophilic Aspartyl/chlorine interactions is a subtle one, and 
the influence of the neighboring but indirectly-contacting L858R mutation is difficult to 
gauge. A similar rotation of the anilino-ring of erlotinib would allow the weakly acidic 
acetylenyl proton to partake in an H-bond with Asp855 of L858R. For both erlotinib and 
gefitinib, this kind of interaction could provide an incremental increase in potency relative 
to the wild-type protein. 

 The other most commonly seen erlotinib/gefitinib sensitivity mutations are G719S and 
deletions of several amino acids in the loop immediately preceding the important  α  

c
  helix. 

The structures of G719S reported by Yun et al. suggest a relatively subtle influence on 
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catalytic activity and inhibitor sensitivity. So far, there is no reported structure of any of the 
deletion mutants and a clear rationale for their greater erlotinib/gefitinib sensitivity is not in 
hand. It seems likely, however, that the greater inherent catalytic activity of such mutants 
derives from a destabilization of the inactive conformation relative to the active one. For 
instance, Zhang et al. have reported an EGFR kinase structure in the inactive conformation 
in which residues subject to the deletion interact with the A-loop mini-helix characteristic 
of the inactive form ( 4 ). Without this contribution, the A-loop helix may be less favored. A 
different way of looking at it concerns the observed association between the mini-helix at 
the start of the inactive-form A-loop and the position of  α  

c
 . A deletion preceding  α  

c
  seems 

likely to alter, and probably reduce, its ability to shift as a rigid body. A shortened link to the 
preceding  β -strand of the N-lobe will likely keep  α  

c
  closer to the  “ active ”  position, with an 

additional allosteric effect on the first part of the A-loop, probably destabilizing the mini-
helical conformation and thereby the inactive state.  

  6. FUTURE DIRECTIONS IN EGFR SMI RESEARCH  

 The recent clinical history of erlotinib/gefitinib treatment and the subsequent 
escape mutation shows a clear parallel with imatinib/Abl. So far, only the T790M 
escape mutation has been seen in EGFR. Based on their tighter binding and smaller 
size relative to imatinib, one can argue that T790M may remain the only clinically 
important escape mutant that arises from treatment with erlotinib or gefitinib. None-
theless, the issue facing patients with the hardest to address Abl mutation, T315I, 
is also faced by those with tumors expressing T790M EGFR. This mutation can only 
be addressed with SMIs significantly different from erlotinib, gefitinib or lapatinib.
In this sense, it is useful to consider T790M a distinct target that will require a distinct SMI. 
It may be necessary to abandon a 4-anilinoquinazoline framework to discover hinge-bind-
ing SMIs that avoid contact with residue 790. Perhaps such an inhibitor would be effective 
regardless of the amino acid at position 790. 

 An interesting approach to EGFR inhibition with relevance to this problem was initiated 
before T790M was observed. Although we currently lack any structures of them in complex 
with EGFR kinase, a series of chemically reactive inhibitors have been described that show 
good activity against T790M ( 43  –  46 ). These SMIs take advantage of a cysteine residue near 
the ATP-binding site found in the erbB family kinase domains (Cys797 in EGFR, see Fig. 
 3.2 ), by forming a covalent link to the cysteine sulfur atom. Non-erbB-family protein kinase 
domains almost never have a cysteine in this position ( 47 ). These molecules are potent inhib-
itors of T790M ( 35 ,  36 ). Based on the high similarity of their chemical structures to those of 
erlotinib and gefitinib (Fig.  3.3 ), one can conclude that without a covalent attachment, they 
would probably not effectively inhibit T790M. It is interesting to ponder their exact relation-
ship to the hinge when binding T790M, because the steric problem caused by a methionine 
at position 790 must be solved in some way. The answer to this question may be available in 
an X-ray structure in the near future. 

 It is also possible to conceive SMIs that are not hinge-binding. For instance, an X-ray 
structure shows the cellular kinase MEK1 is inhibited by an SMI that binds in the inter-
lobe cleft, but that leaves the hinge region available for binding to ATP ( 48 ). Because this 
inhibitor is not ATP- or substrate-competitive, and it binds deep in the inter-lobe cleft more 
or less in the region between DFG and  α 

c
, it is considered an allosteric inhibitor. Such a site 

in EGFR or other kinases offer potentially greater specificity as they avoid the more highly 
conserved ATP-binding residues. 

 There is strong evidence for an allosteric influence on EGFR kinase activity from a totally 
different site. Zhang et al. have reported a stunning insight into allosteric activation of EGFR 
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kinase( 4 ). They have shown that a site outside the inter-lobe cleft controls EGFR kinase 
domain activation. This insight explains how the formal activation, i.e., transition to the 
catalytically competent conformation, is effected for EGFR, HER2, and HER4 (HER3 has 
a catalytically incompetent amino acid sequence). The allosteric site lies between  α  

c
  and the 

rest of the N-terminal lobe, but on the outside of the inter-lobe cleft rather than within it. The 
shape of this site changes in accordance with the position of  α  

c
 , which, as discussed above, 

is associated with conformational change in the A-loop. A homologous site in the cellular 
kinase CDK2 is occupied by its endogenous activator CyclinA when they are in complex. 
The EGFR kinase story also involves an interacting protein, but this time it is provided by 
another copy of EGFR (Fig.  3.5 ). The other copy presents its C-terminal lobe, mostly the 
helix called  α  

H
 , to the interface. This interface appears in crystals that are isomorphous with 

those originally reported by Stamos et al. (the  “ active ”  conformation), but is incompatible 
with the position of  α  

c
  seen in the lapatinib structure ( “ inactive ”  conformation). Zhang et al. 

report that mutations of key residues on either side of this interface disrupt signal transduc-
tion in intact EGFR on cells. This finding also explains the influence of mutations in the 
tripeptide segment Leucine-Valine- Isoleucine ( “ LVI ” ) reported by Penuel et al. ( 49 ), since 
LVI is part of the same interface. This new insight partitions EGFR-family kinase domains 
into two distinct functions, either as activator kinase or as activated kinase. Both functions 
are possible for EGFR, HER2, and HER4, but the dead catalytic site in HER3 restricts it to 
activator. Similarly, even with a SMI in their active site, EGFR, HER2, and HER4 can still 
act as activators because their C-terminal regions are not altered when erlotinib or similar 

  Fig. 3.5.      Mechanism of activation of the EGFR kinase domain. Light gray ribbons depict the  “ active ”  
conformation seen in the erlotinib complex. In dark gray ribbons are key parts from the  “ inactive ”  
state seen in the lapatinib complex. The gray surface is a neighboring kinase domain seen in X-ray 
structures of the  “ active ”  state, in which it associates closely with  α  

c
 . The  “ inactive ”   α  

c
  in dark gray 

is incompatible with this interaction. Extracellular dimerization brings another copy of the kinase 
domain into close proximity where it induces a shift into the  “ active ”  conformation, unwinding the 
A-loop mini-helix and allowing the key salt bridge to form.       
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SMIs bind in their inter-lobe cleft. Now that the allosteric influence exerted by sites outside 
the inter-lobe cleft are appreciated, attempts to exploit it for control of EGFR activity can 
be made.   

  7. SUMMARY  

 More than 20 years after the EGFR became the subject of intense research interest, we still 
are learning about the important control mechanisms required for its proper functioning. The 
unfortunate cause for this continuing interest is the dysregulation or hyperactivity of the EGFR 
and its close homologues found in many common cancers. There is reason for some optimism 
among medical researchers as treatments become available that are more tightly focused on 
these specific molecular mediators of oncogenesis and tumor progression. The success of anti-
body therapies (Herceptin ®  (Genentech), Erbitux ®  (ImClone), Vectibix ®  (Amgen) and others 
in development) directed against the extracellular parts of these receptors has been informed by 
X-ray crystallographic structures ( 50  –  55 ), and there is continuing effort along these lines. 
Additional and significant progress can be expected as structures of the catalytic kinase domain 
support continuing development of drugs directed at the intracellular compartment. With the 
already approved erlotinib, gefitinib and lapatinib, we have experienced a synergy between 
SMI treatment and clinical findings that promises to energize the discovery of next-generation 
medicines. Solutions to the T790M escape mutation will be found, and continuing develop-
ments regarding the success of T790M-inhibiting medicines will be informed by the rapidly 
unfolding Abl/imatinib experience. Highly specific allosteric inhibitors may be discovered. 
If it proves possible to determine structures of all or part of the other 200 amino acids of the 
intracellular domain, we may yet find completely new ways to control receptor signaling.    
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  Abstract 
 Activation of the EGF receptor (EGFR) at the cell surface results in acceleration of endocytosis of 

the receptor and rapid degradation of endocytosed receptors in lysosomes. The elevated internalization 
and lysosomal targeting result in down-regulation of the EGFR, which negatively  regulates signaling by 
the receptor. This review describes the molecular mechanisms involved in EGFR  trafficking, which 
lead to growth-factor-induced receptor down-regulation.  

  Key Words:   EGF ,  receptor ,  endocytosis ,  clathrin ,  ubiquitination ,  degradation ,  endosome , 
 lysosome .   

   1. INTRODUCTION  

 More than 30 years ago, the first comprehensive study of EGF endocytosis was published 
by    Carpenter and Cohen ( 1 ). In this pivotal work, 125I-EGF was used to demonstrate satu-
rative binding of EGF to cells, its uptake inside the cells and degradation by lysosomes. 
Subsequent studies in the late 1970s, mainly from Cohen’s laboratory, have established key 
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features of growth-factor induced endocytosis and the mechanisms underlying this process. 
For instance, a comparative analysis of EGF endocytosis in fibroblasts that express a low 
level of EGFR ( 2 ) and epidermoid carcinoma A-431 cells that express very high levels of 
EGFR suggested that EGF endocytosis occurs via clathrin-coated pits, as well as through the 
clathrin-independent pathway ( 3 ,  4 ). Early electron microscopy studies demonstrating the 
localization of EGF in the intralumenal vesicles of multivesicular bodies (MVB) created a 
basis for the current model of the endosomal sorting of EGFR ( 5 ). These studies remain the 
cornerstone of the current understanding of endocytosis of EGFR and other receptor tyrosine 
kinases (RTKs). Needless to say, EGFR remains one of the best characterized models for 
studying the kinetics and mechanisms of endocytosis, and it is still a prototypic receptor that 
is widely  used to study general mechanisms of endocytosis, and in particular the endocytosis 
of the RTK family. Many key aspects of the molecular mechanisms of EGFR endocytic 
trafficking remain unclear, however. Our knowledge about the endocytosis of EGFR under 
physiological conditions in cell culture and in vivo is especially lapsing. This chapter will 
discuss the most recent discoveries in the field, which together with early classical studies, 
have shaped the current model of endocytic trafficking of EGFR.  

  2. EGF-INDUCED ACCELERATION OF EGFR TURNOVER 
LEADING TO RECEPTOR DOWN-REGULATION  

 In most types of cells studied, EGFR is constitutively internalized at a rate comparable to the 
rate of general membrane recycling (ke 0.02-0.05 min-1) ( 6 – 8 ), although there is one example of 
rapid constitutive internalization of EGFR ( 9 ). After internalization, receptors are mainly  recycled 
back to cell surface. Because the recycling rate is several times higher than the internalization 
rate, the bulk of EGFR are present at the cell surface. Degradation of unoccupied receptors is 
very slow, which, together with slow internalization, results in a slow turnover of receptor  protein. 
In cells expressing low levels of EGFR, receptors turn over with t1/2 in the range of 6-10 hrs 
whereas in cells overexpressing EGFR, such as A-431, t1/2 could be as long as 24 hs ( 10 – 12 ). 

 Binding of a growth factor to the receptor results in the dramatic acceleration of inter-
nalization ( 6 ). After internalization, EGF and EGFR are efficiently degraded, which results 
in the dramatic decrease of t1/2 of EGFR protein ( 11 ). Accelerated internalization and 
 degradation of activated EGFR lead to the reduction of the amount of EGFR at the cell 
surface, a  phenomenon referred to as EGF-induced down-regulation of EGFR. EGFR down-
regulation is the major negative feedback regulatory mechanism that controls the intensity 
and duration of receptor signaling ( 13 ). In the following sections we describe the molecular 
mechanisms underlying ligand-induced down-regulation of the EGFR.  

  3. INITIAL STEP OF ENDOCYTOSIS: CLATHRIN-DEPENDENT 
AND -INDEPENDENT PATHWAYS OF INTERNALIZATION  

 Development of quantitative methods to measure the specific rates of EGF internalization 
has allowed detailed characterization of the kinetics of this process ( 14 ). These studies have 
led to two key findings. First, the specific internalization rates of labeled EGF were found 
to be within the range of these rates measured for nutrient receptors, such as transferrin recep-
tor, which are internalized through clathrin-coated pits (ke ∼ 0.2-0.5 min-1) ( 8 ). Second, the 
rapid internalization pathway was demonstrated to be saturable as revealed by the reduction 
of the internalization rates with the increase in the amount of EGFR occupied by EGF at 
the cell surface ( 15 ). The hypothesis was put forward that when the rapid internalization 
pathway is overwhelmed because of its low capacity and because of a large concentration of 
EGF:EGFR complexes at the cell surface, many of these complexes are internalized with a 
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slow kinetics, and the contribution of the rapid pathway in the overall uptake of labeled EGF 
is minimal ( 14 ). This hypothesis received experimental support only recently. It was shown 
that the uptake of high concentrations of EGF (high receptor occupancy) was only minimally 
affected by  overexpression of a dynamin mutant, known to inhibit clathrin vesicle formation, 
whereas the same mutant efficiently blocked internalization of low concentrations of EGF 
( 16 ).  Furthermore, knock-down of the clathrin-heavy chain by RNA interference (RNAi) 
significantly affected EGF internalization only when EGF was used at low concentrations 
( 17 ). These data imply that under physiological conditions (low ligand concentrations and 
low/moderate expression levels of EGFR) EGFR is internalized mostly through the clathrin-
dependent pathway, whereas under conditions of receptor overexpression and high ligand 
concentrations, clathrin-independent internalization is predominantly observed. It should be 
noted that in some cell types, the clathrin-dependent pathway appears to have sufficient 
capacity to internalize EGFR stimulated with high concentrations of EGF ( 18 ).  

  4. CLATHRIN-DEPENDENT INTERNALIZATION: ROLE OF KINASE 
ACTIVITY AND PHOSPHORYLATION OF EGFR  

 Endocytosis via clathrin-coated pits is the fastest and most highly regulated pathway 
of internalization by which plasma membrane proteins are taken up inside the cell. 
Numerous studies have detected an accumulation of EGF or EGFR in clathrin pits and 
vesicles ( 2 ,  19 – 22 ). These data, together with RNAi analysis, in which depletion of several 
proteins located in coated pits has been shown to inhibit EGFR endocytosis ( 23 ), strongly 
argue that clathrin-coated pits are the major physiological portal of EGFR internalization. 

 Binding of EGF to the receptor leads to activation of the tyrosine kinase in the 
 cytoplasmic domain of the receptor ( 24 ). Inhibition of the kinase activity by mutations or 
specific chemical inhibitors demonstrated that EGFR kinase activity is required for rapid 
receptor endocytosis and, in particular, for recruitment of the receptors into coated pits 
( 6 ,  25 – 28 ). Certainly, kinase-negative EGFR mutants and a wild-type EGFR inactivated 
by kinase inhibitors can be internalized and accumulate in endosomes; however, the specific 
rate of this internalization is significantly lower than that of the clathrin-dependent path-
way and likely corresponds to a basal internalization of unoccupied EGFR ( 6 ). In the 
presence of a large amount of EGF, however, kinase-inactive, EGF-occupied receptors 
can accumulate in endosomes ( 29 ). Such accumulation is likely due to EGF-induced 
oligomerization of the receptors that slightly increases internalization and slows down 
recycling of endocytosed receptors back to the cell surface. 

 Kinase activity can be necessary for phosphorylation of cytoplasmic substrates and/
or tyrosine phosphorylation of the receptor itself. Mutations of three or four major phos-
phorylation sites in the EGFR partially reduced internalization when expressed in mouse 
 fibroblasts ( 7 ,  26 ). Surprisingly, mutation of Tyr1068 and Tyr1086, the major binding sites 
of Grb2 adaptor protein, was sufficient to strongly inhibit EGF internalization in porcine 
aortic endothelial (PAE) cells, thus implicating Grb2 in the internalization process ( 30 ). 
 Furthermore, EGFR mutants, in which Grb2 binding sites are not present due to large  car-
boxyl-terminal  truncations, can be rapidly internalized in mouse fibroblasts ( 7 ) but are 
internalized very slowly in PAE cells ( 30 ). It is possible that truncations uncover cryptic 
internalization motifs leading to Tyr1068/86-independent endocytosis of truncated EGFR 
mutants. It is also possible that Grb2 can bind to truncated mutants by means other than 
pTyr1068/1086 in mouse fibroblastic but not PAE cells. Thus, a mutational analysis of 
EGFR endocytosis suggested that there might be multiple mechanisms of EGFR internali-
zation through the clathrin-dependent pathway. Absence of such redundancy in PAE cells 
allowed revealing the importance of Grb2-dependent mechanisms. On the other hand, no 
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clues to what the mechanisms of kinase-dependent but Grb2- and tyrosine phosphorylation-
independent EGFR internalization could be are available. 

 Serine/threonine phosphorylation of EGFR has also been implicated in the regulation 
of receptor endocytosis. Protein kinase C-dependent phosphorylation of Thr654 results 
in decreased EGF endocytosis, presumably due to partial inhibition of the kinase activity 
of the receptor ( 31 ). Phosphorylation of Ser1046/1047 was proposed to be necessary for 
 internalization ( 32 ). How exactly these and other phosphorylation sites contribute to the regu-
lation of EGFR internalization is unknown, however. Recently, it was found that  endocytosis 
of unoccupied EGFR can be induced by stress signals and chemical compounds that activate 
mitogen-activated protein kinase (MAPK)/p38 ( 33 – 35 ). It is possible that p38 participates 
in EGFR endocytosis by directly phosphorylating serines within the region between residues 
1002-1020 of EGFR ( 35 ).  

  5. PROTEINS MEDIATING EGFR INTERNALIZATION 
THROUGH CLATHRIN-COATED PITS  

 In early studies, the interaction of EGFR with clathrin adaptor protein complex 2 (AP-2), 
a major cargo binding component of coated pits, was detected by co-immunoprecipitation 
and in vitro binding assays ( 36 ,  37 ). Functional studies, however, determined that neither 
the Y974RAL motif in the EGFR, which is responsible for binding to the µ2 subunit of 
AP2, nor the  binding interface of this motif in the µ2 is essential for EGFR internalization 
( 38 ,  39 ). Moreover, under certain experimental conditions, depletion of AP-2 by siRNA 
did not affect EGFR internalization, although there is disagreement among different reports 
regarding the effect of AP-2 depletion on EGFR endocytosis ( 23 ,  40 ). Nevertheless, while 
EGFR is  capable of interaction with AP-2 and tyrosine phosphorylation of the β2 subunit 
of AP-2 ( 41 ), the role of EGFR:AP-2 interaction remains unknown. Interestingly, whereas 
EGF-receptor complexes are recruited into coated pits at 4oC, EGFR interaction with AP-2 
requires 37oC, suggesting that this interaction occurs at the later stages of endocytosis. 

 The finding and characterization of proteins involved in the clathrin-dependent internali-
zation of EGFR gained new life when RNAi methods were developed for the application in 
mammalian cells. The initial RNAi analysis revealed an essential and specific role of Grb2 
in clathrin-dependent internalization of EGFR in PAE and human HeLa cells in agreement 
with the EGFR mutagenesis data obtained in PAE cells ( 30 ). siRNA experiments were also 
in agreement with the data obtained using dominant-negative mutants of Grb2 that have 
previously implicated this protein in regulation of EGFR trafficking in MDCK cells ( 42 ). 
Furthermore, Grb2-EGFR complexes were found in coated pits, and Grb2 was shown to be 
necessary for EGFR recruitment into coated pits (Fig.  4.1 ) ( 21 ,  22 ,  30 ). Depletion of Grb2 
by siRNA caused a substantial (60–80%) decrease in the internalization rate in various cell 
lines (Sorkin A., unpublished observations), thus indicating that Grb2-dependent endocytosis 
is the major pathway of EGFR internalization.   

 Grb2 binds to EGFR via its SH2 domain and couples the receptor to proteins that 
are associated with the SH3 domains of Grb2. Several lines of evidence suggest that a 
Grb2-binding protein, Cbl, is critical for EGFR internalization. There are three members 
of the Cbl family in mammalian cells, c-Cbl, Cbl-b and Cbl-3; the first two species are 
capable of efficient binding to the SH3 domains of Grb2 ( 43 ). Cbl proteins function 
as E3 ubiquitin ligases for EGFR and other RTKs because Cbl contains a RING finger 
domain that can recruit E2 ubiquitin ligases ( 44 ). All three Cbls possess a tyrosine-
kinase binding domain that can directly bind to phosphorylated Tyr1045 of EGFR ( 44 ). 
EGF-induced translocation of c-Cbl to clathrin-coated pits has been demonstrated ( 45 ), 
and overexpression of several c-Cbl mutants abrogated EGFR internalization ( 16 ,  46 ). 
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Importantly, chimeric proteins consisting of Grb2 SH2 domain and c-Cbl could rescue 
EGFR endocytosis in Grb2-depleted cells, confirming the function of Cbl downstream 
of Grb2 ( 47 ). Recently, the involvement of Cbl in the internalization step was directly 
demonstrated using siRNAs targeting both c-Cbl and Cbl-b ( 48 ). Interestingly, direct 
Cbl binding to EGFR pTyr1045 appears to play a minor role, if any, in clathrin-mediated 
internalization of EGR, whereas indirect interaction of Cbl with EGFR through Grb2 
is critical ( 16 ). Studies in embryonic fibroblast cells derived from c-Cbl knockout mice 
revealed that c-Cbl is not necessary for EGF internalization ( 49 ). A significant amount 
of Cbl-b was present is these cells and could be sufficient for EGFR internalization. 
Altogether, the experimental data strongly suggest that Cbl is important for EGFR inter-
nalization and that both the Grb2 binding sites and an intact RING domain are essential 
for this Cbl function. 

 Because Cbl ubiquitinates EGFR, the logical hypothesis was that Cbl-mediated ubiquiti-
nation of EGFR is necessary for receptor internalization. An EGFR mutant, however, which 
lacks Tyr1045 and is weakly ubiquitinated, displayed a high rate of clathrin-dependent endo-
cytosis ( 16 ). Recently, the ubiquitination sites in the EGFR kinase domain were mapped 
( 48 ). Mutation of these sites did not affect EGFR internalization, confirming that EGFR 
ubiquitination is not essential for internalization. Because these EGFR mutants remained 
partially ubiquitinated ( 10–20% of wild-type EGFR ubiquitination), however, it is possible 
that this residual ubiquitination was sufficient to support internalization. Alternatively, a 
RING domain of Cbl is necessary for ubiquitination of another protein or an interaction with 
a protein other than an E2 ligase. 

  Fig. 4.1.     Putative mechanisms of EGFR internalization via clathrin-coated pits.    EGF binding 
leads to EGFR phosphorylation and recruitment of Grb2-Cbl complexes, which promotes  EGFR 
ubiquitination. Ubiquitinated EGFR can be recognized by ubiquitin-inteacting motifs (UIMs) of 
epsin, Eps15 and Eps15R that are associated with AP-2 and clathrin heavy chain (component of 
 clathrin triskelion ) and located in coated pits. Alternatively, the EGFR-Grb2-Cbl complex can inter-
act with an unknown protein (“?”) that, in turn, interacts with clathrin or a clathrin-associated protein. 
This alternative adaptor may be ubiquitinated by Cbl. In the coated pit, EGFR can interact with the 
µ2 subunit of AP-2. EGFR-loaded pits that were either pre-existing or formed in response to EGFR 
activation, invaginate and constrict, leading to budding off a coated vesicle.       
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 One of the fundamental questions in the field of clathrin-mediated endocytosis is 
whether ligand-induced internalization involves formation of new coated pits that are 
 specialized for endocytosis of an activated receptor like EGFR. Early studies demonstrated 
co- localization of EGF and several other ligands in the same coated pit, thus arguing for 
the model of the recruitment of activated EGFR into pre-existing, non-specialized coated 
pits ( 20 ,  50 ). More recently, however, a number of studies have suggested that there is 
only a partial co-localization of EGFR and transferrin receptors in the same coated pits, 
and that there is a subset of coated pits that are formed in response to EGFR activation 
( 22 ,  51 ,  52 ). These studies have proposed a model of an EGFR-specialized coated pit. The 
important conceptual aspect of this model is that recruitment of EGFR to these coated pits 
is coupled with the assembly of the coat, which would involve specific adaptor(s) that can 
bind both the receptor and clathrin coat. Epsin, Eps15 and Eps15R, proteins capable of 
binding to both the ubiquitin moieties and clathrin, are the candidates for being such adap-
tors. RNAi knock-down of these proteins, however, did not result in specific inhibition of 
clathrin-dependent EGFR internalization ( 17 ,  23 ). In light of the possibility that EGFR 
ubiquitination is not necessary for internalization, future research should focus on the 
search for a different class of proteins that can mediate internalization of the EGFR-Grb2-
Cbl complex. An example of a potential candidate to be such an adaptor is intersectin, a 
protein that is present in clathrin-coated pits, capable of interaction with Cbl and shown 
to be necessary for internalization and/or degradation of EGFR ( 53 ). Another protein that 
can bind to Cbl and has been implicated in EGFR internalization is an SH3 domain adaptor 
CIN85 ( 54 ,  55 ). This protein is not detected in coated pits, however, and may be involved 
in post-endocytic trafficking of EGFR rather than internalization ( 56 ).  

  6. CLATHRIN-INDEPENDENT MECHANISMS 
OF EGFR INTERNALIZATION  

 Two types of clathrin-independent internalization of EGFR have been proposed: (i) 
pinocytosis-like endocytosis associated with actin cytoskeleton dynamics and (ii) lipid 
raft/ caveolae dependent endocytosis. Electron microscopy studies demonstrated that EGF 
treatment causes actin rearrangement leading to dramatic plasma membrane ruffling and for-
mation of micro- and macropinocytic vesicles containing EGF ( 3 ,  4 ). The formation of large 
vesicular structures containing EGFR in cells treated with high concentrations of EGF was 
also observed by fluorescence microscopy ( 57 ). Recently, dorsal ruffles were implicated in 
the formation of a heterogeneous vesicular-tubular endocytic compartment containing EGF 
and EGFR in several types of cells ( 58 ). The ruffle-associated pathway required the activity 
of the EGFR kinase, PI3 kinase and dynamin ( 58 ). Because measurements of the endocytic 
rates of ruffle-mediated endocytosis have not been performed, it is difficult to estimate the 
relative contribution of this pathway in the overall endocytosis of EGFR. 

 Endocytosis of EGFR involving cholesterol-rich lipid rafts and/or caveolae was demon-
strated by Sigismund and co-workers ( 17 ). These authors observed cholesterol-dependent 
internalization under conditions of high EGFR occupancy in HeLa cells and proposed that 
EGFR ubiquitination is important for this internalization. In contrast, another study per-
formed using HeLa cells demonstrated that cholesterol-rich rafts and caveolae play no role 
in EGFR endocytosis, and that the clathrin pathway has the major role under conditions of 
all occupancies of surface EGFR ( 18 ). One explanation of this discrepancy could be that 
the localization of EGFR in the caveolae and the contribution of lipid-raft/caveolae path-
ways is cell-specific and may even vary in different clones of HeLa cells. Such variability, 
together with the lack of specific inhibitors, makes it difficult to elucidate the mechanisms 
and  evaluate the importance of clathrin-independent pathways of EGFR internalization.  
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  7. PATHWAYS OF INTERNALIZED EGFR THROUGH 
THE ENDOSOMAL COMPARTMENT  

 After formation of a clathrin-coated vesicle, the clathrin coat rapidly dissociates from the  vesicle 
in order for the vesicle to fuse with early endosomes. Early endosomes are morphologically 
 heterogeneous compartments consisting of vesicular and tubular membranes and typically located 
at the periphery of the cell ( 59 – 62 ). EGF and EGFR accumulate in the early endosomal com-
partment after 2-5 minutes of continuous endocytosis. Early endosomes are a highly dynamic 
compartment and tend to fuse with each other, which leads to the formation of larger endosomes 
(reviewed in 63, 64). These larger endosomes can be referred to as “intermediate” endosomes 
based on their size and time of delivery of cargo, or “sorting” endosomes according to their 
function. The pH in early and intermediate endosomes is mildly acidic  (6.0-6.5). Importantly, 
this pH is not sufficient for significant dissociation of EGF-receptor  complexes, and most of 
these complexes remain intact in endosomes ( 65 ). Consequently, receptors in endosomes remain 
dimerized, tyrosine phosphorylated, and associated with Grb2, Shc, and Cbl ( 66 – 68 ). 

 Fusion of early endosomes is a part of an endosome maturation process, which involves a 
gradual change of the composition and morphology of early endosomes to that of multivesicular 
bodies (MVBs) and late endosomes. Rab5 and EEA.1 protein complexes appear to play a key 
role in the early endosome fusion. Rab5 has been suggested to play a specific role in EGF 
receptor endocytosis ( 69 ). SiRNA knock-down of all three forms of Rab5, however, revealed 
that these proteins are also necessary for endocytosis of other  receptors, such as the transferrin 
receptor ( 23 ). It is likely that the effects of Rab5 inhibition on internalization are due to the 
function of Rab5 during the fusion of primary endocytic vesicles with early endosomes. 

 In parallel with the endosome maturation process, receptors rapidly recycle back from 
early/intermediate endosomes to the cell surface. Since EGF does not significantly  dissociate 
from the receptor, an intact EGF-receptor complex is recycled ( 70 ). When EGFR is occupied 
by another ligand, transforming growth factor  (TGF ), EGFR becomes rapidly inactivated 
in early endosomes because TGF -EGFR complexes are highly sensitive to an acidic pH and, 
therefore, readily dissociate in endosomes ( 71 ). This dissociation  results in a substantially 
larger pool of recycled EGFR, which are mainly unoccupied, as opposed to this pool in the 
case of EGF-EGFR complexes. 

 No specific recycling signal has been identified in the EGFR, and therefore it is assumed 
that recycling is the default pathway of receptors from endosomes. In other words, receptors 
can be recycled unless they are retained from recycling by the specific interactions in sort-
ing endosomes. Such interactions represent a part of a sorting process that has been recently 
analyzed in a large number of studies (reviewed in 72). 

 In early studies, it was noticed that after 15–20 minutes of continuous EGF-induced endocyto-
sis, EGF and EGFR accumulate in the intralumenal membranes of MVB that are mostly located 
in the perinuclear area of the cell ( 5 ,  61 ,  62 ,  73 ). A recent electron microscopy study, which used 
serial sectioning and tomography, demonstrated that these structures represent vesicles that are 
not connected to the limiting membrane of MVB ( 74 ). Therefore, EGFR incorporated into intra-
lumenal membranes cannot recycle. MVBs have tubular extensions that are thought to be respon-
sible for recycling of receptors that are not recruited into intralumenal vesicles ( 59 ,  75 ). Thus, 
recycling continues in MVB, albeit at lower rates than from early endosomes. This recycling is 
also highly temperature-dependent in comparison to rapid recycling from early endosomes ( 70 ).  

  8. MOLECULAR MECHANISMS OF EGFR SORTING IN MVB  

 Genetic analysis in yeast helped to identify sorting machineries (ESCRT complexes) in 
MVB that are responsible for the formation of internal vesicles and recruitment of cargo like 
EGFR into these vesicles. The following model of EGFR sorting in MVB is widely accepted 



54 Sorkin

(Fig.  4.2 ). Extensive EGFR ubiquitination was shown to be essential for lysosomal target-
ing of the receptor ( 48 ). Such ubiquitination requires direct binding of Cbl to pTyr1045 of 
the EGFR. Ubiquitinated EGFR is thought to interact with the ubiquitin-binding domain 
of Hrs that is associated with another protein, STAM1/2 (ESCRT0 complex). EGFR-Hrs 
interaction was shown using a co-immunoprecipitation assay ( 17 ). Hrs recruits clathrin that 
forms flat lattices, which presumably has a role in the formation of “Hrs microdomains”. It 
is hypothesized that ubiquitinated EGFR can be sequentially “handed over” to ESCRTI, II 
and III complexes, although binding of EGFR to these complexes has not been demonstrated 
and the exact mechanism of this process is not  understood ( 72 ). It is possible that the rela-
tive concentration of ESCRTI, II and III complexes increases whereas the concentration of 
ESCRT0 complex decreases during endosomes maturation, which  may lead to a preferen-
tial association of EGFR with the former complexes as the MVB matures. Components of 

  Fig. 4.2.     Putative mechanisms of EGFR sorting in MVB.    Ubiquitinated EGFR bind to the UIM 
domain of Hrs (ESCRT0 complex) and retained in the Hrs-STAM microdomains. Formation of these 
domains is facilitated by recruitment of clathrin to Hrs. ESCRTI, II and III complexes on the mem-
brane of MVB participate in EGFR retention in the MVB and incorporation into inward forming 
vesicles. Receptors, that are not ubiquitinated, can be recycled back to the plasma membrane through 
the tubular extensions of the limiting membrane of MVB.  DUB , deubiquitination enzyme.       
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ESCRTI and ESCRTIII complexes, TSG101 and hVps24, respectively, have been shown to 
be necessary for EGFR degradation ( 76 – 80 ). Although structural studies demonstrated the 
interaction of yeast ESCRTI and II complexes ( 81 ), the requirement of ESCRTII complex 
for EGFR sorting has not been confirmed using RNAi ( 80 ). ESCRTIII is thought to promote 
inward invagination of the limiting endosomal membrane, which is facilitated by oligomeri-
zation of CHMP (a component of ESCRTIII), leading to formation of a lattice-like structure 
( 81 ). Membrane invagination results in the formation of internal vesicles containing trapped 
EGFR. It is proposed that ubiquitinated cargo is deubiquitinated prior to sorting into internal 
vesicles to prevent degradation of ubiquitin ( 72 ). EGFR deubiquitination during sorting in 
MVB, however, has not been directly demonstrated.   

 The last stage of EGFR sorting involves the fusion of MVBs with primary lysosomal 
vesicles that contain proteolytic enzymes, which leads to rapid proteolysis of intralumenal 
components of MVBs ( 61 ). Degradation of EGF and EGFR is blocked by lysosomal inhibitors 
( 1 ,  11 ). Inhibitors of proteosome also have an effect on EGFR degradation ( 82 ). These inhib-
itors, however, may affect activity of lysosomal enzymes, turnover of ESCRT proteins and/
or reduce the ubiquitin pool in the cell. Therefore, the effects of proteosomal inhibitors on 
EGFR degradation are likely indirect and do not imply that internalized EGFR is degraded 
by the proteosome. 

 Overall, whereas the model of EGFR sorting to lysosomes presented in Fig.  4.2  is widely 
accepted, a number of features of the model have been extrapolated from the model of the 
sorting process in yeast cells and have not been demonstrated experimentally in the case of 
EGFR sorting. RNAi analysis of ESCRT proteins should be interpreted with caution because 
depletion of these proteins has pleiotropic effects on the morphology of endosomes and 
many trafficking pathways through endosomes ( 83 ,  84 ). Furthermore, most of the studies 
of EGFR sorting and degradation were performed using non-physiological, high concentra-
tions of EGF. Thus, it remains to be demonstrated that EGFR ubiquitination and ESCRT 
complexes are involved in the lysosomal targeting of the receptor in the presence of physi-
ological concentrations of EGF. It is also unclear what the role is of several sequence motifs 
of EGFR that have been implicated in EGFR degradation, such as di-leicine motifs ( 41 ,  85 ). 
The components of the endocytic machinery interacting with these motifs remain unknown. 
Likewise, proteins other than ESCRT complexes, such sorting nexins and annexin 1, have 
been specifically implicated in EGFR sorting ( 86 ,  87 ). The exact role of these proteins in 
sorting process is unknown.  

  9. PROTEINS MODULATING ENDOCYTOSIS AND SORTING OF EGFR  

 In the previous sections, I described the mechanisms and the proteins that are thought 
to directly mediate internalization and degradation of activated EGFR. Recently, a number 
of proteins were identified that can modulate the rate of EGF-induced down-regulation of 
EGFR (Fig.  4.3 ). The central components of the down-regulation process are the Cbl pro-
teins that ubiquitinate EGFR. Therefore, Cbls are an important node in the web of processes 
controlling EGFR trafficking, and modification of Cbl activity could yield a considerable 
change in EGFR down-regulation and signaling ( 88 ). For example, the Sprouty 2 protein 
is capable of binding to the RING and tyrosine kinase binding domains of Cbl, and it is 
proposed that such binding results in inhibition of Cbl activity, reduced EGFR ubiquitina-
tion and slow degradation ( 89 ,  90 ). Sprouty 2, however, also binds Grb2 and several other 
proteins downstream of EGFR, and it is possible that the mechanisms of Sprouty 2 effects 
are multifaceted ( 91 ). The effects of knock-out or knock-down of Sprouty 2 on EGFR deg-
radation have not been examined in mammalian cells, and whether endogenous Sprouty2 is 
involved in the regulation of EGFR endocytosis is unknown.   
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 An effector and a regulator of a small GTPase Cdc42, Cool-1, also binds to Cbl and 
inhibits its ubiquitination activity, thus inhibiting EGFR internalization and degradation 
( 92 ). The EGFR-modulating function of Cool-1, however, was demonstrated only in the 
presence of v-Src ( 92 ). A number of other proteins that are capable of binding to Cbl 
and/or EGFR have been implicated in the regulation of EGFR internalization and degra-
dation. Such proteins are Alix ( 93 ), c-Abl tyrosine kinase ( 94 ), Sts1/TULA2 ( 95 ), Lrig-1 
( 96 ), and supressors of cytokine signaling SOCS4/5 ( 97 ) (Fig.  4.3 ). The mechanisms of 
endocytosis-modulating effects of these proteins are not well understood. A novel tyrosine 
phosphorylation substrate of EGFR, Yme1, has recently been identified and shown to have 
an inhibitory effect on EGFR down-regulation ( 98 ). In general, most of the conclusions 
about the modulatory role of these proteins were obtained using their overexpression. 
There is a deficiency of  experiments in cells, in which these proteins were knocked-out or 
depleted by siRNA. 

 An important family of proteins that regulates EGFR endocytosis and degradation are 
deubiquitination enzymes (DUBs) ( 99 ). Two DUBs have been implicated in the process 
of EGFR degradation, as well as regulation of ESCRT complexes. AMSH is the JAMM 
domain-containing DUB that is associated with STAM in endosomes and that can regulate 
EGFR degradation (Fig.  4.3 ) ( 100 ). UBPY is a DUB that was also found in endosomes and 
implicated in EGFR deubiquitination, though this enzyme appears to have wider substrate 
specificity ( 80 ,  101 – 103 ). Because the effects of siRNA knock-down of both AMSH and 
UBPY on EGFR degradation were either partial or absent, it is likely that there are other 
DUBs that can deubiquitinate EGFR.   
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  Fig. 4.3.     Putative modulators of EGFR down-regulation.    Grb2 and Cbl proteins are the key 
“positive” mediators of EGFR endocytosis and down-regulation. Putative modulators of EGFR down-
regulation that inhibit Cbl or impose their effects at other steps of EGFR down-regulation are shown 
in boxes. Possible consequences of overexpression of these modulators for EGFR signal transduction 
are underlined.       
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  Abstract 
 EGFR and ErbB2 proteins are highly homologous in their amino acid sequence, yet they differ 

in their dependence on the molecular chaperone Hsp90. While both newly synthesized and mature 
ErbB2 proteins rely on Hsp90 for their stability, only the nascent form of the EGFR requires 
association with Hsp90 ( 1  –  3 ). Thus, blocking Hsp90 function with pharmacologic inhibitors, such as 
the benzoquinone ansamycin antibiotic geldanamycin (GA) and its derivatives, induces a rapid and 
dramatic decrease in the level of ErbB2 expression, but causes a much slower decline in the steady-state 
level of EGFR (Fig.  5.1 ).   

  Key Words:   molecular chaperone ,  heat shock protein 90 ,  benzoquinone ansamycins ,  geldanamycin , 
 Hsp90 inhibitor ,  EGFR mutations ,  drug sensitivity .    

  1. THE MOLECULAR CHAPERONE HSP90  

 Hsp90 (90-kiloDalton Heat Shock Protein) is one of the most abundant proteins in the cell 
( 4 ). As a molecular chaperone, Hsp90 guides the folding, assembly, intracellular disposi-
tion, and proteolytic turnover of many cellular proteins. To date, more than 100 proteins are 
known to be regulated by Hsp90. Most of these proteins, which are called  “ client proteins, ”  
serve as nodal points in multiple signal transduction pathways, and they include kinases 
(e.g., ErbB2, Akt, Raf-1), transcription factors (steriod receptors, HIF-1 α , HSF1), and other 
signaling molecules (NO synthase, G β  γ ). Hsp90 modulates its client proteins by forming 
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multi-component complexes with co-chaperones, which depends on its unique and flexible 
molecular structure. The ability to change conformation is likely important for the chaperon-
ing function of Hsp90. 

 The mechanism of action of Hsp90 is best studied in the context of steroid receptors, 
including the glucocorticoid receptor, the androgen receptor and the progesterone receptor. 
In these cases, Hsp90 interacts with a pre-formed receptor · Hsp70 · Hsp40 complex in an ATP-
dependent process mediated by p60 Hop  ( 5 ,  6 ). This Hsp90-containing complex promotes a 
conformational change of the receptor, producing an Hsp90 · receptor heterocomplex, with 
Hsp90 in its ATP-bound conformation. The co-chaperone p23 and various immunophilins 
interact with Hsp90 to stabilize this complex. The receptor, probably together with the co-
chaperone Aha1, stimulates the ATPase activity of Hsp90 ( 7 ,  8 ). Hydrolysis of ATP results 
in conformational change of Hsp90, allowing the release of the receptor protein. GA binds 
to the adenosine nucleotide-binding pocket in the N-terminal domain of Hsp90 and blocks 
the binding of ATP, thus interfering with conformational cycling of the chaperone complex 
and effectively inhibiting Hsp90 function ( 9  –  11 ). 

 For client protein kinases, immunophilins are replaced in the Hsp90 chaperone complex by 
the co-chaperone protein p50 cdc37 . A ternary complex of Hsp90 · p50 cdc37  · kinase has been observed, 
in which three-way interactions exist. Hsp90 interacts with the kinase directly, most likely via its 
middle domain. Hsp90 also interacts with p50 cdc37  via its N-terminal ATP-binding domain and 
the middle domain of p50 cdc37  ( 12 ). Further, p50 cdc37  interacts with the kinase through its N-terminal 
domain ( 13 ). It seems that p50 cdc37  can sense conformational change in Hsp90 and is able to 
translate this change into enhanced affinity for the binding of kinases ( 14 ). 

 Hsp90 was first found to form a complex with the oncogenic v-Src protein together with 
p50 cdc37  ( 15 ) and was shown to play a role in v-Src maturation. Immediately after transla-
tion, v-Src exists in a complex with Hsp90. In this complex, v-Src is unphosphorylated and 
is unable to phosphorylate itself and other substrates. After it is transported to and inserted 
into the plasma membrane, v-Src protein no longer requires association with Hsp90 and 
exhibits high kinase activity ( 16 ). Hsp90 also plays a role in the folding and maturation of 
the Src-related kinase Lck ( 17 ). A requirement of Hsp90 function for kinase maturation 
is well exemplified in the kinase GSK3 β . In its mature form GSK3 β  is a serine/threonine 
kinase. Newly synthesized GSK3 β  however, instead displays tyrosine kinase activity. Auto-
phosphorylation on tyrosine residue Tyr216 in the activation loop mediates the transition 
of GSK3 β  from a tyrosine kinase to a serine/threonine kinase. Importantly, this transition 
requires association with Hsp90 ( 18 ). In addition to assisting the folding and maturation of 
numerous nascent kinases, Hsp90 also associates with certain mature proteins and serves to 
regulate their activity. For example, Hsp90 binds to PKR and inhibits its phosphorylation of 
the substrate eIF-2alpha ( 19 ). Thus, Hsp90 function is differentially required by mature and 
newly synthesized kinase proteins.  

  Fig. 5.1.       EGFR and ErbB2 proteins are differentially sensitive to GA-induced down-regulation.  
A431 (lower panel) and SKBR3 (upper panel) cells were treated with 3  µ M GA for increasing times. 
Cell lysates were separated by SDS-PAGE and Western-blotted for either EGFR (A431 lysates) or 
ErbB2 (SKBR3 lysates).       
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  2. Hsp90 IS SIMILARLY REQUIRED FOR MATURATION 
OF NASCENT EGFR AND ErbB2  

 The Hsp90 dependence of newly synthesized EGFR proteins was first suggested by the 
slow but steady decrease (similar to what was seen in the presence of the protein synthesis 
inhibitor cycloheximide) in EGFR level in the presence of GA, which could be explained 
by the cell’s inability to replenish receptors naturally recycled from the cell surface ( 2 ). 
Direct evidence of the dependence of nascent EGFR on Hsp90 is supplied by the rapid 
decline of  35 S-labeled newly synthesized proteins, compared to total EGFR, in the presence 
of GA ( 20 ). Nascent ErbB2 proteins show a similar sensitivity to GA ( 3 ,  21 ). Evidence 
supporting a requirement for Hsp90 by nascent EGFR is supplied by their physical asso-
ciation, as recently shown by immunoprecipitation and mass spectrometry. Exploiting the 
unique observation that FLAG antibody lost interaction with FLAG-tagged EGFRvIII after 
glycosylation in the Golgi apparatus, Lavictoire et al. were able to immunopurify newly 
synthesized EGFRvIII proteins ( 22 ). Mass spectrometric analysis of the proteins co-immu-
noprecipitating with nascent EGFRvIII identified Hsp90 and p50 cdc37 , providing support for 
the hypothesis that Hsp90 and its co-chaperone p50 cdc37  participate in the maturation of nas-
cent EGFR proteins.  

  3. HSP90 IS NECESSARY TO MAINTAIN STABILITY 
OF MATURE ErbB2 BUT NOT MATURE EGFR  

 When EGFR matures, it becomes independent of Hsp90. This finding is supported by 
two observations. One is that mature EGFR proteins, in contrast to the nascent proteins, 
no longer associate with the Hsp90-p50 cdc37  complex, as shown by co-immunoprecipitation 
experiments. The other is that mature EGFR proteins are not sensitive to GA-induced deg-
radation. In contrast to EGFR, mature ErbB2 proteins remain associated with the Hsp90-
p50 cdc37  complex, and remain sensitive to rapid GA-induced degradation ( 2 ). 

 How does Hsp90 stabilize ErbB2? There are two competing models to explain this 
phenomenon. One is dynamic and the other is static, and each is supported by experimental data. 
In the dynamic model, mature ErbB2 proteins on the surface of the cell are constantly being 
endocytosed ( 23 ). Under normal conditions, these internalized ErbB2 proteins are recycled 
back to the cell surface. When Hsp90 function is inhibited by GA, however, this recycling is 
blocked, and the ErbB2 proteins are instead sorted to endosomes where they are degraded. In 
these experiments, inhibition of Hsp90 was not seen to affect the rate of ErbB2 internaliza-
tion. In the static model, mature ErbB2 proteins are retained on the cell surface under normal 
conditions, without active recycling ( 24 ). ErbB2 proteins were shown to preferentially asso-
ciate with membrane protrusions in untreated cells. Treatment with GA induces an increase 
in the amount of mobile ErbB2 and a redistribution of ErbB2 within the plasma membrane 
making the receptor accessible to endocytosis, as shown by FRAP (fluorescence recovery 
after photobleaching) analysis and electron microscopy. Interestingly, these authors also 
showed that internalization of ErbB2 proteins requires the normal function of the protea-
some, consistent with previous observations that GA-induced ErbB2 degradation is blocked 
by specific proteasome inhibitors ( 1 ). Regardless of whether Hsp90 maintains the stability 
of mature ErbB2 proteins by promoting their recycling or by inhibiting their endocytosis, 
it seems that ubiquitination plays a key role in GA-induced ErbB2 degradation. GA treat-
ment induces a rapid and dramatic increase in ErbB2 ubiquitination ( 1 ). Noticeably, ErbB2 
ubiquitination occurs prior to decrease in ErbB2 protein level, and inhibition of proteasome 
activity prevents ErbB2 protein depletion while simultaneously increasing the fraction of 
ErbB2 that is ubiquitinated. 
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 Ligand-induced EGFR ubiquitination has been shown to be mediated by the E3 ubiquitin 
ligase Cbl, which binds to EGFR via phosphorylated Tyr1045, an autophosphorylation 
site ( 25 ). Cbl also mediates ErbB2 ubiquitination by binding to ErbB2 via phosphorylated 
Tyr1112, the homologous site of EGFR Tyr1045 ( 26 ). GA treatment, however, decreases 
ErbB2 phosphorylation, including phosphorylation of Tyr1112, which suggests that Cbl 
is not likely to play a significant role in GA-induced degradation of mature ErbB2 ( 27 ). 
Indeed, overexpression of either wild-type or dominant-negative Cbl fails to affect GA-
induced ErbB2 degradation ( 28 ). These data indicate that GA-induced ErbB2 ubiquitination 
is mediated by a mechanism unique from that induced by receptor ligands. 

 Several years ago, we along with others identified the unique E3 ubiquitin ligase CHIP (C-
terminal Hsc70-interacting protein) as the mediator of GA-induced ErbB2 ubiquitination ( 28 ,  29 ). 
CHIP binds to the chaperones Hsp/Hsc70 and Hsp90 via an amino-terminal tetratricopeptide 
(TPR) domain, while its ubiquitin ligase activity is mediated by a carboxyl-terminal U box 
domain ( 30 ). We had previously shown that GA treatment disrupts ErbB2 binding to the Hsp90-
p50 cdc37  complex, while simultaneously favoring association of Hsp/Hsc70 ( 2 ). Concomitant with 
this process, we found ErbB2 to also associate with CHIP ( 28 ). Moreover, ectopic expression of 
CHIP was found to shorten the half-life of both nascent and mature ErbB2 protein, while in vitro 
ubiquitination assay revealed that purified CHIP protein serves as a ubiquitin ligase for ErbB2. 
Finally, both exogenously expressed and endogenous CHIP co-precipitate with the ErbB2 protein. 
ErbB2 association with CHIP is mediated by Hsp/Hsc70, as a point mutation in the TPR domain 
that disrupts CHIP interaction with Hsp/Hsc70 prevents complex formation. An inactivating 
point mutation in the U-box domain inhibits GA-induced ErbB2 ubiquitination without affecting 
association of the mutant CHIP protein with the kinase. 

 How did ErbB2 acquire its unique dependence on Hsp90? ErbB2 is likely to have arisen 
from EGFR  through a gene duplication event since invertebrates contain only an EGFR-like 
ligand-activated protein ( 31 ). Analysis of the ErbB2 amino acid sequence reveals that it 
contains an insert not found in the other ErbB proteins, and this insert occurs near a residue 
in EGFR shown to be in close proximity to bound EGF ( 32 ). It has been speculated that this 
altered sequence in the ErbB2 extracellular domain may prevent it from binding ligand ( 31 ). 
The appearance of such a protein must surely have been considered a mutational event by 
the vertebrate organism in which it arose. Rutherford and Lindquist have proposed a model in 
which Hsp90 binding to mutated proteins may stabilize them while masking their phenotypic 
expression, thus allowing accumulation of multiple silent mutations during evolution and 
thus providing the organism with a greater diversity of responses when faced with unexpected 
environmental stress ( 33 ). If ErbB2 evolved by mutation from EGFR to become a ligandless 
heterodimerization partner, it may have simultaneously acquired dependence on Hsp90 for 
its stability. The growth and survival advantage conferred by ErbB2 would certainly favor its 
ultimate evolutionary selection.  

  4. WHAT DETERMINES THE RELIANCE OF MATURE 
ErbB2 ON Hsp90?  

 The differential dependence on Hsp90 for maintaining stability of mature EGFR and 
ErbB2 is determined by their amino acid sequences. Along with others, we first mapped the 
determinants of Hsp90 binding to the kinase domain of ErbB2 ( 2 ,  34 ). This was somewhat 
surprising since we expected the determinant to be contained within a region of significant 
sequence variation between EGFR and ErbB2, and the kinase domain is the most conserved 
region of both proteins. The Hsp90 binding motif was further localized to a short segment of 
eight amino acids that reside in a loop between the end of the   C helix and the beginning of 
the   4 sheet in the N-lobe of the kinase domain, referred to as the M5 loop ( 20 ,  35 ). Conver-
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sion of five amino acid residues in the ErbB2 sequence to their counterparts in EGFR made 
ErbB2 refractory to GA, while preserving the normal functions of the kinase. Consistent 
with the loss of GA sensitivity, mutant ErbB2 lost association with the Hsp90 chaperone 
complex ( 20 ). 

 Computer modeling of the kinase domain of the two receptors revealed a surface-exposed 
hydrophobic strip and positively charged patch around the M5 loop of ErbB2. This hydro-
phobic strip, however, is interrupted by an aspartic acid residue in the M5 loop of EGFR, 
and the positively charged patch is simultaneously diminished (Fig.  5.2 ). Computer mod-
eling indicated that mutation of Gly776 to aspartic acid would disrupt the hydrophobic strip 
in the ErbB2 kinase domain. Indeed, the ErbB2 mutant carrying a Gly776Asp mutation 
failed to associate with the Hsp90 chaperone complex and displayed significant resistance 
to GA-induced degradation ( 20 ). Conversely, mutation of the aspartic acid residue in EGFR 
to eliminate the positive charge disrupting the hydrophobic strip of the M5 loop conferred 
Hsp90 association on the mutant protein, as well as sensitivity to GA-induced degradation. 
These findings indicate that the electrostatic nature of the M5 loop determines dependence 
of mature ErbB2 on Hsp90.   

 It is interesting to note that the molecular features of the M5 loop seem to determine 
Hsp90 dependence of only the mature but not the nascent ErbB proteins. As transmembrane 
proteins, nascent EGFR and ErbB2 traverse the endoplasmic reticulum (ER) and Golgi 
apparatus after synthesis, before being transported to the cell surface. During maturation, the 
N-terminal extracellular domains, which are in the lumen of ER, are glycosylated with a 14-
sugar precursor linked to asparagine residues ( 36 ). The sugar chains are further modified as 

  Fig. 5.2.      A ribbon diagram of the ErbB kinase domain, oriented so that the Hsp90 binding loop 
(black) is facing out toward the reader. As drawn, the ATP binding is oriented away from the reader. 
The Hsp90 binding loop is primarily hydrophobic in nature in ErbB2, while in EGFR the presence of 
Asp746 disrupts the hydrophobic surface with a negative charge. Removal or insertion of this negative 
charge in the loop is sufficient to determine Hsp90 binding and GA sensitivity.       
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the receptor proteins are transported through the Golgi apparatus. The intracellular domains 
of both EGFR and ErbB2 are also modified post-translationally, mainly by phosphorylation 
( 37 ). Together, these modifications may facilitate the attainment of the mature conformation. 
Upon maturation, EGFR is likely to adopt a conformation exposing the M5 loop, positioning 
Asp746 such that it hinders the association of the Hsp90-p50 cdc37  complex. In contrast, when 
ErbB2 attains its mature conformation, it can associate with the chaperone complex due to 
lack of the hindering negative charge in the M5 loop region. 

 A recently published 3D structural model based on data from single-particle electron 
microscopy showed the interactions between Hsp90, p50 cdc37  and the kinase CDK4 ( 38 ). 
This structure indicates that the kinase makes multiple interactions with Hsp90 and p50 cdc37 , 
suggesting that other parts of the mature ErbB2 protein, in addition to the M5 loop, also 
participate in determining the interaction with the Hsp90-p50 cdc37  complex. Given the high 
homology in amino acid sequences between the two kinase domains, Hsp90 association 
with ErbB2 but not EGFR raised the question whether the mature ErbB2 kinase domain 
assumes a different conformation compared to that of EGFR. Indeed, we recently showed 
that the activation loop of the ErbB2 kinase domain adopts a distinct configuration from that 
of EGFR ( 39 ). Crystallography data have demonstrated that the activation loop in the EGFR 
kinase domain assumes an activated, extended configuration in the absence of phosphoryla-
tion, similar to that of the phosphorylated insulin receptor ( 40 ). Consistent with these obser-
vations, EGFR phosphorylation in the activation loop mediated by Src kinase does not affect 
the intrinsic kinase activity of EGFR ( 41 ). In contrast, phosphorylation in the ErbB2 
activation loop by Src kinases significantly elevates the intrinsic kinase activity of ErbB2 ( 39 ). 
A similar effect was also observed for the oncogenic rat ErbB2/ neu  protein ( 42 ). These data 
suggest that, unlike the EGFR, the ErbB2 activation loop adopts an inactive conformation in 
the absence of phosphorylation. Supporting this hypothesis, molecular modeling indicates 
that the EGFR kinase domain enjoys favorable intra-molecular interactions and interactions 
with solvent, which serve to maintain the activation loop in an activated conformation in the 
absence of phosphorylation ( 39 ). In contrast, the ErbB2 activation loop fails to do so due 
to lack of these favorable interactions. Instead, it adopts a configuration similar to that of 
inactive CDK6, with the loop flipping away from the ATP-binding cleft, making the kinase 
domain unable to align ATP with substrate. The inactive conformation of the mature ErbB2 
protein, in addition to the electrostatic nature of the M5 loop, may contribute to complex 
formation with the Hsp90-p50 cdc37  complex.  

  5. SOMATIC MUTATIONS IN EGFR KINASE DOMAIN CONFER 
Hsp90 ASSOCIATION AND GA  

 Since the surface features (hydrophobicity and positive charge) in the M5 loop region 
help determine ErbB association with the Hsp90 complex and sensitivity to GA-induced 
protein degradation, any mutations in this region that alter these surface features are likely 
to affect the chaperone dependence and drug sensitivity of the mutated receptor. Recently, 
somatic EGFR mutations were found in a subset of non-small cell lung cancers. These muta-
tions often increase the kinase activity of the mutant EGFRs, and EGFR inhibition induces 
apoptosis in vitro and clinical responses in vivo ( 43 ). Interestingly, some of the reported 
mutations occur within or near the M5 loop region, such as the point mutations S768I (serine 
768 mutated to isoleucine, amino acids numbered with the secretory leader peptide included) 
and R776C, and the insertion mutations M766ASV (alanine, serine and valine inserted after 
methionine 766), D770NPH, and D770NPG. As expected, EGFR proteins carrying these 
mutations were found to associate with Hsp90 and p50 cdc37  and to be sensitive to degradation 
induced by Hsp90 inhibitors (Xu et al, unpublished data). 
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 Somatic EGFR mutations have also been found in other regions of the kinase domain, 
the most common being the point mutation L858R in the activation loop and the deletion 
mutations in the loop between the   3 sheet and the   C-helix. Surprisingly, all of these mutant 
EGFRs become sensitive to degradation induced by Hsp90 inhibition ( 44 ). It is likely that 
these mutations affect the conformation of the M5 loop and/or that of other parts of the 
kinase domain that determine Hsp90 association. Like the EGFRs carrying mutations in the 
M5 loop, these mutant EGFRs also readily associate with Hsp90 and p50 cdc37 , supporting 
the notion that these mutations expose the kinase domain to structural stresses requiring 
chaperone stabilization. 

 Although most somatic mutations within the EGFR kinase domain result in increased 
sensitivity to EGFR inhibitors such as Iressa and Tarceva, resistance frequently develops. 
Furthermore, insertion mutations in the M5 loop render the EGFR resistant to these 
inhibitors ( 45 ). It is thus noteworthy to observe that, to date, all Iressa/Tarceva-resistant 
EGFR mutants remain dependent on Hsp90 and sensitive to degradation induced by Hsp90 
inhibitors. 

 In the case of wild-type EGFR, ligand-induced receptor activation promotes autophos-
phorylation on tyrosine 1045, providing the docking site for the E3 ubiquitin ligase Cbl. 
Cbl mediates EGFR ubiquitination, which promotes EGFR internalization and targets the 
receptor to lysosomes for degradation ( 46 ). In addition, Cbl recruits CIN85 to activated 
EGFR. CIN85 is an adaptor protein, which constitutively interacts with endophilins, the 
regulatory component of clathrin-coated pits, and promotes internalization of EGFR ( 47 ). 
In the case of somatically mutated EGFRs, binding of CIN85 is inhibited ( 48 ). Furthermore, 
somatically mutated EGFRs induce phosphorylation of Cbl, which inhibits its ubiquitin ligase 
activity without affecting its binding to receptor tyrosine kinases. Thus, even though Cbl 
associates with somatically mutated EGFRs in the absence of ligand, it does not efficiently 
mediate the ubiquitination of these receptors, even when ligand is present. Inhibition of 
Hsp90 remedies these defects and restores ligand-induced degradation to somatically 
mutated EGFRs.  

  6. CONCLUSION  

 EGFR and ErbB2 are differentially dependent on the molecular chaperone Hsp90. While 
the nascent proteins of both receptors require the assistance of Hsp90 for their folding and 
maturation, only ErbB2 requires constitutive association with Hsp90 in order to maintain the 
stability of the mature protein. Even though mature wild-type EGFR does not require Hsp90, 
cancer cell-specific kinase domain mutations uniformly render the EGFR vulnerable to Hsp90 
inhibition, even when those mutations confer resistance to more specific EGFR inhibitors.    
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  Abstract 
 The living cell is a dynamic system, which is in a constant state of flux with the  extracellular 

 environment. Despite the intricacies of cellular interaction with its microenvironment, one 
striking feature of all biological systems remains their inherent unity in terms of signaling 
cascades. In the same cell, similar signaling pathways mediated through a common effector may 
give rise to a  variety of cellular processes including differentiation, proliferation and apoptosis, 
depending upon the upstream regulator. Conversely, activation of the same downstream  signaling 
pathway can occur via distinct upstream receptors. The various downstream effects mediated by 
interaction between the epidermal growth factor receptor  (EGFR) and its numerous ligands are 
such an example.  

  Key Words:   EGFR ,  STAT3 ,  STAT5 ,  STAT1 ,  SCCHN ,  signal transduction    

  1. EPIDERMAL GROWTH FACTOR RECEPTOR (EGFR)  

 The epidermal growth factor receptor (EGFR), also known as HER1 or ErbB1, is a 170-
kDa ubiquitous transmembrane glycoprotein that belongs to the type I receptor tyrosine 
kinases (RTKs) or the ErbB receptor family. Other family members include ErbB2 (HER2/
neu), ErbB3 (HER3) and ErbB4 (HER4). These receptors are composed primarily of three 
domains: the extracellular domain, the hydrophobic transmembrane domain, and the cyto-
plasmic intracellular domain. EGFR was discovered approximately two decades ago as the 
proto-oncogenic counterpart of the oncogenic v-erbB tyrosine kinase, which causes avian 
erythroblastosis ( 1 ). In its proto-oncogenic form, EGFR requires binding of the growth factor 
molecule to enable its kinase activity. The oncogenic form of EGFR, however, produces 
a receptor that does not require binding of growth factor, but instead is constitutively active. 
Constitutive activation of EGFR can occur through various mutations. The most commonly 
studied mutation - EGFRvIII - occurs through an in-frame deletion mutation of exons 2 to 7 
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spanning the extracellular ligand-binding domain. This deletion produces a truncated 150-
kDa protein that is weakly constitutively phosphorylated in a ligand-independent manner ( 2 , 
 3 ). To date, EGFRvIII has only been detected in cancers, including gliomas, non-small cell 
lung carcinomas (NSCLC), breast cancer, ovarian cancer, and head and neck cancer, but not 
in normal tissue ( 4 ,  5 ). 

 Ligands that bind to EGFR include the epidermal growth factor (EGF), amphiregulin, 
transforming growth factor  α  (TGF- α ), heparin-binding EGF-like growth factor (HB-
EGF), amphiregulin, betacellulin, and epiregulin ( 6 ). EGFR is generally present on the 
cell membrane but has also been detected in the nucleus ( 7 ). The first step in EGFR 
activation is receptor dimerization. EGFR can both homodimerize and heterodimerize 
with other ErbB receptors ( 8 ) (also discussed in Chapters 1 and 2). Dimerized EGFR is 
internalized in the endosome and induces autophosphorylation of tyrosine residues in 
the carboxyl terminal of EGFR by its own kinase domain. The resulting phosphorylated 
tyrosine residues serve as binding sites for signaling molecules containing Src homology 
2 (SH2) and phosphotyrosine binding domains (PTB), which further initiate intracellular 
signaling cascades linked to versatile cellular responses that include cellular prolif-
eration, differentiation, migration, adhesion, anti-apoptotic survival mechanisms, and 
induction of angiogenesis. 

 Emerging evidence suggests that EGFR may also function as a nuclear transcription 
factor, where EGFR translocates to the nucleus and interacts with STAT3 leading to tran-
scriptional activation of inducible nitric oxide synthase (iNOS) ( 7 ,  9 ). Other ErbB family 
members, including ErbB2 and ErbB4, have also been associated with nuclear transcription 
factor capabilities ( 10 ,  11 ). The precise role of membrane versus nuclear EGFR is not com-
pletely understood. 

  1.1. EGFR-Mediated Downstream Signaling Pathways 
 The most well-studied signaling routes affected by EGFR activation include the mitogen-

activated protein kinase (MAPK), the phosphatidylinositol-3-OH kinase (PI3K)/Akt, the 
phospholipase C γ  (PLC γ ) pathways, and the STAT mediated pathways ( 12 ). The precise 
pathway(s) activated downstream of EGFR depends upon the cellular context (Fig.  6.1 ).        

  1.1.1. The MAPK Pathway 
 Binding of a cognate ligand to EGFR activates the tyrosine kinase activity of its cyto-

plasmic domain. Docking proteins such as GRB2 (growth factor receptor bound protein 2) 
contain SH2 domains that bind to the phosphotyrosines of the activated receptor. GRB2 
binds to the guanine nucleotide exchange factor, SOS, through a SH3 domain in GRB2. 
When the GRB2-SOS complex docks to phosphorylated EGFR, SOS becomes activated 
( 13 ). Activated SOS promotes the removal of GDP from Ras, which can then bind GTP and 
subsequently, become active. 

 Activated Ras induces the protein kinase activity of RAF kinase, a serine/threonine-
selective protein kinase ( 14 ) (discussed also in Chapter 7). RAF kinase phosphorylates and 
activates MEK, another serine/threonine kinase. MEK, in turn, phosphorylates and activates 
mitogen activated protein kinase (MAPK- also known as Extracellular – signal regulated 
kinase or Erk). 

 Activation of the classical MAPK pathway leads to proliferation of many cell types. 
Two isoforms of MAPK- p44 MAPK (Erk-1) and p42 MAPK (Erk-2) - are generally 
expressed. The downstream targets of MAPK include various nuclear transcription factors 
like Ets and non-nuclear targets such as p90rsk ( 15 ) and cytosolic phospholipase A2 
( 16 ), which further activate various molecules associated with cell proliferation and 
differentiation.  
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  1.1.2. The PI3k/Akt Pathway 
 The other classical pathway activated by EGFR is the PI3 Kinase/Akt pathway. Upon acti-

vation by several growth factors, EGFR activates the phosphatidyl inositol-3 kinase, which in 
turn produces phosphatidyl inositol triphosphate (PIP3). PIP3 interacts with Akt (also known 
as Protein Kinase B: PKB) via the pleckstrin homology (PH) domain ( 17 ). Akt then, indirectly 
phosphorylates the mammalian target of rapamycin (mTOR) ( 18 ), which is a key regulator of 
eukaryotic cell growth and proliferation (see also Chapter 8). The activation of Akt provides 
cells with a survival signal that allows them to withstand apoptotic stimuli, through phosphor-
ylation/inactivation of proapoptotic proteins, such as BAD and Caspase 9 ( 19 ).  

  1.1.3. The PLC γ  Pathway 
 Another prominent signaling protein activated by EGFR activation is the  γ 1 isoform of 

phospholipase C (PLC  γ ). Upon activation, PLC  γ 1 catalyses the hydrolysis of phosphati-
dyl inositol 4,5 biphosphate (PIP2) and generates the secondary messengers diacylglycerol 
(DAG) and inositol triphosphate (IP3) ( 20 ). IP3 is further recognized by the inositol triphosphate 

 Fig. 6.1.      Activation of EGFR through its ligand(s) triggers various signaling cascades depending upon 
the cellular context and the upstream regulating growth factor(s). Activation results in transactivation of 
any one of the four major pathways: the PI3K/Akt, MAPK, PLC γ , or the STAT signaling pathway. Each 
of these signaling molecules initiate further signaling cascades, resulting in regulation of gene transcription 
and cell cycle progression. STATs are also activated via EGFR independent mechanisms. The classical 
pathway for STAT activation is modulated by cytokine receptors and the JAK family of kinases. STATs 
could also be activated by cytoplasmic non-receptor tyrosine kinases like Src. The black ovals indicate 
phosphorylation/activation of various members in the signaling cascade.  
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receptor (IP3R), a Ca2 +  channel in the endoplasmic reticulum (ER) membrane. The  binding 
of IP3 to IP3R releases the flow of calcium from the ER into the normally Ca2 + -poor 
cytoplasm, which then triggers various events of calcium signaling ( 21 ). Calcium binds the 
protein calmodulin, which regulates a range of cellular targets, such as the Ca/calmodulin 
dependant protein kinases. Intracellular Ca2 +  is also essential for activation of conventional 
Protein Kinase C (PKC) isoforms. DAG remains bound to the membrane, where it recruits 
and activates both conventional and novel members of the PKC family. PKC- α  is a conventional 
PKC and requires both DAG and Ca2 +  for activity. One of the targets activated by PKC- α  is 
phospholipase D (PLD), which further hydrolyzes phosphatidylcholine (PC) to choline and 
phosphatidic acid. 

 EGFR thus activates PLC γ 1 directly and Akt indirectly via PI3K. Recent evidence, how-
ever, indicates that there exists an interaction between PLC γ 1 and Akt, which is mediated 
via the PLC  γ 1 SH3 domains through Akt proline-rich domains and is dependant on EGF 
stimulation ( 22 ).   

  1.2. EGFR Expression in Cancer 
 EGFR is overexpressed in a majority of epithelial tumors, including NSCLC, bladder, 

ovarian, kidney and pancreatic cancers and squamous cell carcinoma of the head and neck 
(SCCHN) ( 23 ). EGFR overexpression seems to be an early event in carcinogenesis since 
overexpression is detected in the histologically  “ normal ”  mucosa of SCCHN patients, as well 
as in premalignant dysplastic lesions ( 24 ,  25 ). Approximately 6 %  of breast carcinomas show 
EGFR amplification with EGFR protein overexpression ( 26 ). In breast cancer, EGFR 
overexpression is associated with reduced estrogen receptor content, advanced clinical stage 
and shortened relapse-free survival ( 27 ). In head and neck cancer, as well as in prostate cancer, 
EGFR overexpression correlates with poor prognosis and reduced survival ( 28 ,  29 ).  Moreover, 
there is evidence for an association between resistance to ionizing radiation and EGFR over-
expression in head and neck cancer ( 30 ). Protein overexpression is thought to result from 
enhanced transcription, and in some cases, from gene amplification ( 31 ), but not from enhanced 
mRNA stability ( 32 ,  33 ). EGFR can also be transactivated upon GPCR (G-protein-coupled 
receptor) stimulation via EGFR proligands including proHB-EGF and a metalloproteinase that 
is rapidly induced upon GPCR – ligand interaction ( 34 ,  35 ). This molecular cross talk provides 
evidence for cross-communication among different signalling systems ( 35 ) and represents new 
challenges for the design of therapeutic strategies (see also Chapters 17 and 18).  

  1.3. Downstream Effects of EGFR Overexpression 
 Increased expression of EGFR can lead to constitutive activation of several downstream 

signaling molecules. Downstream effectors often aberrantly activated include ERK1/-2, Akt, 
STAT3, and STAT5. Activated Erk has been correlated with EGFR overexpression and is 
associated with an advanced tumor stage in head and neck cancer ( 36 ). Phosphorylation of 
Akt, downstream of deregulated EGFR, has been observed in a majority of laryngeal cancers 
and is associated tumor development in the pharynx and larynx ( 37 ). The STAT fam-
ily members, STAT3 and STAT5 are also upregulated, due, at least in part, to overexpres-
sion of EGFR. STAT3 is required for EGFR-mediated head and neck cancer cell growth in 
vitro ( 38 ), while STAT5b is constitutively activated through the EGFR axis and contributes 
to SCCHN tumorigenesis ( 39 ). STAT3 can also directly bind to tyrosine residues within the 
EGFR cytoplasmic domain and get activated directly ( 40 ). EGFR overexpression can also 
lead to increased invasion by way of a concomitant increase in phospholipase C γ -1 ( 41 ). A 
recent report demonstrates evidence of Abl kinases being activated downstream of deregulated 
EGFR, as well as HER-2 and Src kinases in breast cancer cells ( 42 ). Abl kinases can further 
activate various signaling molecules resulting in increased migration and invasion ( 42 ).   
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  2. THE STAT SIGNALING PATHWAY  

 STAT (signal transducers and activators of transcription) signaling pathways are key 
components of the EGFR-mediated signaling cascades. Overexpression or inactivation of 
various components of the pathway in a variety of human malignancies have provided valuable 
insights into the normal functioning of these molecules. 

  2.1. Structure and Function of the STAT Family Members 
 STATs are evolutionarily conserved dual-function proteins present in a latent state in the 

cytoplasm of all dividing cells. STATs serve as both signal transducers and as nuclear tran-
scription factors. The cytokine activated Janus activated kinase- STAT (JAK-STAT) pathway 
is, in fact, considered a paradigm of signal transduction processes, as the signal is transduced 
directly to the nucleus from external stimuli, without the intervention of secondary messengers 
( 43 ). STAT proteins were discovered about 16 years ago as mediators of interferon regulation, 
and their role has been best characterized in cytokine signaling. STATs can be activated by 
more than 20 different cytokines via their receptor association with the JAK family of kinases. 
Cumulative evidence supports a role for STATs in cancer progression ( 44 ).  

  2.2. STAT Family Members 
 There are seven members in the STAT family of proteins: STATs 1, 2, 3, 4, 5a, 5b, and 

6. All STATs have a similar domain structure, with an amino terminal domain involved in 
tetramerization and phosphatase activity. Structure of STAT Family Members  is linked to 
a coiled-coil domain, which is responsible for protein-protein interactions. The coiled-coil 
domain is followed by the DNA binding domain, a linker domain involved in DNA bind-
ing, a SH2 domain that mediates dimerization and receptor binding followed finally by the 
carboxy terminal transactivation domain ( 45 ). Though structurally similar, the STAT family 
proteins carry out different functions via their interactions with distinct cytokines and dif-
ferent downstream modulators. STAT5a and 5b are coded by two separate yet highly 
homologous genes localized to chromosome 17 of humans. Although STATs have been 
shown to interact with EGFR autophosphorylation sites ( 46 ), there is evidence that both 
wild-type (WT) and truncated EGF receptors that lack all autophosphorylation sites can 
activate STATs 1, 3, and 5 in response to either EGF or amphiregulin ( 47 ).  

  2.3. General Mechanism of STAT Activation in Signal Transduction 
 Signaling is initiated by binding of a specific ligand to its cognate receptor followed 

by aggregation of the receptor on the cell membrane. Cytokine receptors, like IL-6, which 
lack intrinsic tyrosine kinase activity, further recruit members of the JAK family of kinases 
(e.g., the members JAK1, JAK2, JAK3, and Tyk2), which act as intermediaries between the 
cytokine receptor and the STAT molecules ( 48 ,  49 ). The receptor activated JAK molecules 
further phosphorylate specific tyrosine residues within the cytoplasmic tails of receptors, 
which serve as docking sites for the recruitment of latent STAT molecules.  Phosphorylation 
of the monomeric STAT molecules at critical tyrosine residues further induces STAT 
molecules to homo or heterodimerise via SH2 domains with other STAT molecules. 
This activated complex is then translocated to the nucleus, whereupon it binds to specific 
sequences in promoter regions of target genes. 

 Activation of STATs can also be mediated directly through the recruitment of STAT SH2 
domains by activated growth factor receptor tyrosine kinases (e.g., EGFR and PDGFR). 
STAT1 activation by platelet derived growth factor receptor (PDGFR), however, seems to be 
biochemically distinct from that of STAT3, to which it is highly homologous. STAT1 activa-
tion seems to occur purely through PDGFR and does not require any cytosolic  components, 
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unlike STAT3, which requires the JAK family of kinases for maximal activation ( 50 ). STAT 
family members can also be directly activated via a third mechanism, i.e., through the cytoplas-
mic kinases, Src and Abl. v-Abl induced transformation of v-Src can bind to and phosphorylate 
STAT3 in vitro ( 51 ). Also, v-Abl mediated activation of STAT molecules via JAK1 suggests 
that the latter plays an important role in transformation of hematopoietic cells ( 52 ). 

 Though the conventional method of transcriptional activation by STAT molecules 
remains phosphorylation of key tyrosine residues, followed by dimerization and nuclear 
translocation, STATs can also induce target expression as unphosphorylated molecules 
( 53 ). STAT1-null U3A cells did not undergo apoptosis on challenge until STAT1 expres-
sion was restored. The apoptotic response, however, was maintained even with the 
expression of STAT1 Y701F mutant (in which the critical tyrosine residue was mutated 
to a phenylalanine residue) ( 53 ). 

  2.3.1. Phosphorylation of Serine Residues 
 Most STAT molecules (except probably STAT2 and STAT6) are also phosphorylated at 

specific serine residues in a stimulus-regulated manner ( 54 ). There seems to exist some 
interdependence of serine and tyrosine phosphorylation in some of these STAT molecules 
( 54 ). The various steps involved in this complex interaction, however, still require complete 
elucidation.   

  2.4. Nuclear Translocation of Activated STATs and Downstream Effects 
 The mechanism of translocation of the activated STAT molecules to the nucleus is thought 

to be mediated via importins. The nuclear localization signal for STAT1 homodimers and 
STAT1 – 2 heterodimers has been identified ( 55 ). The phosphorylated dimer is actively trans-
ported in the nucleus via importin a/b and RanGDP complex. Once inside the nucleus, the 
active STAT dimer binds to cognate sequences contained within gene promoters such as 
TTN4-5AA (where N is any nucleotide base) sequence ( 56 ). Binding leads to transcription 
of specific target genes. Transcriptional targets of the STAT molecules are genes associated 
with cell proliferation, differentiation, motility, and apoptosis. Individual STATs differ in 
the physiological consequences of their activation. The precise spectrum of STAT activation 
is thought to be due to the regulating upstream cytokine, different growth factors, and the 
specific cellular context.  

  2.5. STAT1 
 STAT1 (Signal Transducer and Activator of Transcription 1) is activated by various 

cytokines and growth factors including interferon-alpha (IFN- α ), interferon-gamma (IFN- γ ), 
LIF (Leukemia Inhibitory Factor), growth hormone, EGF, PDGF, IL-10, and IL-6. The STAT1 
gene, localized to human chromosome 2q32.2, gives rise to two differently processed RNA 
products that ultimately yield two proteins of sizes 91kDa and 84 kDa. Targeted disruption 
of the STAT1 gene delineates the important role that STAT1 plays in immunity and develop-
ment. STAT1 deficient mice display no gross developmental defects; however, they fail to 
thrive and are susceptible to viral disease ( 57 ). 

  2.5.1. STAT1 in Cancer 
 In contrast to STAT3 and STAT5, STAT1 negatively regulates cell proliferation and ang-

iogenesis and thereby inhibits tumor formation. Consistent with its tumor suppressive proper-
ties, STAT1 and its downstream targets are reduced in a variety of human tumors. Moreover, 
STAT1 deficient mice are highly susceptible to tumor formation induced by chemical car-
cinogens ( 58 ). STAT1 restoration in RAD-105 tumor cells derived from a fibrosarcoma of 
STAT1 knockout mouse suppressed tumorigenecity and metastasis ( 59 ), indicating that 
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STAT1 is a negative regulator of tumor growth. STAT1 deficiency has been found in melanomas, 
gastric cancers and T cell lymphomas ( 59 ). On the other hand, constitutive activation of 
STAT1 has also been observed in tumors ( 60 ), indicating the complex role of STAT1 in 
tumorigenesis. 

 STAT1 homodimers are involved in type II interferon signalling and bind to the GAS 
(interferon-gamma activated sequence) promoter to induce expression of ISG (interferon 
stimulated genes). Previous studies indicate that IFN- γ  mediated STAT1 activation leads 
to growth suppression via the induction of p21/waf1 ( 61 ). Our lab recently demonstrated 
that STAT 1 downregulation by promoter methylation via regulation of p21 contributes 
to tumor progression ( 62 ). Targeting of STAT1 using either antisense or dominant-negative 
strategies, however, had no effect on cell growth ( 38 ). Recently, the unphosphorylated 
form of STAT1 was crystallized ( 63 ), which should provide more insights into its structure 
and function.   

  2.6. STAT3 
 STAT3 can be activated by a number of cytokines, including IL-6, oncostatin M, LIF 

( 63 ), and leptin ( 64 ). Receptor tyrosine kinases such as EGFR and c-met ( 65 ), as well as 
non-receptor tyrosine kinases like src ( 66 ) or JAK can phosphorylate STAT3, which leads 
to its activation. STAT3 is also the target of p210-BCR-ABL in a murine embryonic stem 
(ES) cell model and in primary CD34 +  CML cells ( 67 ). Unlike the other STAT family 
members, STAT3 appears to be crucial for embryonic development, as STAT3 null mice 
fail to develop beyond embryonic day 7 ( 68 ). This finding has led to suggestions that 
STAT3 may be a primordial STAT protein ( 69 ). STAT3 target genes are implicated in 
all processes of tumorigenesis, including proliferation, apoptosis, angiogenesis, invasion, 
and migration ( 70 ). Intriguingly, recent evidence indicates a direct effect of non – tyrosine-
phosphorylated, cytoplasmic STAT3 on cell motility ( 71 ), a small tubulin-binding protein 
that acts as a microtubule depolarization factor ( 72 ). 

  2.6.1. Activation of STAT3 
 Like other STAT proteins, STAT3 is activated by tyrosine phosphorylation at a single 

tyrosine residue close to the carboxy-terminus (Y705), as well as by serine phospho-
rylation at a site within the transactivation domain (S727). Phosphorylation at Ser 
727 augments the transcriptional activity of both STAT1 and STAT3 ( 73 ), presumably 
through interactions between STATs and co-activator proteins ( 54 ). Tyrosine phospho-
rylation in response to cytokine stimulation is mediated by JAK1 ( 69 ) and is required 
for STAT3 dimerization. After tyrosine phosphorylation, STAT3 forms a homodimer or 
a heterodimer with STAT1 and enters the nucleus, where it regulates the expression of 
a specific set of target genes such as Pim-1, c-Myc, Cyclin D2, Cyclin A etc., which 
associated with a diverse set of functions like proliferation, apoptosis and differentiation 
( 74 ). Serine phosphorylation occurs within a mitogen-activated protein kinase consensus 
site ( 69 ) and has been shown to have an important role in oncogenesis. Dominant-negative 
STAT3 mutant with a Ser727 to Ala727 mutation was found to suppress STAT3 sign-
aling and Src transformation ( 75 ). Moreover, activated STAT3 (Ser727) may also be 
involved in the pathogenesis of breast cancer in an estrogen receptor (ER)-dependent 
manner ( 76 ). In a study of 68 breast cancer tissues, a significant increase in phospho 
Ser 727 expression was observed in ER-negative breast cancer cells compared to cor-
responding non-cancer tissues, which correlated significantly with increased stage of 
cancer and tumor size. Recent evidence suggests that oncogenic STAT3 contributes to 
epigenetic silencing of a gene involved in negative regulation of T cell signaling ( 77 ), 
which may have important therapeutic implications.  
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  2.6.2. STAT3 Activation in Cancer 
 Elevated STAT3 levels have been detected in numerous malignancies including leukemias, 

lymphomas, multiple myeloma, breast cancer, prostate cancer, renal cell carcinoma, lung 
cancer, ovarian cancer, pancreatic adenocarcinoma, melanoma, and SCCHN ( 49 ). The 
constitutive active STAT3 molecule is sufficient to transform immortalized fibroblasts and 
induce tumors in nude mice ( 78 ), meaning that STAT3 possesses oncogenic potential. 

 In SCCHN, STAT3 activation has been found to be necessary for continued growth ( 79 ). 
Our lab previously demonstrated that activation of STAT1 and STAT3 was constitutive in 
transformed squamous epithelial cells, which produce elevated levels of TGF- α , and was 
enhanced by the addition of exogenous TGF- α  ( 38 ). Targeting of STAT3 using antisense 
oligonucleotides directed against the translation initiation site resulted in significant growth 
inhibition ( 38 ). 

 High levels of activated STAT3 correlate with increased nodal metastases, clinical stage 
of tumor and poor patient prognosis in oral tongue carcinoma ( 80 ). High expression levels 
of STAT3 also seem to correlate with differentiation status of the tumor, with STAT3 expres-
sion levels the highest in poorly differentiated head and neck tumors and STAT1 levels high-
est in well-differentiated tumors ( 81 ). In fact, cells with a dominant-active STAT3 mutant 
proliferate independently of the upstream EGFR signaling axis ( 82 ). At the same time, trans-
fection of SCCHN cells with dominant-negative STAT3 mutants or treatment with STAT3 
antisense oligonucleotides resulted in growth inhibition, apoptosis, and decreased STAT3 
target expression ( 83 ). 

 STAT3 can also interact with the Src family of kinases (e.g., lyn, fyn, yes and c-Src), 
which are activated via EGFR activation by TGF- α  ( 84 ). Studies from our lab demonstrated 
that stable transfection of SCCHN cell lines with a dominant-negative c-Src mutant 
construct resulted in decreased levels of STAT3 activation. Furthermore, blocking activity 
of Src kinases using pyrrolopyrimidine Src kinase inhibitors inhibited SCCHN growth via 
abrogation of STAT3 activation ( 84 ). These data thus indicate activation of STAT molecules 
through the EGFR-Src signaling axis, and could be used to develop potential novel therapeu-
tic targets. Residual ErbB2 activation by EGF has been reported to contribute to persistent 
downstream activation of STAT3. Also, combined exposure to an EGFR blocker and a JAK2 
inhibitor (AG490) resulted in significantly greater tumor growth inhibition than either agent 
alone ( 85 ).  

  2.6.3. EGFR Independent Activation of STAT3 
 Constitutive activation of STAT3 can also occur through EGFR independent mechanisms 

( 43 ,  49 ). Constitutive STAT3 activation is also capable of contributing to tumor growth in 
SCCHN independent of the EGFR autocrine axis ( 86 ). 

 STAT3 phosphorylation levels remain the same after treatment of several head and neck 
cancer cell lines with AG1478, a chemical inhibitor of EGFR activity ( 87 ). In fact, the same 
group determined that IL-6 is the major secretory ligand stimulating STAT3 activation by 
acting on the gp130 co-receptor in an autocrine/paracrine manner. Furthermore, interfering 
with this cytokine pathway resulted in abrogating cell growth and promoting apoptosis in 
head and neck cancer cell lines ( 87 ). Alternatively, this  could also suggest that EGF contin-
ues to drive STAT3 phosphorylation through other receptors. Further investigations into the 
nature of molecular mechanisms involved in increased IL-6 production, however, resulted 
in identification of regulation of Il-6 by nuclear factor  κ B (NF- κ B) ( 88 ). Blocking NF- κ B 
reduced expression of phosphorylated STAT3 in SCCHN cells, indicating a convergence of 
two independent signaling pathways ( 88 ). These findings support the emerging view that 
a deregulated signaling network, rather than a single biochemical pathway, are involved in 
head and neck carcinogenesis and thus could be potential therapeutic targets ( 88 ).   
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  2.7. STAT5 
 STAT5 was originally identified as a prolactin (PRL) activated mammary gland transcription 

factor ( 89 ). Shortly after this discovery, another highly homologous gene, STAT5b was 
identified and also found to be expressed in the mammary gland ( 90 ). STAT5a and STAT5b 
are encoded by two different highly homologous genes on the human chromosome 17q11.2 
and mouse chromosome 11. STAT5 is activated by a variety of cytokines that include prolactin, 
IL-2, IL-3, IL-5, IL-7, granulocyte-macrophage colony stimulating factor (GM-CSF), 
G-CSF, M-CSF, erythropoietin (Epo), thrombopoietin, and growth hormone (GH) ( 91 ). 
Upon activation, the phosphorylated STAT molecules form either homo- or heterodimers 
through their SH2-domains and translocate into the nucleus to activate the transcription of 
various target genes including bcl-xL and cyclin D1. STAT5 recognizes the IFN- γ  activated 
sequence TTCNNNGAA in the promoter region of the beta-casein gene. 

 STAT5a and 5b have been demonstrated to mediate PRL-induced mouse mammary gland 
development ( 92 ,  93 ). Studies on knockout mice have elucidated the diverse functional 
characteristics of STAT5. STAT5a and STAT5b knockout mice were generated in the labora-
tories of Dr. J. Ihle at St. Jude’s Children’s Hospital, Nashville, TN in 1998 ( 94 ). STAT5a 
knockout mice demonstrated impaired mammary gland development and lactogenesis ( 92 ). 
Their phenotype closely resembled the phenotype of PRL receptor deficient mice ( 95 ), 
which suggests that STAT5a is crucial for this aspect of prolactin function. ( 96 ). 

 The phenotype of STAT5b deficient mice, on the other hand, suggests an indispensable 
role in growth hormone (GH) action. The characteristics of STAT5b -/- mice were dwarfism, 
elevated plasma GH, low plasma insulin-like growth factor 1 and obesity. All these char-
acteristics are similar to those of Laron-type dwarfism, a human disease associated with a 
defective GH receptor ( 96 ). Surprisingly, these double knockout mice showed almost intact 
hematopoeisis, given the crucial activation of STAT5 by various hematopoietic cytokines. In 
summary, knockout studies on STAT5 illustrate the essential, though redundant roles of both 
isoforms in a spectrum of physiological responses associated with GH and PRL signaling. 

 Activation of STAT5 is primarily involved in mediating either the growth promoting or 
transforming activities of a cytokine or oncogene or is involved in regulating apoptosis ( 97 ). 
Activation of STAT5 leads to downstream signal transduction events in a similar manner as 
those of the other STAT members. STAT5a and -b can form homodimers with itself or het-
erodimers with the adapter protein CrkL ( 98 ,  99 ). 

  2.7.1. STAT5 Activation in Cancer 
 STAT5 is constitutively activated in a wide range of human malignancies. STAT5 has been 

implicated as an oncogene, primarily in hematopoietic malignancies ( 100 ). In chronic myel-
ogenous leukemia (CML), STAT5 activation has been shown to mediate the transforming 
activity of Bcr-Abl ( 101 ). Activation of STAT5a in myeloma and lymphoma associated with 
the TEL/JAK2 oncogenic gene fusion is independent of cell stimulus and has been shown to 
be essential for the tumorigenicity of the TEL/JAK2 oncogene ( 102 ). Indeed, activation of 
STAT5 is both necessary and sufficient for transformation by TEL/JAK2 and STAT5 activa-
tion, leading to induction of the single downstream target gene oncostatin M (OSM) and 
induction of a lethal myeloproliferative disease. STAT5 activation has been linked to trans-
formation mediated by other fusion genes, including NPM/ALK and TEL/ABL ( 103 ,  104 ). 
The STAT5b/retinoic acid receptor alpha gene fusion has been detected in a small subset of 
acute promyelocytic-like leukemias (APLL) ( 105 ). 

 In solid tumors, there is emerging evidence for constitutive active STAT5 association with 
tumorigenesis (our observations and ( 106 )). Constitutive activation of STAT5 has also been 
demonstrated in various solid tumors, including breast, prostate, nasopharyngeal cancer and 
head and neck cancers. In breast cancer, activation of STAT5 by prolactin caused increase 
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in E-cadherin expression and reduced invasion through a Matrigel column ( 107 ). Constitu-
tive activation of STAT5 has been associated with better prognosis in both breast cancer and 
nasopharyngeal cancer. In contrast, activated STAT5 correlated with high histological grade 
and early disease recurrence in prostate cancer ( 106 ). Activated STAT5 may also act as a 
survival factor in human melanoma via the EGFR signaling axis ( 108 ). In human melano-
mas, expression of activated STAT5 is driven by EGF, and is mediated through Src and JAK1 
kinases ( 108 ). The seemingly different outcomes of STAT5 activation may be contributed to 
different tumor microenvironments, conflicting upstream regulating cytokines and other as 
yet unidentified factors. 

 STA5 activation appears to confer an advantage of growth proliferation to SCCHN cells 
( 39 ). STAT5, in concert with Raf, has been shown to induce proliferation in IL-3 dependant cell 
lines, abrogating the need for the addition of exogenous cytokines. ( 91 ). Activated STAT5 
has been demonstrated to play a role in cellular proliferation of a diverse phenotype of cells, 
including primary endothelial cells ( 109 ) and myeloid cells ( 110 ). 

 Targeting STAT5 using different approaches, including antisense oligonucleotides and 
dominant negative strategies, highlights the functional diversity between the STAT5 isoforms 
( 111 ). Antisense oligos directed against STAT5 had no effect on growth rates of SCCHN 
cells, while targeting STAT5b inhibited SCCHN growth ( 111 ). In addition, SCCHN cells 
stably transfected with dominant-negative mutant STAT5b failed to proliferate in vitro, 
which further corroborated the generality of targteting approach.  

  2.7.2. EGFR Independent STAT5 Activation 
 STAT5, like STAT3, can be activated by various cytokines and growth factors apart from 

EGFR. STAT5 is essential for differentiation of erythroid cells through the erythropoietin 
(EPO) receptor cytoplasmic domain ( 112 ). STAT5 can also be activated by c-src, either 
directly or downstream of growth factor receptors. The src family of kinases was initially 
implicated in STAT activation by studies examining the molecular mechanisms associated 
with v-src mediated transformation of fibroblasts and hematopoietic cell lines ( 51 ,  113 ). 
Co-immunoprecipitation studies indicate an interaction between c-src and STAT5, as well as 
STAT3 and EGFR in SCCHN cell lines ( 84 ). c-src induced activation of STAT5 results in an 
as yet unidentified novel tyrosine phosphorylation site other than the well-characterized Y694 
(for STAT5a) and Y699 for STAT5b) ( 114 ). Cumulative evidence suggests that STAT5a does 
not translocate to the nucleus after being phosphorylated in response to c-src, while STAT5b 
does ( 66 ). Despite being able to translocate to the nucleus, however, c-src activated STAT5b is 
unable to initiate transcription ( 115 ,  116 ). Thus, c-src activates STAT5 in a unique manner 
at novel tyrosine phosphorylation sites and exhibits different patterns of nuclear localization 
and transcriptional activation.    

  3. CONCLUSION  

 The highly conserved EGF receptor pathway comprises many levels of complex 
interactions mediated via its various downstream regulators, which is the norm rather than 
an exception in higher eukaryotic cellular signaling. These multiple layers, which ultimately 
execute distinct cellular fate in the form of cellular proliferation, differentiation, apoptosis, 
or cell migration, form a safeguard against aberrant kinase-phosphatase signaling cascades. 
The very versatile nature of these pathways, however, emphasizes the difficulties encountered 
in successful therapy of tumors. A complete understanding of the signaling networks in both 
normal physiological state and oncogenesis would lead to development of novel and more 
specific therapeutic targets.    
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  Abstract 
 EGFR is a survival factor for a variety of cancer cell types. The mechanism by which EGFR is 

regulated and the downstream mediators of EGFR that regulate cell survival are the subjects of ongoing 
research. Here we highlight one important aspect of EGFR signaling, the bi-directional interaction 
between EGFR and Ras. We discuss the mechanistic basis for this interaction, its implications for cell 
biology, and its potential importance as a target for cancer therapy.  

  Key Words:   lung cancer ,  Ras ,  EGFR ,  ligands .    

  1. RAS CHARACTERISTICS AND FUNCTIONS  

 Previous reviews provide a complete analysis of the Ras protein family ( 1  –  5 ). In brief, three 
human Ras genes encode the 21 kDa proteins H-ras, K-ras, and N-ras  and have a high degree 
of homology in their sequences. Ras proteins are expressed in most adult and fetal tissues ( 6 ). 
Ras proteins are active when bound to guanosine triphosphate (GTP) and inactive when bound 
to guanosine diphosphate (GDP). When active, Ras hydrolyzes its bound GTP, which releases 
a phosphate and leaves itself inactive and bound to GDP. Two sets of proteins regulate Ras ’  
activity: guanine-nucleotide exchange factors (GEFs) and GTPase-activating proteins (GAPs) 
( 7 ). GEFs stimulate the release of Ras-bound GDP, resulting in the binding of GTP — natu-
rally plentiful in the cell — to Ras. GAPs are negative regulators of Ras; they accelerate 
the hydrolysis of GTP into GDP. A balance between Ras-GDP and Ras-GTP regulates the 
function of Ras. In addition to its regulation by changes in the phosphorylation state of bound 
guanosine, Ras activity is regulated by changes in its cellular location. Ras can be fully active 
only when it is associated with the plasma membrane. The importance of this balance is shown 
by the fact that Ras dysregulation has been implicated in many cancers. 

 Once membrane-bound, Ras associates with downstream mediators (reviewed in ( 2 )). 
For example, Ras associates with son of sevenless proteins (Sos1/2), which effect Ras 
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signaling through, among others, the catalytic p110 subunit of type I phosphatidylinositol 
3-kinase (PI3K). The PI3K then phosphorylates membrane phosphatidylinositides to recruit 
and activate one of the many factors containing a plekstrin homology domain, such as Akt 
(also known as protein kinase B), that transmit signals mediating cell survival, cell cycle 
progression, and glucose metabolism. Another key Ras effector is the Raf family of pro-
teins, which activate mitogen-activated protein kinase (MAPK) via the phosphorylation of 
the MAPK kinase (MAPKK or MEK) ( 8 ). Activated MAPK then translocates to the nucleus 
and interacts with transcription factors, such as AP-1 (the jun/fos complex), to regulate the 
expression of genes that facilitate cell cycle progression and inhibit apoptosis ( 8 ,  9 ).  

  2. RAS ACTIVATION BY EGFR PATHWAY  

  2.1. ErbB Family Receptors and their Ligands 
 The ErbB family of receptor tyrosine kinases (RTKs) and their ligands are important 

regulators of tumor cell proliferation, angiogenesis, and metastasis. The four receptors in 
the ErbB family — EGFR (HER1 and ErbB1), HER2 (neu or ErbB2), HER3 (ErbB3), and 
HER4 (ErbB4) — are anchored in the cytoplasmic membrane and share a structure composed 
of an  extracellular ligand-binding domain, a short hydrophobic transmembrane region, and 
an intracytoplasmic tyrosine kinase domain. The ErbB receptors form homodimers and het-
erodimers, and these dimeric complexes have distinct ligand-binding and signaling activities. 
Ligands that have been reported to bind to ErbB receptors include epidermal growth factor 
(EGF), transforming growth factor a (TGFa), heparin-binding EGF-like ligand (HB-EGF), 
amphiregulin (AR), betacellulin (BTC), epiregulin (EPR), epigen (EPG), heregulin (HRG), 
and neuregulin (NRG) ( 10 ). These ligands bind directly to EGFR, HER3, or HER4 (also 
see Chapter 2), which leads to the formation of homo- or heterodimers that trigger  multiple 
downstream signaling cascades, including the RAS-ERK and PI3K-Akt pathways ( 11 ). 
Although HER2 lacks a functional ligand-binding domain, it is the preferred partner for 
heterodimerization upon ligand binding. HER3 is unique in that it lacks a functional kinase 
domain and can therefore send signals only when heterodimerized ( 12 ,  13 ). Furthermore, 
NRGs can bind only to HER4 ( 14 ).  

  2.2. Ras Activation by RTKs 
 EGF and other growth factors such as platelet-derived growth factor (PDGF) and cytokines 

all signal via Ras ( 15 ). In 1984, Kamata and Feramisco ( 16 ) showed that EGF stimulates the 
Ras oncoprotein to switch from its inactive GDP-bound form to its active GTP-bound form. 
Later, others showed Ras to be a downstream mediator of activated RTKs ( 17 ). In 1990, the 
missing links between Ras and RTKs were identified with the discovery of GEFs or Sos pro-
teins ( 18 ,  19 ). Once activated via autophosphorylation, RTKs such as EGFR bind to the SH2 
domain of growth-factor-receptor-bound protein 2 (GRB2) that is bound to SOS through its 
SH3 domain. The increased proximity of SOS and Ras in the plasma membrane increases 
the nucleotide exchange of Ras-bound GDP with GTP, completing the RTK-GRB2-SOS-
Ras signal transduction cascade ( 20 ). In addition to its activation by RTKs through Ras, 
PI3K is able to couple directly with HER3 through docking sites for the p85 regulatory 
subunit ( 11 ). The redundancy of these signaling networks speaks to the importance of PI3K 
in RTK signaling.  

  2.3 ErbB Activation by Ras 
 Conditioned medium from ras-mutated cell lines has been shown to stimulate ErbB recep-

tor activation. For example, transformation of NIH 3T3 fibroblasts by H-ras is dependent on 
soluble factors in the conditioned medium, which was inhibited by small molecule inhibitors of 
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EGFR and HER2 ( 21 ). In human colon cancer cells, mutant K-ras increased the expression of EPR 
and AR, thereby activating AKT, which led to the development of radioresistance in vitro ( 22 ). 
In Kras LA1  mice, a mouse model of lung adenocarcinoma that was developed through the 
somatic activation of a  Kras  allele carrying an activating mutation in codon 12 (G12D) ( 23 ), 
levels of EPR, RPG, and AR expression were 23.0-, 7.5-, and 5.0-fold higher, respectively, 
than in their wild-type littermates ( 24 ). 

 In addition to its effects on ErbB ligands, Ras activation can increase the expression and 
phosphorylation of ErbB family members. Constitutively active Ras induced HER4 phos-
phorylation, and this phosphorylation was ligand-independent ( 31 ). In an animal model 
carrying a conditionally activated mutant human Ha-ras (G12V) oncogene in the pancreatic 
ducts, many of the resulting pancreatic adenocarcinomas highly expressed EGF and EGFR 
( 25 ). In Kras LA1  mice, the levels of HER3 expression were higher than in their wild-type 
littermates ( 24 ).   

  3. RAS AND CANCER  

  3.1. RAS Activation and Cancer 
 The most common ras mutations have been found in codons 12, 13, and 61, which perma-

nently block Ras in its active, GTP-bound state. The Ras proteins with these mutations are 
resistant to GAPs, which consequently prevents the hydrolysis of their GTP into GDP ( 6 ). 
Apart from direct mutations in the ras genes, Ras is activated in cancer cells by the constitutive 
activation of GEF or loss of GAPs, which can result in the constitutive association of Ras 
with GTP ( 26 ). 

 Pancreatic cancer has the highest incidence of ras mutation in human tumors identified 
to date, with the frequencies of codon 12 mutations reported to range from 20 %  to 100 % , 
depending on the technique used; the mutations also occurred early in the pancreatic tumor 
progression model ( 27 ). K-ras gene mutations have also been found in approximately 70 %  
of colorectal cancers and 40 %  of colorectal adenomas ( 28 ). In lung adenocarcinomas, Kras 
mutations have been detected in 12-30 %  of specimens ( 29  –  31 ), more frequently in ever-
smokers than never-smokers and in patients from western than east Asian countries ( 31 ), and 
predict shorter survival times ( 32 ).  

  3.2. RAS Activation by Mutant EGFR in Cancer 
 Somatic mutations in the EGFR kinase domain that constitutively activate the receptor 

have been found in the tumors of 10 %  to 40 %  of patients with NSCLC ( 33  –  36 ). While 
Ras activation has not been directly measured in these tumors, the phosphorylation of its 
downstream mediators Erk1/2 has been examined. Sordella et al. determined that Erk1/2 
phosphorylation in stably transfected cells did not differ between cells that contained mutant 
receptors and cells that contained wild-type receptors ( 37 ). In contrast, Amann et al. ( 38 ) 
found that while no changes in the phosphorylation pattern of Erk1/2 were evident at 30 
minutes, changes were evident at 2 hours, with lysates from cells transfected with mutant 
EGFRs having higher levels of phosphorylated Erk1/2 than those from cells transfected with 
wild-type receptors. Similarly, Erk1/2 phosphorylation was increased in tumors from trans-
genic mice that develop lung adenocarcinoma due to the expression of mutant EGFR ( 39 ). 
Lastly, Shc, a direct target of EGFR and an upstream activator of the Ras/MAPK pathway, 
also showed changes due to phosphorylation in cells transfected with mutant EGFR ( 38 ). 
Thus, while the results from in vitro data are mixed, Ras-dependent events appear to be 
 activated as a consequence of EGFR mutations in cancer cells. 

 In cancer patients, however, the expression of phospho-ERK as a marker of EGFR acti-
vation seems more difficult to demonstrate. For example, the levels of EGFR expression in 
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advanced gastric carcinoma cells significantly correlated with the levels of phospho-EGFR 
and Ki67 expression, but not with that of phospho-ERK expression. Also, the levels of phos-
pho-EGFR in tumor cells were significantly reduced after gefitinib treatment, but this was 
not the case for phospho-ERK and phospho-Akt ( 40 ).  

  3.3. Clinical Significance 
 EGFR somatic mutations are associated with adenocarcinoma histology, female sex, and 

a non-smoking history. In keeping with this fact, patients who have lung cancer patients 
with EGFR mutations frequently experience rapid and sustained shrinkage of primary and 
metastatic disease in response to treatment with the EGFR tyrosine kinase inhibitors (TKIs) 
gefitinib or erlotinib ( 33  –  36 ). In addition, in a phase III trial, oral treatment with erlotinib 
conferred a survival benefit ( 41 ), whereas gefitinib did not confer a statistically significant 
effect on survival ( 42 ). The clinical benefits of treatment with oral TKIs do not appear lim-
ited to patients with EGFR-mutated disease, however. For example, a biological analysis of 
different phase III clinical trials and retrospective series of patients treated with oral TKI 
demonstrated clinical benefits in response to the treatment that could be associated with 
EGFR genomic gain (gene amplification or polysomy) or high protein expression ( 43  –  45 ). 

 K-ras mutations, on the other hand, have been shown to correlate with resistance to the 
anti-tumor effects of EGFR TKIs in NSCLC ( 36 ). In accordance with these results, K-ras 
mutations were also found to be associated with the resistance of the anti-EGFR antibody 
cetuximab in colorectal cancer ( 46 ). In NSCLC, a series of surgical patients with NSCLC 
showed that EGFR and Kras mutations occur in a mutually exclusive fashion ( 31 ,  47 ). This 
exclusivity is supported by epidemiologic data showing that Kras mutations occur most com-
monly in smokers, whereas EGFR mutations are more frequent in never smokers and distant 
quitters ( 31 ,  48 ). The exclusivity of these somatic mutations suggests that Ras-dependent 
pathways are crucial effectors of EGFR in the transformation of the bronchial epithelium. 

 Some speculate that, regardless of EGFR’s activation level, cancer cells with somatic K-ras 
mutations will be resistant to anti-cancer drugs acting on targets upstream of the Ras protein, 
such as EGFR. This speculation was borne out by a recent study showing that the introduction 
of the K-ras12V mutant in cells with activating somatic EGFR mutations conferred gefitinib 
resistance on the cells ( 49 ). Several Ras-transformed cells, however, are sensitive to EGFR 
inhibitors. For example, Ras activation, as measured by the levels of phosphorylated Erk in 
head and neck cancer cell lines, correlated with high EGFR expression, and targeting EGFR in 
the cells with EGFR TKIs or with anti-EGFR antibodies was effective, as measured by inhi-
bition of Erk phosphorylation and cell proliferation ( 50 ). In addition, some EGFR wild-type 
NSCLC cell lines with Kras somatic mutations are sensitive to erlotinib with a half maximal 
inhibitory concentration  <  1  µ M ( 51 ). Also, the treatment of Kras LA1  mice with gefitinib sup-
pressed alveolar neoplasia expansion ( 24 ). Further, an immortalized human bronchial epithe-
lial cell line that had been transfected with a retroviral vector expressing mutant K-ras did not 
become resistant to gefitinib ( 24 ). From this , we speculate that Ras mutations are not mecha-
nistically associated with resistance to EGFR inhibitors but instead might occur coincidentally 
with other mutations that confer resistance to these inhibitors. 

 Potential molecular predictors of response to EGFR TKIs are markers of epithelial versus 
mesenchymal phenotypes, including E-cadherin expression ( 51  –  53 ). HER3 expression is 
associated with a tumor’s epithelial phenotype, and high HER3 expression has been observed 
in gefitinib-sensitive NSCLC cell lines and in patients who achieved clinical benefits from 
gefitinib, even those with K-ras – mutated disease ( 24 ,  51 ). 

 From this , it appears that Ras is a major downstream protein effector of EGFR and 
its mutation is associated with a lack of sensitivity to EGFR inhibitors in NSCLCs. More 
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 studies  need to be done, however, if we are to understand whether this lack of sensitivity is 
 mechanistically associated or coincidental.     
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  Abstract 

 Phosphoinositide 3-kinase (PI3K) activity plays a critical role downstream of the acti-
vated epidermal growth factor receptor (EGFR), regulating cell viability, proliferation, and 
migration. Here I will overview the components of the PI3K signaling pathway and its con-
trol. Emphasis is placed on the eight PI3K catalytic isoforms expressed in human tissue and 
grouped into three classes termed I, II, and III based on sequence similarity and substrate 
specificity. The nature and localization of the 3-phosphoinositide products of PI3K activ-
ity govern the translocation/activation of protein targets that include the serine/threonine 
kinases Akt and PDK-1. In this way the EGFR elicits its spectrum of intracellular effects 
that include altering cell migration, vesicle transport, cell cycle progression, metabolism, 
and transcription. Despite the intense focus, the mechanisms by which the activated EGFR 
stimulates PI3K activity are not completely understood. In addition, the possibility of EGF 
stimulated synthesis of phosphatidylinositol ( 3 ) phosphate could provide exciting new 
insights into the regulation of EGFR mediated vesicle transport.  
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  1. INTRODUCTION  

 Phosphoinositide 3-kinase (PI3K) dependent signaling pathways downstream of the epi-
dermal growth factor (EGF) receptor play a critical role in the maintenance of cell viability, 
control of vesicle transport, and cell migration. Although great advances have been made 
characterizing the enzymes responsible for 3-phosphoinositide production and their down-
stream targets, the full repertoire of mechanisms by which EGF receptor stimulates PI3K 
enzyme activity is not completely understood. 

 Some twenty years ago a novel kinase activity was identified that phosphorylated a minor 
eukaryotic cell membrane component termed phosphatidylinositol (PtdIns). Initially, this 
PtdIns kinase activity was found associated with oncogene products such as the polyoma mid-
dle T-antigen, v-src ( 1 ) and v-ros ( 2 ). Subsequent studies revealed co- immunoprecipitation 
of this lipid kinase activity with growth factor receptors for EGF and platelet-derived 
growth factor (PDGF) ( 3 ,  4 ). Interest in the PtdIns kinase enzyme was prompted by observa-
tions that its binding correlated with transforming potential ( 5  –  7 ). Fractionation of fibroblast 
extracts revealed two distinct PtdIns kinases termed type I and type II ( 8 ), but only the type 
I PtdIns kinase associated with activated tyrosine kinases and specifically phosphorylated 
the 3 ’   – OH group on the inositol ring to generate PtdIns( 3 )P in vitro ( 9 ). Detailed analysis of 
intracellular PtdIns derivatives revealed that synthesis of PtdIns( 3 , 4 )P 

2
  and PtdIns( 3 , 4 , 5 )P 

3
  

but not PtdIns( 3 )P increased markedly following growth factor stimulation ( 10  –  12 ). Large 
scale purification of the phosphoinositide 3-kinase (PI3K) enzyme from bovine brain identi-
fied a heterodimer consisting of 85 kDa (p85) and 110 kDa (p110) subunits ( 13 ). Two iso-
forms of the p85 protein termed p85 α  and p85 β  were described ( 14  –  16 ) and the sequence 
of the catalytic subunit p110   was published shortly thereafter ( 17 ). Stimulation with EGF 
allowed immunoprecipitation of PI3K activity with anti-phosphotyrosine antibody and stim-
ulated tyrosine phosphorylation of p85 and p110 subunits to varying degrees depending 
upon cell type ( 18 ). 

 Analysis of yeast  Saccharomyces cerevisiae  defective in membrane traffic revealed that 
the product of one mutant gene termed Vps34 also had PI3K activity ( 19 , 20 ). Alignment 
of the p110 and vps34p sequences allowed development of cloning strategies to identify 
novel cDNAs by RT-PCR that encoded PI3K enzymes. Degenerate oligonucleotides ampli-
fied sequences that were then used to screen mammalian cDNA libraries. This approach 
identified p110 β  and p110 δ  ( 21 , 22 ). Probing  Drosophila  cDNA identified Drosophila 68_D 
a PI3K enzyme distinct from any of the p110 isozymes or vps34p ( 23 ). This led to the 
identification of human PI3K-C2 α , HsC2-PI3K and PI3K-C2 γ ( 24  –  27 ), mouse PI3K-C2 α  
termed p170 ( 28 ) and cpk ( 29 ) and rat PI3K-C2 γ  ( 30 ). A nomenclature developed to stratify 
the eight mammalian PI3K isoforms into three classes termed I, II and III based on sequence 
similarity and in vitro substrate specificity was proposed that remains in use today ( 31  –  33 ) 
(Fig.  8.1 ).         

  2. CLASS I PI3K ENZYMES  

 These enzymes are all 110 kDa apparent molecular mass and bind an adaptor subunit. 
Class I PI3K enzymes are subdivided into two types termed class IA, which bind a p85-like 
adaptor, and class IB enzymes, which do not. 
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  2.1. Class I PI3K Catalytic Subunits 
 Class IA PI3K comprises p110 α  ( 17 ), p110 β  ( 21 ), and p110  δ  ( 22 ) isozymes, each of which 

is encoded by a separate gene. All class IA enzymes contain an N-terminal binding site (resi-
dues 20-108) for the helical inter- SH2 domain region of p85 ( 34 ). Adjacent to this region  lies 
a binding site for the small GTPase ras ( 35 ). PI3K enzymes all contain an internal C2 (CalB) 
domain ( 36 ,  37 ). C2 domains are found within proteins involved in phospholipid mediated 
signal transduction such as phospholipase C (PLC), cytosolic phospholipase A2 (cPLA2), and 
protein kinase C (PKC) ( 38 ). C2 domains are divided into two types - those present in enzymes 
such as cPLA2 and PLC δ 1 whose binding to phospholipids is dependent on Ca 2 +   (type I) 
and those such as the C2 domain in PKC δ  whose interaction with phospholipids occurs inde-
pendent of Ca 2 +   (type II). The phosphoinositide kinase (PIK) and catalytic domains form the 
C- terminus. Both p110 α  and  β  isoforms have a wide tissue distribution, whereas expression 
of the  δ  isoform is largely restricted to cells of haematopoietic origin ( 22 ). The ras bind-
ing site in PI3K enzymes has the same conformation as the ras binding site in raf ( 39 ) and 
ralGDS ( 40 ). Upon binding, ras either stabilizes the p110 catalytic subunit at the plasma 
membrane or induces a conformational change to alter substrate or co-factor binding. 

 p110 γ   is the only class IB PI3K isoform in mammalian cells. In contrast to class IA 
enzymes, p110 γ   does not bind a p85 like adaptor but instead a 101 kDa protein termed p101 
( 41 ). Resolution of p110 γ  crystal structure has allowed important insight into  regulatory 
mechanisms of its lipid kinase activity ( 37 ). Residues 1-143 of p110 γ  contain the binding 
site for the adaptor protein p101 ( 42 ), a ras binding domain, a C2 domain, a helical domain 
similar to HEAT repeats involved in protein-protein interactions ( 43 ) and the catalytic 
domain. The C2 domain present in the class IB PI3K p110 γ  is similar to the Ca 2 +   insensitive 
type II C2 domain of phospholipase C δ 1 ( 44 ). As in the case of the class IA PI3K enzymes, 
stimulation of p110 γ  activates both phosphoinositide and protein kinase activity, which leads 

 Fig. 8.1.       Schematic Relationship between PI3K Enzymes, Their Adaptor Proteins and in 
vivo 3-Phosphoinositide Products.    Although the 3-phosphoinositide produced by the class II PI3K 
enzymes in vivo remain unclear one possibility is shown.  
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to autophosphorylation of p110 γ  on serine 1101 ( 45 ). In contrast to the class IA PI3K iso-
forms, however, autophosphorylation of p110 γ  does not attenuate lipid kinase activity and 
autophosphorylation is significantly enhanced by G β  γ  subunits ( 46 ).  

  2.2. Class I PI3K Adaptor Subunits 
 Class IA PI3K adaptor proteins contain two phosphotyrosine binding Src homology 2 (SH2) 

domains, two proline-rich motifs, a region of homology to the breakpoint cluster region (BCR), 
and an N-terminal SH3 domain that binds proline-rich motifs ( 14 ). Biophysical analysis has 
demonstrated that the affinity of this interaction is also governed by three amino acid residues 
that lie immediately C-terminal to the phosphotyrosine itself. For the SH2 domains of p85 a 
methionine residue at position  + 4 is preferred ( 47 ). Between the two SH2 domains lies a heli-
cal region termed the inter-SH2 (iSH2) sequence that binds p110 α  ( 34 ) and  contains residue 
serine 608 that is phosphorylated by p110 thereby regulating kinase activity ( 48 ). The N-termi-
nus contains a SH3 domain that may bind components of the actin cytoskeleton ( 49 ). Adjacent 
to  the SH3 domain lies a motif with sequence similarity to the breakpoint cluster region (BCR) 
flanked on each side by proline-rich motifs (P1 and P2). This BCR domain binds the small 
GTPases Rac and Cdc42 ( 50 ,  51 ) and regulates reorganization of the actin  cytoskeleton ( 52 ). 
Each proline-rich region could provide an intramolecular binding site for the N-terminal SH3 
domain to either alter conformation or serve as a binding site for regulatory proteins. 

 A total of eight class IA adaptors have been described that are derived from three distinct 
genes termed p85 α , p85 β  and p55 γ . In addition to p85 α  and p85 β , AS53 (also known as 
p55 α ) ( 53 ,  54 ), and p50 α  ( 55 ,  56 ) are splice variants derived from the gene encoding p85   
(Pik3r1). These contain both p85 α  SH2 domains but lack the SH3 domain, amino-terminal 
proline-rich domain, and BCR domain. Instead, they have unique amino-terminal sequences 
consisting of 34 and six amino acids, respectively. Another isoform p55 PIK  is homologous to 
AS53/p55 α  but is encoded by a different gene ( 57 ). p85 α  shows the widest tissue distribu-
tion and is expressed at the highest levels ( 14 ). In contrast, AS53 and p50 α , appear to play 
specific roles in selected tissues and are of particular relevance to signaling downstream of 
the insulin receptor and may play a significant role in diabetes ( 58 ). Although each class IA 
adaptor can bind all class IA catalytic subunits in vitro, some receptors and their adaptors 
appear to display a preference for specific adaptor subunits ( 59 ). 

 The class IB adaptor p101 has no sequence similarity to other class I PI3K adaptors. 
In contrast to phosphotyrosine binding, p101 confers sensitivity upon the p101/p110 γ  
complex to G-protein stimulation ( 41 ,  60 ). An additional p110 γ  adaptor termed p84 was 
recently identified ( 61 ). Like p101, binding of p84 to p110 γ  increases the ability of G β  γ  to 
stimulate lipid kinase activity both in vitro and in vivo. The p84/p110 γ  heterodimer, however, 
is approximately four times less sensitive to G β  γ . Consequently, p110 γ  appears to have two 
regulatory subunits and their significance is unclear.   

  3. CLASS II PI3K ENZYMES  

 Mammalian cells contain three class II PI3K enzymes termed PI3K-C2 α , PI3K-C2 β  and 
PI3K-C2 γ   ( 24–27 ). Each is encoded by a separate gene and the enzymes are characterized by 
their high molecular mass  > 170kDa and two phospholipid-binding motifs termed a Phox 
(PX) domain and C2 domain that form their C-terminal region. Class II P13K enzymes 
also contain the internal C2 domain, a PIK domain, and the catalytic domain described 
above for the class I PI3K enzymes. The catalytic region provides the greatest sequence 
similarity with the class I and class III PI3K enzymes. 

 The first phospholipid-binding domain identified in the class II PI3K enzymes was the type 
II C2 domain at the C-terminus ( 23 ) that binds phosphoinositides including PtdIns( 4 , 5 )P 

2
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in a Ca 2 +   independent manner. A PI3K-C2 β  mutant lacking the C-terminal C2 domain dis-
played increased specific activity using PtdIns as substrate ( 26 ). Despite its ability to bind 
phospholipids, deletion of the C2 domain did not alter the subcellular localization of PI3K-
C2 α  ( 62 ). The C-terminus of class II PI3K enzymes also contains a PX domain that in 
mouse and human PI3K-C2 α  preferentially binds PtdIns( 4 , 5 )P 

2
  ( 63 ,  64 ). 

 Class II PI3K enzymes show no sequence similarity to other proteins at their N- terminus 
however, this region contains several proline-rich motifs, through which PI3K-C2 β  binds 
the SH3 domain containing adaptor protein Grb-2, a putative ras-binding motif and a 
region that binds clathin. ( 65 ).  

  4. CLASS III PI3K ENZYMES  

 Only a single class III PI3K enzyme exists in each species and both the yeast and human 
vps34p enzymes produce PtdIns( 3 )P ( 19 ,  20 ). Since the steady state levels of PtdIns( 3 )P 
alter little following receptor stimulation, many investigators concluded that activation 
of this PI3K isoform is constitutive ( 10 ). 

 Mammalian vps34p is of a similar molecular mass to the class I PI3K enzymes. Like 
the class II enzymes, however, its sequence similarity with the class I PI3K isoforms 
decreases sharply outside the internal C2 and PIK/kinase domains. Its C-terminus binds a 
protein kinase termed vps15p, and this association is dependent on vps15p catalytic activ-
ity ( 66 ,  67 ). Both yeast and human vps34p are post-translationally modified by the addi-
tion of a myristoyl moiety at their N-terminus that targets the class III PI3K enzyme to the 
membrane. The N-terminus of vps15p contains its protein kinase domain and the vps34p 
binding site. Toward the C-terminus vps15 contains HEAT repeats that mediate its interac-
tion with vps34p ( 66 ) and WD40 domains that bind the small GTPase Rab5 ( 68 ).  

  5. SUBSTRATE SPECIFICITY OF PI3K ENZYMES  

 The assignment of the mammalian PI3K enzymes into their respective classes was 
based in part on their lipid substrate specificity in vitro. Class I PI3K enzymes can 
phopshorylate either PtdIns, PtdIns( 4 )P, or PtdIns( 4 , 5 )P 

2
 , the class II PI3K enzymes 

predominantly PtdIns and PtdIns( 4 )P and the class III PI3K PtdIns only. Both class I 
and class III PI3K enzymes require Mg 2 +   as a divalent cation for this reaction, but class 
II PI3K enzymes can also use Ca 2 +   ( 69 ). Uniquely, the class II PI3K isoform PI3K-
C2 α  is refractory to the inhibitory effects of wortmannin and LY294002, which are two 
commonly used PI3K inhibitors that are approximately 10 times less sensitive than the 
other PI3K enzymes ( 24 ). 

 In vivo, class I PI3K enzymes produce PtdIns( 3 , 4 , 5 )P 
3
  ( 10 ) and the class III PI3K vps34p 

PtdIns( 3 )P. In contrast, the 3-phosphoinositide generated by class II PI3K enzymes 
remains controversial. Unlike class I PI3K enzymes, expression of recombinant class II 
PI3K enzymes does not increase the production of either PtdIns( 3 , 4 )P 

2
  or PtdIns( 3 , 4 , 5 )P 

3
 . 

 Activation of integrin alphaIIb beta3 on platelets or their incubation with Ca 2 +   stimulates 
both the production of PtdIns( 3 , 4 )P 

2
  and PI3K-C2 β  kinase activity ( 70 ). An increasing 

volume of data supports the hypothesis that class II PI3K enzymes produce PtdIns( 3 )P. 
When cell nuclei purified from liver were harvested 20 hours after hepat ectomy and 
depleted of their envelope to remove class I PI3K enzymes, increased production of 
PtdIns( 3 )P and PI3K-C2   activity was observed ( 71 ). Furthermore, increased PtdIns( 3 )P 
synthesis and stimulation of PI3K-C2   enzyme activity correlated during cell cycle 
 progression ( 72 ). Stimulation of renal cortical slices with hepatocyte growth factor transiently 
elevates PtdIns( 3 )P production in brush-border plasma membranes and this hypothesis 
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also increased PI3K-C2 β  activity in this fraction ( 73 ). Most recently, PI3K-C2 β  stimu-
lated cell migration was observed via a PtdIns( 3 )P dependent pathway ( 74 ,  75 ). Since 
expression of a kinase-inactive form of PI3K-C2 β  inhibited PtdIns( 3 , 4 , 5 )P 

3
  dependent 

phosphorylation of Akt and cell growth in a small cell cancer cell line, this suggests that 
PI3K-C2 β  may also contribute to PtdIns( 3 , 4 , 5 )P 

3
  production in vivo ( 76 ).  

  6. ERBB RECEPTOR-MEDIATED RECRUITMENT OF PI3K ENZYMES  

 Phosphoinositide kinase activity was originally co-purified with the EGF receptor in 
A431 cells and its activity was stimulated upon ligand binding ( 77 ,  78 ). Characterization 
of PI3K activity allowed this to be distinguished from PI4K and PI4-5K also present 
in anti-phosphotyrosine ( 79  –  81 ) and anti-EGF receptor immunoprecipitates ( 82 ,  83 ). 
One of the original approaches used to clone the p85 adaptor was based on an assay 
that used the tyrosine-phosphorylated carboxyl terminus of the EGF receptor as bait 
( 15 ). Furthermore, EGF receptor was affinity purified using either SH2 domain of p85 
expressed as a GST fusion protein ( 83 ). Co-immunoprecipitation of recombinant p85 
and EGF receptor in insect cells that had not been stimulated with EGF, however, raised 
concerns about the physiological relevance of this interaction ( 84 ). For many groups 
co-immunoprecipitation of PI3K activity with anti-EGF receptor antisera was problem-
atic. Furthermore, binding of p85 to the EGF receptor, ErbB2, or ErbB4 was difficult to 
explain ( 85 ) given that each receptor contains only a single YxxM motif, the preferred 
consensus for p85 SH2 domain binding, in their kinase domain that is not thought to be 
phosphorylated ( 86 ,  87 ). In contrast, ErbB3 contains six YxxM motifs, and immunopre-
cipitation of ErbB3 from EGF stimulated A431 cells efficiently co-precipitated phos-
phoinositide 3-kinase activity ( 88 ). Expression of a chimeric receptor, consisting of the 
extracellular domain of EGF receptor and the transmembrane and intracellular region of 
ErbB3, confirmed p85 binding sites to pYxxM motifs following EGF stimulation ( 89 ). 
Use of p85 tagged with green fluorescent protein (GFP) demonstrated that stimulation 
of the EGF receptor/ErbB3 chimera resulted in clustering of p85 at the cell membrane 
in a concentration dependent manner ( 90 ). Translocation of p85 to ErbB3, however, did 
not explain the isolation of PI3K activity in anti-phosphotyrosine immunoprecipitates 
from lysates of many other EGF stimulated cultures indicating the existence of alterna-
tive mechanisms (Fig.  8.2 ).        

 One alternative involves the adaptor protein p120 Cbl  ( 91 ). Originally isolated as a 
tyrosyl phosphoprotein that complexed with Fyn, Grb2, and p85 in T cells c-Cbl 
encodes a 120kDa protein that is phosphorylated on tyrosine residues following EGF 
 stimulation and binds directly to the phosphorylated EGF receptor ( 92  –  94 ). Another 
is the Grb2-associated binder-1 (Gab-1). Gab-1 is a multi-substrate docking protein that 
was  identified from a cDNA library of glioblastoma tumors and plays a role in cellular 
growth,  transformation, and apoptosis ( 95 ). Gab-1 binds phosphorylated tyrosine 1068 
and 1086 residues in the carboxyl tail of the EGF receptor to allow binding of p85. Over-
 expression of Gab1 potentiates EGF-induced activation of the mitogen-activated protein 
kinase and Jun kinase signaling pathways. A mutant of Gab1 unable to bind p85 was 
defective in potentiating EGF receptor signaling and this effect involves PtdIns( 3 , 4 , 5 )P 

3
  

binding to the PH domain of Gab1 ( 96 ). Furthermore, the PH domain mediates Gab1 
translocation to the plasma membrane in response to EGF. In certain cell types, stimulation 
of cells including rat hepatocytes with EGF also causes tyrosine phosphorylation of 
insulin receptor substrate (IRS)-1 and IRS-2 and their binding to p85 ( 97 ). IRS-1 contains 
9 p85 consensus-binding motifs. 
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 Fig. 8.2.       Options for Recruitment of PI3K Enzymes to the Activated EGF Receptor.    ErbB receptors 
are shown localized in the plasma membrane with phosphotyrosine residues (pY) shown.  

 Isolation of activated EGF receptor has also demonstrated co-immunoprecipitation of 
class II PI3K enzymes in a manner analogous to class IA PI3K enzymes ( 69 ). Association 
of the PI3K-C2 β  isoform with EGFR is mediated by the adaptor Grb-2 ( 65 ), co-immunopre-
cipitates Shc and requires phosphorylation of EGF receptor on residues tyrosine992, tyro-
sine1068, and tyrosine1173 ( 69 ). More recently, it was proposed that PI3K-C2 β  is recruited 
to the EGF receptor as part of a multiprotein signaling complex that includes Eps8, Abi1, 
Sos1, and Shc and Grb2 ( 98 ).  

  7. DOWNSTREAM TARGETS OF PTDINS( 3 ,  4 ,  5 )P 
3
  AND PTDINS( 3 ,  4 )P 

2
   

 A limited number of distinct protein domains that bind PtdIns( 3 , 4 , 5 )P 
3
  and PtdIns( 3 , 4 )P 

2
  

have been identified in serine/threonine protein kinases, tyrosine kinases, phospholipases, 
and molecules that regulate the exchange of guanine nucleotides to GTPases (Fig.  8.3 ).        

 The plekstrin homology (PH) domain was originally identified as binding small GTPases 
( 99 ,  100 ), but inositol phosphate headgroups are their major target ( 101 ). Approximately 100 
amino acid residues long PH domains are found in a large number of proteins and their binding 
to PtdIns( 3 , 4 )P 

2
  and PtdIns( 3 , 4 , 5 )P 

3
  allows translocation to membranes. PH domains bind 

PtdIns( 3 )P with low affinity and in vivo appear to preferentially bind PtdIns( 3 , 4 , 5 )P 
3.
  

 The epsin N-terminal homology (ENTH) domain is conserved in eukaryotes and found 
in several proteins involved in vesicle transport and reorganization of the actin cytoskeleton 
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( 102 ,  103 ). These proteins include Epsin and its homologues, adaptor protein 180 (AP180), 
Huntingtin-interacting protein 1 (HIP1), and the clathrin assembly lymphoid myeloid leuke-
mia protein (CALM) ( 104 ). Whilst ENTH domains bind PtdIns( 4 , 5 )P 

2
  ( 105 ,  106 ), the ENTH 

domain of HIP1 and HIP1 related  proteins binds PtdIns( 3 , 5 )P 
2
  and PtdIns( 3 , 4 )P 

2
  ( 107 ,  108 ). 

  7.1. Akt (PKB) 
 Akt (also known as protein kinase B  –  PKB and RAC related to protein kinase A and 

C) was identified independently as both the cellular homologue of the viral oncoprotein 
v-Akt ( 109 ) and as a protein kinase with sequence similarity to protein kinase A and protein 
kinase C ( 110 ,  111 ). This 57kDa serine/threonine kinase exists in three isoforms termed 
Akt1, Akt2, and Akt3 each encoded by separate genes on chromosomes 14q32, 19q13, 
and 1q44 ( 109  –  113 ). The sequence similarity of Akt2 and Akt3 to Akt1 is 81 %  and 83 % , 
respectively. Growth factor and cytokine stimulated production of PtdIns( 3 , 4 , 5 )P 

3
  and 

PtdIns( 3 , 4 )P 
2
  results in the translocation of Akt to the plasma membrane and the binding 

of these 3-phosphoinositides via its PH domain ( 114 ). Wortmannin and LY294002 both 
attenuate EGF stimulated Akt kinase activity. Mutations within the Akt PH domain block 
activation of catalytic activity in vivo ( 115 ). Akt is constitutively phosphorylated on 
residues serine 124 and threonine 450, but ligand induced phosphorylation on threonine308 
within the kinase domain and serine 473 at the C-terminus confers maximal specific 
activity ( 116 ). In oesophageal cancer cells where EGF receptor is frequently overexpressed, 
EGF stimulated phosphorylation of Akt1 and Akt2 but did not alter the phosphorylation of 
Akt3  ( 117 ). Akt immunoprecipitated from serum starved cells is inactive, but its specific 
activity is rapidly increased following EGF stimulation ( 115 ,  118 ). The Akt PH domain 
binds both PtdIns( 3 , 4 , 5 )P 

3
  and PtdIns( 3 , 4 )P 

2
  ( 119 ). Once activated, Akt translocates to the 

nucleus ( 120 ).  

 Fig. 8.3.       Downstream Targets of PDK-1 and Akt    Substrates of the PDK-1 and Akt kinases are 
shown. Arrows indicate where phosphorylation has a positive effect on substrate, bars indicate 
inhibitory effect.  
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  7.2. Phosphoinositide-dependent Kinase  –  PDK-1 
 PDK-1 was isolated from bovine brain and rabbit skeletal muscle as a 63kDa kinase that 

phosphorylates Akt on residue threonine 308 ( 119 ,  121 ). This serine/threonine kinase contains 
an N-terminal catalytic domain and a PH domain at the C-terminus that binds PtdIns( 3 , 4 , 5 )P 

3
  

with high affinity ( 122 ). The catalytic activity of PDK1 appears constitutive since cell stim-
ulation does not appear to alter catalytic activity ( 123 ). Phosphorylation of Akt by PDK1 
occurs at the plasma membrane and is dependent on 3-phosphoinositide production. Mem-
brane localized Akt is constitutively phosphorylated and activated ( 124 ). Translocation of 
PDK1 to the nucleus has also been shown to occur in a PI3K dependent manner ( 125 ).  

  7.3. Additional Downstream Targets of PDK-1 
 Residues threonine 308 and serine 473 of Akt lie within consensus sequences shared by the 

AGC family of protein kinases. These include protein kinase A, protein kinase G and protein 
kinase C ( 126 ), p70S6-kinases (p70S6K), p90 ribosomal S6-kinases (p90RSK) and serum 
and glucocorticoid induced protein kinase (SGK) ( 127 ). Following receptor  stimulation, sev-
eral of these kinases are also phosphorylated by PDK-1 on a residue equivalent to  threonine 
308 ( 128  –  132 ) in a 3-phosphoinositide dependent manner. p70S6K is encoded by 2 genes 
termed p70S6K α   and p70S6K β . There are 2 isoforms of p70S6K, p70S6K  α  is mainly 
found in the cytoplasm, whilst p85S6K is   primarily nuclear. The activity of p70S6K in situ 
is inhibited by rapamycin and wortmannin ( 133 ,  134 ). p70S6K regulates G1 to S phase cell 
cycle progression and the translocation of mRNA messages that contain a polypyrimidine 
tract at their translational start site ( 135 ). These genes include transcripts for ribosomal 
proteins and elongation factors of protein synthesis. The principal p70S6K substrate is the 
S6 ribosomal protein that comprises the 40S ribosomal subunit. 

 The family of PKC enzymes regulate protein synthesis, transcription, cell growth, dif-
ferentiation, and apoptosis ( 136 ). The kinase activity of several PKC isoforms is activated 
directly by 3-phosphoinositides in vitro and inhibited in vivo by PI3K inhibitors ( 129 ,  137 , 
 138 ). Phosphorylation of PKC  α   and PKC  β  II by PDK1 is stimulated by PtdIns( 3 , 4 , 5 )P 

3
  

in vitro ( 139 ). 
 cAMP dependent protein kinase (PKA) is a complex kinase family consisting of at least 

three catalytic and two regulatory subunits ( 140 ). PKA is activated by cAMP produced down-
stream of G-protein coupled receptors. Once activated, PKA phosphorylates a number of 
downstream targets that regulate cell growth, differentiation and metabolism ( 141 ). PDK-1 
mediated phosphorylation of PKA on residue threonine 197 increases kinase activity ( 128 ). 
PDK1 also phosphorylates the serum and glucocorticoid inducible kinase (SGK) ( 123 )  

  7.4. Other Kinases that Phosphorylate Akt 
 Identification of the kinase responsible for phosphorylating Akt on serine 473 has proved 

problematic. Several candidates have been proposed as the PDK-2, including MAPKAP kinase-
2, several PKC isoforms, integrin-linked kinase (ILK), DNA-dependent protein kinase, 
Ataxia-telangiectasia mutant (ATM), and PDK-1 ( 142 ). Others suggest that phosphoryla-
tion of serine 473 is the result of Akt autophosphorylation ( 143 ). RNA interference (siRNA) 
and conditional knockouts of ILK shows that loss of ILK abolishes phosphorylation of ser-
ine 473, suppresses phosphorylation of GSK-3 β  and expression of cyclin D1 and simu-
lated apoptosis ( 144 ). A complex of proteins raptor, G β  L, and the mammalian target of 
rapamycin (mTOR) phosphorylates several proteins in a hydrophobic motif equivalent to 
the serine 473 consensus ( 145 ,  146 ). Although phosphorylation of this residue is not sensitive 
to rapamycin treatment, a rapamycin-insensitive form of the mTOR was characterized  in a 
complex with Rictor and G β L and found to phosphorylate Akt/PKB at serine 473 ( 147 ). 
Knockdown of mTOR or Rictor expression by siRNA ablate serine 473 phosphorylation.  
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  7.5. Akt Targets 
 Mice null for Akt1 are small due to placental abnormalities ( 148 ) and have a shorter life 

expectancy than wild-type littermates ( 149 ). These animals also have increased apoptotic 
cell death in thymus and testis and impaired platelet responses to thrombin and collagen 
( 150 ). Conversely, knockout of Akt2 produces insulin resistance and a condition equivalent 
to diabetes mellitus ( 151 ). A wide spectrum of proteins in both the cytoplasm and nucleus 
act as Akt substrates.   

  8. MAINTENANCE OF CELL VIABILTY  

 Expression of recombinant Akt delays cell death ( 152 ) and it is frequently over-expressed 
in tumors ( 112 ). In its non-phosphorylated form, the Bcl-2/Bcl-XL antagonist causing cell 
death (BAD) protein is localized in mitochondria where it forms a complex with two anti-
apoptotic proteins termed Bcl-2 and Bcl-XL and inhibits their activity ( 153 ). Phosphorylation 
of BAD on either serine 112 or serine 136 prevents its association with Bcl-2 and Bcl-XL 
leading to its release into the cytoplasm where it binds 14-3-3 proteins ( 154 ). Akt phosphorylates 
BAD on serine 136 ( 155 ,  156 ). 

 Caspase 9, a pro-apoptotic protease is phosphorylated and inhibited by Akt ( 157 ). Akt 
phosphorylates p21(Waf1/Cip1) and p27 (Kip2) and inhibits their anti-proliferative effects 
by retaining them in the cytoplasm ( 158  –  160 ). In this way, activation of cyclin/Cdk 
complexes that include cyclin D1/Cdk4 is inhibited. Akt also phosphorylates the murine 
double minute-2 (mdm-2) protein leading to its translocation into the nucleus and destabi-
lizing the tumor suppressor protein p53 ( 161 ,  162 ). Degradation of p53 inhibits the stress 
response to increase cell survival. Phosphorylation of Raf by Akt inhibited activation of the 
Raf-MEK-ERK signaling pathway and in a human breast cancer cell line shifted the cellular 
response from cell cycle arrest to proliferation ( 163 ).  

  9. REGULATION OF TRANSCRIPTION  

 The forkhead box O (FOXO) family of transcription factors are targets of Akt ( 164 ,  165 ). 
FOXO1 (FKHR), FOXO3 (FKHRL1), FOXO4 (AFX), and FOXO6 are localized in the 
nucleus of quiescent cells ( 166 ) but upon stimulation they translocate to the cytosol and 
bind 14-3-3 that sequesters them away from the nucleus ( 167 ). Phosphorylation of FOXO 
proteins by Akt occurs on three highly conserved consensus motifs (RxRxxS/T) ( 164 ,  165 , 
 168 ). FOXO proteins increase expression of the pro-apoptotic factors Fas ligand and Bim. 
Since FOXOs inhibit transcription of cyclin D1 and cyclin D2 their phosphorylation by Akt 
increases rates of transcription ( 169 ). FOXO3a increases the transcription of the p27kip 1 gene 
( 170 ) and Akt phosphorylates p27kip 1  inhibiting its anti-proliferative activity ( 171 ). FOXO 
proteins are also phosphorylated by serum and glucocorticoid – regulated kinase (SGK) ( 172 ), 
that is activated by 3-phosphoinisitides and PDK-1. 

 Nuclear Factor kB (NFkB) is a transcription factor for several anti-apoptotic genes ( 173 ). 
When bound to its inhibitor IkB, NFkB is inactive and retained in the cytoplasm. Akt 
phosphorylates and activates an IkB kinase (IKK) ( 174 ). Phosphorylation of IkB results in 
its dissociation from NFkB targeting IkB for degradation  in the proteosome allowing move-
ment of NFkB to the nucleus where it activates NFkB dependent pro-survival genes that 
include Bcl-XL, caspase inhibitors and c-Myb ( 175 ). 

  Akt directly phosphorylates the cyclic nucleotide response element binding (CREB) protein 
on serine 133 ( 176 ). Phosphorylated CREB binds the co-activator CREB binding protein (CBP) 
to promote expression of genes that suppress apoptosis, including Bcl-2, Mcl-1 and Akt itself 
( 176  –  179 ). In tumor cell lines lacking the 3-phosphoinositide phosphatase PTEN, FOXO proteins 
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are constitutively activated ( 180 ). Akt regulates the activity of the c-fos promoter downstream of 
Rho and Rac dependent signals through the serum response element (SRE) ( 181 ,  182 ).  

  10. REGULATION OF METABOLISM  

 Following stimulation of the insulin receptor Akt directly phosphorylates and inacti-
vates glycogen synthase kinase 3 (GSK3) on serine 9 ( 183 ,  184 ). Inhibition of GSK3 
prevents phosphorylation of  β -catenin inhibiting its degradation allowing it translocation to 
the nucleus. There  β -catenin binds transcription factors that include TCF/LEF-1 to induce 
expression of genes such as cyclin D1. GSK-3 phosphorylates and inactivates the transla-
tional initiation factor eIF2B ( 185 ). Since GSK3 is inactivated following growth factor 
stimulation,  this mechansism  could explain their effects on translation initiation ( 186 ). Akt 
also phosphorylates and activates 6-phosphofructo-2-kinase (PFK-2), an enzyme responsible 
for synthesis of fructose 2,6-biphosphate ( 187 ). Fructose 2,6-biphosphate in turn stimulates 
6-phosphofructo-1-kinase, a potent activator of glycolysis ( 188 ). 

 The growth of eukaryotic cells is regulated not only by intercellular growth factors but 
also by the availability of nutrients ( 189  –  191 ). The Akt substrate tuberous sclerosis complex-2 
(TSC2), which forms part of the TSC1/TSC2 protein complex, constitutes a nutrient sensitive 
signaling pathway that alters cell size and growth ( 192 ,  193 ). Phosphorylated TSC2 fails to 
bind TSC1, thereby inhibiting p70S6K and activating  4E-BP1. Germline mutations in either 
tumor suppressor genes TSC1 or TSC2 result in tuberous sclerosis, an autosomal dominant 
human genetic disorder characterized by hamartoma development ( 194 ). The TSC1/TSC2 
complex has GAP activity for the Rheb GTPase (a member of the ras family), and activated 
Rheb-GTP activates the mammalian target of rapamycin (mTOR) ( 195 ,  196 ). mTOR 
promotes translation of cyclin D mRNA and p70 S6K and inhibits the eukaryotic initiation 
factor 4E-binding protein 1 (4E-BP1).  

  11. REGULATION OF CELL MIGRATION  

 The binding of GTP to GTPases is regulated by GTP/GDP exchange factors (GEFs) and 
GTPase activating proteins (GAPs) ( 197 ). GEFs catalyze the exchange of GDP for GTP while 
GAPs accelerate the intrinsic GTPase activity. GEFs of the Rho GTPase family and Arf con-
tain a PH domain ( 198 ). There are over 60 Rho GEFs characterized by a Dbl homo logy (DH) 
domain, followed almost invariably by a PH domain. Treatment of cells with PI3K inhibitors 
inhibits receptor-mediated induced reorganization of the actin cytoskeleton and Rac GTP bind-
ing ( 199 ). Since expression of constitutively activated Rac reverses the effect of PI3K inhibitors 
on F-actin polymerization it  suggests that Rac lies downstream of 3-phosphoinositide produc-
tion. Vav and Tiam1 are two Rac GEFs that may be regulated in a PI3K dependent manner 
( 200 ,  201 ). Although ARF GTPases are involved in intracellular vesicle transport three ARF 
GEFs termed General Receptor for Phosphoinositides (GRP1), ARF nucleotide binding site 
opener (ARNO) and cytohesin-1 contain PH domains that preferentially bind PtdIns( 3 , 4 , 5 )P 

3
  

thereby allowing receptor stimulated translocation of these GEFs from the cytoplasm to the 
plasma membrane ( 202 ). GAP1 m  and GAP1IP4BP are GAPs for Ras and their binding to the 
plasma membrane is regulated by PtdIns( 3 , 4 , 5 )P 

3
  ( 203 ). Centaurins also bind PtdIns( 3 , 4 , 5 )P 

3
  

in vivo ( 204 ) and have homology to the ARF GAP in yeast.  

  12. REGULATION OF VESICLE TRANSPORT  

 Following their stimulation, EGF receptors are internalized and delivered to multivesicu-
lar bodies where they are sorted prior to delivery to lysosomes and degraded. Since PI3K 
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 inhibitors lead to enlarged endosomes containing EGF receptors, PI3K enzymes were thought 
to regulate EGF receptor endocytosis. Although expression of kinase inactive p110   δ  did not 
inhibit targeting of EGF receptor to lysosomes ( 205 ), microinjection of anti-vps34p antibody 
inhibited internal vesicle formation ( 206 ). Silencing of human vps34 gene expression using 
siRNA reveals no effect on receptor internalization but slows initial receptor degradation and 
potentiates signaling ( 207 ). 

 PI3K-C2 a  and PI3K-C2 β  are both recruited to complexes containing activated EGF 
receptor ( 69 ). Immunofluorescence staining of PI3K-C2 α  revealed a punctate distribution 
with a perinuclear localization ( 62 ) and this enzyme is enriched upon purification of clathrin-
coated vesicles ( 62 ,  208 ). Interestingly both PI3K-C2 α  and PI3K-C2 β  bind clathrin directly 
via clathrin-binding motif at their N-termini ( 208 ,  209 ). In this way, clathrin functions as an 
adaptor for class II PIK enzymes and stimulating their catalytic activity. Since expression 
of PI3K-C2 α  affects clathrin-mediated endocytosis and sorting in the trans-Golgi network 
( 208 ), these data indicate that class II PI3K enzymes provide a mechanism for growth factor 
receptor-mediated vesicle transport.  

  13. CONCLUSION  

 Binding of EGF to its receptor stimulates both class IA and class II PI3K enzymes to 
initiate a number of intracellular signaling events mediated through the generation of 3-
 phopsphoinositides. As a consequence, an intricate balance between cell viability, proliferation, 
migration, and vesicle transport is maintained. Although greatest emphasis has been placed 
on understanding the role of class IA PI3K enzymes, attention is now shifting to the class II 
isozymes where significant opportunities remain to gain exciting insight into regulation of EGF 
receptor function. In addition to the success of EGF receptor antagonists, significant  potential 
exists to fine tune future therapeutic approaches with PI3K isoform specific antagonists ( 210 ).    
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  Abstract 
 EGF receptor (EGFR) and c-Src are tyrosine kinases of the receptor and non-receptor classes, 

respectively, which are frequently co-overexpressed or co-activated in multiple human cancers, includ-
ing those of breast, prostate, lung, and colon. Most of these cancers express non-mutated forms of 
each kinase, and overexpression of either is weakly or non-oncogenic. However, when co-overexpressed, 
they exhibit profound synergism that up-regulates many neoplastic processes, including cell proliferation, 
survival, and metastasis. This synergism is dependent upon or greatly enhanced by physical association 
between c-Src and ligand-stimulated EGFR, which leads to activation of both kinases, phosphoryla-
tion of the EGFR by c-Src, and enhanced phosphorylation of EGFR and c-Src substrates. Non-
EGFR ligands, such as agonists for G-protein coupled-, steriod hormone-, and cytokine receptors, also 
induce association between EGFR and c-Src and subsequent oncogenic consequences of this interac-
tion. Because of their important roles in the etiology and progression of a broad spectrum of cancers, 
EGFR and c-Src represent signaling molecules that are ripe for combinatorial therapeutic targeting.  

  Key Words:   EGF Receptor (EGFR) ,  c-Src ,  Cancer ,  Synergism ,  Signaling ,  Phosphorylation , 
 Transactivation ,  Inhibitors .    

  1. AN INTRODUCTION TO C-SRC  

 Cellular-Src, or c-Src, is the proto-oncogenic homolog to oncogenic viral-Src (v-Src), 
originally isolated from the avian Rous Sarcoma Virus ( 1 ,  2 ). C-Src is a membrane-associated 
non- receptor tyrosine kinase that has been shown to have numerous protein substrates. 
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These substrates regulate many cellular processes, including adhesion, migration, prolifera-
tion, apoptosis, and differentiation ( 3 ). 

 C-Src is the founding member of a family that includes Fyn, Yes, Fgr, Hck, Lck, Blk, 
Yrk, Lyn, and the Frk subfamily, composed of Frk/Rak and Lyk/Bsk. Src, Fyn, Yes, and 
Yrk are ubiquitously expressed in the body, while Fgr, Hck, Lck, Blk, and Lyn are predomi-
nately expressed in hematopoietic cells. Primary epithelial cells are the favored sites of 
Frk subfamily expression. In many cases, Src family members have demonstrated aberrant 
expression patterns and levels in cancer ( 3 ). 

 C-Src is a 60 kD protein composed of six functional regions (Fig.  9.1A ). At its N-termi-
nus is the Src-homology 4 (SH4) domain, which contains myristoylation and palmitoylation 
sites for membrane anchoring. Adjacent to this domain is the poorly-conserved “unique” 

  Fig. 9.1.     C-Src Structure and Autoregulation. A)  The functional domains of c-Src. Myristoyla-
tion and palmitoylation are post-translational modifications of the Src homology 4 (SH4) domain 
that aid in membrane anchoring. The unique region is the most variable domain among Src family 
members and contains regulatory sites of phosphorylation. The SH2 and SH3 domains mediate pro-
tein-protein interactions as detailed in the text. The SH1 or kinase domain catalyzes the transfer of 
the gamma phosphate of ATP to tyrosine residues on substrate proteins. The C-terminal tail contains 
Y527, which plays an important role in autoinhibition of the molecule. B) Autoregulation of c-Src. 
C-Src assumes an inactive conformation when phosphorylated Y527 engages the SH2 domain in an 
intramolecular fashion, the SH3 domain binds the pseudo-proline-rich region in the linker, and Y416 
is unphosphorylated. Dephosphorylation of Y527 or competitive binding of other signaling molecules 
to the SH2 and/or SH3 domains releases the autoinhibition and promotes ATP binding, autophospho-
rylation of Y416, and transphosphorylation of substrate proteins.       
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region, followed by the SH3 domain that binds proline-rich regions of interacting proteins 
and the SH2 domain that binds phospho-tyrosine residues. At the C-terminus is a short tail 
containing a conserved tyrosine (Y527 in chicken c-Src; Y530 in human c-Src) that con-
tributes to the autoregulation of the molecule. Protein interactions with the various domains 
of c-Src affect its activation state and cellular localization, as well as those of its binding 
partners ( 1 ,  3 ).  

 C-Src is autoinhibited by the interactions of the phosphorylated Y527 with its own 
SH2 domain and by SH3 domain binding to both the linker region (which connects the 
SH2 and catalytic domains) and the backbone of the catalytic domain (Fig.  9.1B ). It 
must be noted, however, that the phosphorylation of Y527 is not always required for 
inactivation. Activity is restored upon engagement of its SH2 and/or SH3 domains by 
interacting proteins, dephosphorylation of Y527, autophosphorylation of Y416 (Y419 
in human c-Src) in the activation loop of the catalytic domain, or any combination of 
these three events ( 3 ).  

  2. C-SRC INTERACTIONS WITH THE EGFR  

 One of the most extensively studied binding partners of c-Src is the EGFR. This association 
has been demonstrated with endogenous proteins in EGF-stimulated breast and colorectal cancer 
cell lines, as well as in breast tumor tissue ( 5 ,  6 ). In C3H10T1/2 murine fibroblasts that stably 
co-overexpress the EGFR and c-Src, these proteins form a complex upon EGF stimulation that 
occurs independently of c-Src kinase activity ( 4 ). Phosphorylation of the EGFR facilitates c-Src 
association with the EGFR ( 6 ). This interaction is thought to be mediated by the SH2 domain of 
c-Src binding to an EGFR phosphotyrosine, although an indirect association remains a pos-
sibility. Phosphopeptide competition studies suggest that Y992 is a preferred site of binding the 
c-Src SH2 domain ( 6 – 8 ), but Y891, Y920 ( 6 ) and Y1101 ( 9 ) have also been implicated. 

 Though no reports indicate that c-Src can be phosphorylated directly by the EGFR or 
ErbB2, c-Src-specific phosphorylation of the EGFR has been reported multiple times. 
Utilizing tryptic phosphopeptide mapping and mass spectrophotometric analysis of the 
phosphorylated EGFR from MCF-7 breast cancer cells, Stover et al. ( 6 ) identified the 
non-autophosphorylation sites, Y891 and Y920, as well as the autophosphorylation sites, 
Y992 and Y1086, of the EGFR as EGF-induced c-Src phosphorylation sites. Additionally, 
phosphospecific antibodies were employed to detect weak Src family-dependent phosphor-
ylation of the autophosphorylation site Y1148 in the EGFR of normal human keratinocytes 
treated with EGF ( 10 ). All these sites are located in the C-terminal tail of the EGFR. 

 Two additional c-Src-specific sites, Y845 and Y1101, were revealed by tryptic phos-
phopeptide mapping and mass spectrophotometry of the EGFR from C3H10T½ murine 
fibroblasts stably overexpressing c-Src and EGFR and stimulated with EGF (reviewed in 
11, 12). Tyrosine 1101 resides in the C-terminal tail, and its function is as yet undetermined. 
Tyrosine 845 is located in the activation loop of the catalytic domain and is a con-
served residue among all tyrosine kinases. Homologues of Y845 are autophosphorylated by 
their respective kinases and required for the kinases’ full catalytic and biological activities. 
In contrast, mutation of Y845 in the EGFR has little to no effect on the catalytic activity of 
the receptor but inhibits EGF-induced mitogenesis and cell survival ( 4 ,  11 ). It is of interest 
to note that the context of Y845 EGFR is not conducive to SH2 domain binding. In addition 
to the aforementioned study, Y845 EGFR has been shown to be a c-Src-specific phosphor-
ylation site in A431, MDA-MB-231, normal human keratinocytes, and tamoxifen-resistant 
MCF-7 cells ( 5 ,  7 ,  10 ,  13 ). By utilizing catalytically inactive mutants of the EGFR and 
c-Src, as well as pharmacological inhibitors and purified components of each kinase multiple 
groups have demonstrated that the catalytic activity of the EGFR is required for phosphor-
ylation of Y845, despite the fact that the EGFR has weak or undetectable activity toward this 
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residue ( 14 – 17 ). These findings are consistent with a model in which autophosphorylation of 
the EGFR is necessary for c-Src binding of the receptor and subsequent phosphorylation 
of Y845 by c-Src, although under certain circumstances, activated c-Src can phosphorylate 
Y845 independently of the EGFR kinase activity ( 18 ). In either situation, EGFR and c-Src 
appear to cooperate with one another to mediate the biochemical events that regulate EGF-
induced biological processes.  

  3. EFFECTS OF THE CONVERGENCE OF EGFR AND C-SRC 
SIGNALING ON ONCOGENISIS  

 The first in-depth test of the hypothesis that the biochemical co-operativity between the 
EGFR and c-Src had biological consequences was carried out in the context of cancer. From 
a historical perspective, the EGFR was known to be frequently overexpressed in a variety of 
human malignancies ( 11 ,  12 ). These findings suggested that it may play an etiological role 
in the genesis of these diseases. This idea was examined by Velu and colleagues ( 19 ), who 
demonstrated that overexpression of the EGFR in immortalized but non-transformed murine 
fibroblasts conferred a transformed phenotype to the cells when they were grown in the pres-
ence of EGF. Further studies in cell culture and animal models revealed, however, that the 
EGFR is a relatively weak oncogene. That the activated EGFR was found to physically associ-
ate with c-Src in fibroblasts and in a variety of human tumor cell lines ( 5 ,  7 ,  20 ,  21 ) suggested 
that c-Src may contribute to EGFR signaling, particularly if it too were overexpressed. 

 Indeed, a survey of a large number of human breast tumor tissues by Ottenhalf-Kalff and 
colleagues ( 22 ) showed that all tumors tested exhibited elevated tyrosine kinase activity 
compared to normal controls and that greater than 70% of the elevated activity was due to 
overexpressed c-Src. Elevations in c-Src tyrosine kinase activity were also documented by 
other groups of investigators and in other human cancers, most notably those of the colon 
( 23 – 25 ), lung ( 26 ), and breast ( 25 ,  27 ,  28 ). Overexpression of c-Src alone, however, was 
known to be insufficient to transform fibroblasts in culture ( 29 ). 

 One hypothesis derived from these findings was that overexpressed EGFR required 
overexpressed c-Src (and vice versa) to confer a strong malignant phenotype.  Subsequent 
studies demonstrated that c-Src and the EGFR are concomitantly overexpressed 
in a substantial subset of multiple human tumor types, including breast, squamous cell 
carcinoma, ovary, colon, prostate, head and neck (HNSCC), lung (non-small cell and 
adenocarcinoma), pancreas, nervous system, gall bladder, melanoma, and kidney ( 30 –
 33 ), lending support to the hypothesis. A direct test of the hypothesis was conducted 
first in a murine fibroblast model where the oncogenic growth characteristics of a panel 
of matched cell lines were assessed. Cells that overexpressed both c-Src and the EGFR 
exhibited striking synergism in EGF-induced DNA synthesis, growth in soft agar, and 
tumor formation in nude mice when compared to cells overexpressing c-Src or EGFR 
alone or not overexpressing either kinase ( 21 ). These findings were extended by Biscardi 
and colleagues ( 5 ) who determined that co-overexpression of EGFR and c-Src in human 
breast tumors and breast cancer cell lines correlated with higher grade in the former and 
enhanced xenograft tumor growth in the latter, as compared to tumors or cell lines that 
overexpressed only one of the pair. Phosphorylation of Y845 and Y1101 of the EGFR, 
hyper-activation of the MAPK pathway, and enhanced phosphorylation of EGFR sub-
strates occurred concomitantly with co-overexpression of c-Src and the EGFR. These 
data indicated that the interplay between these two kinases can contribute in significant 
ways to tumorigenesis. Further tests of the c-Src/EGFR synergism in oncogenesis require 
testing of recently derived small molecule inhibitors specific for each kinase in animal 
models and human patients.  
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  4. MECHANISMS OF C-SRC SIGNALING UPSTREAM OF THE EGFR: 
TRANSACTIVATION OF THE EGFR  

 In addition to stimulation by EGF and structurally related ligands, the EGFR can also be 
activated by agonists specific to several other receptors ( 34 ). In multiple instances this process, 
known as transactivation, is mediated by the kinase activity of a Src family member. A common 
mechanism entails activation by c-Src of a member or members of the metalloproteinase (MMP) 
family, which leads to ectodomain shedding of an EGFR ligand from a membrane-bound precursor 
form and subsequent binding of the released ligand to the EGFR (Fig.  9.2 ). The MMP-mediated 
mechanism of EGFR transactivation does not always require the Src family, however, and there are 
several examples of EGFR transactivation that occur independently of the MMP family.  

  4.1. GPCR-mediated EGFR Transactivation 
 By far, the largest and best characterized group of receptors that transactivate the EGFR is 

the G-protein coupled receptor (GPCR) family. Ligand-activated GPCRs function as guanine 
 nucleotide exchange factors for associated heterotrimeric complexes of guanine nucleo tide-
binding (G) proteins. GPCRs regulate a plethora of processes contributing to oncogenesis, 
 including cell proliferation, survival, metastasis, and differentiation. Src family kinases can 
directly and indirectly associate with GPCRs (in some instances through β-arrestin) and are 
activated following ligand binding to several GPCRs. Upon activation, Src family kinases 
mediate signaling downstream of GPCRs, including the phosphorylation and regulation 
of specific GPCRs, their associated G proteins, and activation of MMP family members 
(Reviewed in ( 34 )). 

 Bioactive lipids constitute one class of GPCR agonists, and some of these molecules 
are implicated in Src family-dependent transactivation of the EGFR. Lysophosphatidic acid 
(LPA), for example, is the major mitogenic component of serum that signals in a plethora of 
cancer types ( 35 ,  36 ). Through its receptor, LPA promotes the phosphorylation of the EGFR 
on Y845, Y992, Y1068, and Y1173 ( 37 ,  38 ). The requirement for Src family kinases in this 
process has been described in several models, but the involvement of MMPs is uncertain 

  Fig. 9.2.     C-Src Signaling Upstream of the EGFR.  G-protein coupled receptor (GPCR) ligands can 
signal through the GPCR complex to activate c-Src, as indicated by phosphorylation of Y416. The 
GPCR complex contains a serpentine GPCR, the a, b, g  subunits of a heterotrimeric G protein, and 
β-arrestin (see text). Activated c-Src promotes either metalloproteinase (MMP)-dependent or 
–independent cleavage of a membrane-localized EGFR ligand, which in turn binds to and transactivates 
the EGFR. Ligand activated cytokine receptors and specific growth factor receptors transactivate the 
EGFR in a similar fashion.       



124 Pritchard et al.

( 37 – 39 ). In human breast cancer cells, pY845 is required for LPA-induced DNA synthesis, 
indicating a critical role for EGFR in LPA-induced mitogenesis ( 37 ,  38 ). Eicosanoids, such 
as prostaglandin E2 (PGE2), are derivatives of arachadonic acid. Signaling from EP4, the 
PGE2 receptor, requires c-Src action upstream of the EGFR ( 40 ), but involvement of the 
MMP family in this pathway is unclear. Studies by Pia and colleagues ( 41 ) demonstrated 
that MMPs are involved upstream of the EGFR in normal and transformed colon cell lines, 
while in a different colorectal cancer cell line, MMP activity is downstream of the Src family 
and EGFR and mediates PGE2-stimulated invasion but not migration ( 40 ). 

 Peptides are another class of GPCR agonists that are capable of transactivating the EGFR. 
In head and neck cancer cells, gastrin-releasing peptide (GRP) activates c-Src, which in turn 
promotes MMP-mediated amphiregulin and transforming growth factor-α (TGF-α) release 
(both ligands of the EGFR); c-Src also signals downstream of the GRP-activated EGFR 
and is required for GRP-induced cell proliferation ( 42 ). Similarly, gonadotropin-releasing 
hormone (GnRH) binds its receptor, which stimulates c-Src, MMP2, and MMP9 activities 
and facilitates phosphorylation of Y845 on the EGFR( 16 ). Although Y845 phosphorylation 
is typically associated with mitogenesis, GnRH is growth inhibitory for prostate and ovarian 
cancer cells ( 43 ,  44 ). Stromal cell-derived factor-1α (SDF-1α), a chemokine, signals through 
CXCR4 in ovarian adenocarcinoma cells and promotes Src family-dependent EGFR activation 
and DNA synthesis ( 45 ). 

 Endothelin and angiotensin II regulate vascular constriction and dilation but are also 
mitogenic for multiple types of cancer cells and capable of transactivating the EGFR ( 46 – 48 ). 
Work in ovarian carcinoma cells by Spinella and colleagues ( 49 ) suggests that endothelin 
requires c-Src, MMP, and EGFR activities to promote PGE2 release, which in turn activates 
c-Src, MMP, and EGFR and increases Y845 phosphorylation on the EGFR. Both c-Src and 
EGFR kinase activities are required for endothelin or PGE2-induced migration of these cells. 
In addition, Boerner and colleagues ( 37 ,  49 ) have demonstrated that Y845 phosphorylation 
is required for endothelin-induced DNA synthesis of breast cancer cells. Angiotensin II acts 
via the AT1 1  receptor and causes HB-EGF to stimulate phosphorylation of Y1173 on the 
EGFR in C9 rat liver epithelial cells. In this model system c-Src acts upstream of HB-EGF 
release and subsequent EGFR transactivation ( 50 ). 

 While estrogen is best known for its actions through the canonical estrogen receptor, 
it can also bind and activate the GPCR, GPR30. Estrogen-induced GPR30 transactivation 
of the EGFR involves Gβ 

γ
  stimulation of c-Src, which in turn activates the MMP family, 

releasing HB-EGF to activate EGFR ( 51 ). In Ishikawa endometrial cells, GPR30-mediated 
transcription in response to estrogen requires the Src family and EGFR kinase activity but is 
independent of steroid hormone receptors ( 52 ). Similarly, estrogen signaling through GPR30 
and/or the canonical estrogen receptor(s) in MCF-7 breast cancer cells releases sphingo-
sine-1-phosphate, which binds to its receptor, a GPCR, Edg-3. Signaling through this pathway 
requires sphingosine kinase-1, MMPs, and the Src family for EGFR phosphorylation. EGFR 
kinase activity and Edg-3 are required for estrogen-induced cell proliferation in this breast 
cancer model ( 53 ).  

  4.2. Nuclear Steroid Hormone Receptor-mediated EGFR Transactivation 
 Although nuclear hormone receptors were so named based on their ligand-dependent tran-

scriptional activity, these receptors are found in both the nucleus and cytoplasm and participate 
in ligand-dependent and ligand-independent protein-protein interactions. This family of proteins 
includes the estrogen receptors, ER-α and ER-β, and the androgen receptor. Hormones  binding 
these receptors are key regulators of cancer cell growth, metastasis, and survival, particularly in 
the hormone-responsive tissues, such as breast, uterus, cervix and prostate ( 54 ). While there is 
ample evidence of crosstalk between the EGFR and steroid hormone receptors (reviewed 
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in ( 54 ,  55 )), there is little direct evidence of transactivation of the EGFR by liganded  hormone 
receptors. Steroid hormone receptors, however, have been shown to interact with both EGFR 
and Src family members. For example, it is known that c-Src and Lck phosphorylate Y537 in 
the ligand-binding domain of ER-α,  in vitro  and  in vivo  ( 56 ). The c-Src SH2 domain binds 
phosphorylated Y537 of ER-α, while the SH3 domain of c-Src basally associates with modu-
lator of nongenomic activity of the ER (MNAR), a scaffolding protein, forming a multimeric 
complex ( 57 ). In MCF-7 cells, EGF stimulates the formation of a complex comprised of ER-α 
or ER-β, androgen receptor, c-Src, MNAR, and EGFR, which facilitates EGFR phosphorylation, 
increases proliferation, and induces cytoskeletal changes ( 58 ). These findings suggest a 
biological significance for this complex that has not yet been fully investigated.  

  4.3. Transactivation of the EGFR by other Receptors and Molecules 
 In addition to the receptors discussed above, several other types of receptors and chemical 

moieties lead to Src-mediated EGFR activation and phosphorylation. These include cytokine 
and growth factor receptors, intracellular kinases, as well as charged molecules, such as Zn+ 
and hydrogen peroxide. 

 Cytokines, growth hormone and interferon-γ (IFN-γ), are highly expressed in specific 
cancers, and their ligand-bound receptors are capable of transactivating the EGFR ( 59 – 61 ). 
Growth hormone stimulates c-Src and Y845 phosphorylation of the EGFR, as well as c-Src-
dependent association of c-Src with the EGFR ( 37 ). Phosphorylation of Y845 is required 
for growth hormone-induced DNA synthesis in breast cancer cells ( 37 ). A 24- hour IFN-γ 
treatment of colonic epithelial cells results in activation of the Src family and TGF-α release 
from the basolateral surface, both of which promote EGFR phosphorylation ( 62 ). 

 Crosstalk between the EGFR and insulin-like growth factor receptor (IGFR) is exten-
sively characterized and is discussed in greater detail in Chapter 11. Ligand-activated IGFR 
promotes the growth of tamoxifen-resistant breast cancer cells ( 63 ,  64 ) and concomitantly 
induces tyrosine phosphorylation of c-Src, c-Src-dependent phosphorylation of Y845 and 
Y1068 on the EGFR, and association of the EGFR with the IGFR and c-Src ( 13 ). C-Src and 
EGFR kinase activities are required for IGF-induced growth of these cells. 

 Protein kinase C is a family of eleven phospholipid-dependent serine / threonine kinases 
that bind the carcinogenic phorbol esters. In glioblastoma cell lines phorbol 12-myristate 
13-acetate (PMA) activates the Ca2+-independent isoform of PKC, PKCδ which results in 
phosphorylation of c-Src on serines 12 and 48, c-Src activation, and c-Src-dependent phos-
phorylation of Y845 and Y1068 on the EGFR. Involvement of both the EGFR and c-Src are 
required for PMA-induced DNA synthesis in these tumor cells ( 65 ). In contrast, in primary 
mouse keratinocytes, activation of PKCη by the Src family kinase, Fyn, has the opposite 
effect, decreasing EGFR tyrosine phosphorylation and DNA synthesis ( 66 ). 

 Small, charged molecules, such as Zn 2+  and hydrogen peroxide (H 
2
 O 

2
 ), also have 

the capability of transactivating the EGFR. Zn 2+  has repeatedly been shown to induce a 
c-Src-dependent phosphorylation of Y845 on the EGFR and activation of the MAP kinase 
pathway, but there is some disagreement over whether the autophosphorylation sites of the 
EGFR are phosphorylated ( 14 ,  15 ). Further work suggests the involvement of the MMP 
family in EGFR transactivation, but the mechanism by which c-Src becomes activated by 
Zn 2+  has not been elucidated ( 14 ). Similar to Zn 2+  treatment, H 

2
 O 

2 
 activates c-Src upstream 

of the EGFR, resulting in phosphorylation of Y845 and Y1068 via an MMP-independent 
mechanism ( 67 ). Some evidence supports the notion that H 

2 
O

 2
  activates c-Src through 

inhibition of protein tyrosine phosphatases, which would enhance retention of the phosphate 
on Y416/419 of c-Src, favoring the activated conformation ( 68 ,  69 ). The full relevance of 
Zn2+   and H 

2
 O

 2
  activation of c-Src and the EGFR to cancer initiation or progression are not 

understood at the present time. 
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 In summary, a wide variety of ligands for cell surface receptors are capable of transactivating 
the EGFR in a Src family-dependent manner. Where examined, biological responses to these 
extracellular cues invariably require c-Src, the activated EGFR and frequently  phosphorylation 
of Y845, a c-Src-specific site. These findings have potentially far-reaching implications not 
only for normal physiological responses but also for pathological conditions, many of which 
are the result of aberrant receptor signaling.   

  5. MECHANISMS OF C-SRC SIGNALING DOWNSTREAM 
OF THE EGFR  

  5.1. Signaling from the c-Src-mediated Phosphorylation Site 
on the EGFR, Tyrosine 845 

 Substitution of Y845 with phenylalanine creates a mutant EGFR that inhibits EGF-induced 
DNA synthesis, growth in soft agar, and survival following induction of apoptotic stress 
( 4 ,  11 ,  37 ,  70 ). Interestingly, neither the catalytic activity of the receptor nor signaling to Shc, 
ERK2, and a number of other EGFR effectors is affected by this mutation ( 4 ), suggesting that 
the canonical EGFR signaling pathways are not sufficient for EGF-induced proliferation/sur-
vival and that other effectors downstream of pY845 are required. Indeed, several downstream 
mediators of pY845 have been identified, including STAT5b, a transcription factor involved 
in mitogenesis ( 71 ), and cytochrome c oxidase subunit II (Cox II) ( 70 ), a mitochondrially 
encoded protein involved in oxidative phosphorylation and postulated to regulate cytochrome 
c release during apoptosis ( 72 ,  73 ). 

  5.1.1. STATs 
 Signal transducers and activators of transcription (STATs) are transcription factors that 

reside in the cytoplasm, where they can be activated by growth factors or cytokines. Activa-
tion entails phosphorylation on critical tyrosine residues, dimerization, and translocation to the 
nucleus, where the proteins modulate transcriptional programs and regulate a range of biological 
 processes, including proliferation, differentiation, and survival ( 74 ). Of the seven STAT proteins, 
three (STATs 3, 5a, and 5b) are repeatedly implicated in playing critical roles in hematologic 
cancers, as well as solid tumors of the prostate, pancreas, breast, and head and neck ( 75 ,  76 ). 

 In breast cancer cells pY845 of the EGFR activates STAT5b ( 71 ). Overexpression of 
the liganded  EGFR, c-Src kinase activity, and phosphorylation of Y845 on the EGFR are 
required for this activation. Dominant-negative STAT5b inhibits EGF-induced proliferation 
in these cells, demonstrating that STAT5b is required for EGF-stimulated mitogenesis in 
breast cancer cells and that both c-Src and the EGFR play critical roles in its activation. 

 In contrast to STAT5b, constitutive activation of STAT3 is dependent upon c-Src and JAK 
tyrosine kinases but not upon the EGFR ( 77 ). However, EGF stimulation, further increases 
STAT3 DNA binding activity in murine fibroblasts modeled to overexpress the EGFR and/or 
c-Src, suggesting that STAT3 may also play a role in EGF-inducible events in breast cancers. 
Importantly, expression of a dominant negative STAT3 leads to growth inhibition and apopto-
sis of breast cancer cells, as does inhibition of c-Src or JAK tyrosine kinases ( 77 ). 

 Similar relationships between the EGFR, c-Src, and STATs 3 and 5 are seen in squamous 
cell carcinoma of the head and neck (SCCHN) ( 78 ). Constitutive activation of STATs 3 and 
5 is linked to constitutive phosphorylation of the EGFR in these cancers, and c-Src, EGFR, 
and STATs3/5 form a stable, co-immunoprecipitatable complex. In nine SCCHN cell lines 
examined, c-Src phosphotyrosine levels were found to correlate with activation levels of 
STATs 3 and 5, and growth rates of these cell lines were reduced by inhibitors of c-Src. 
Together, these studies demonstrate a role for c-Src in mediating activation of STATs 3 and 
5 in concert with the EGFR.  
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  5.1.2. Cytochrome c oxidase II (Cox II)  
 Phosphorylated Y845 of the EGFR also mediates EGFR binding to the mitochondrial 

protein, cytochrome c oxidase subunit II (Cox II) ( 70 ). Cox II is encoded by mitochondrial 
DNA and located in the inner mitochondrial membrane. It is a critical component of the 
fourth complex of the electron transport chain and through its affinity for cytochrome c is 
speculated to play a role in regulating apoptosis ( 72 ,  73 ). Following EGF stimulation of 
murine fibroblasts or breast cancer cells, the EGFR translocates to the mitochondria, where 
it associates with Cox II in a pY845-dependent manner. A mitochondrial function for the 
EGFR is implicated by its ability to protect breast cancer cells from chemotherapy-induced 
apoptosis. Specifically, transient, ectopic expression of the Y845F mutant EGFR renders the 
cells more sensitive to adriamycin-induced death, suggesting that the ability of the EGFR 
to bind Cox II through pY845 plays a key role in EGFR-mediated resistance to the drug. 
Mutant or dominant negative STAT5b fails to reverse the inhibition by Y845F EGFR, indi-
cating that signaling to STAT5b from Y845F is insufficient for this event ( 70 ). 

 The presence of c-Src in mitochondria of osteoclasts has been described previously ( 79 ,  80 ), 
and in EGF-stimulated murine fibroblasts, ongoing studies show that c-Src translocates to the 
mitochondria with the same time course as the EGFR (Demory et al., in preparation). Trans-
location of the EGFR requires the catalytic activity of both c-Src and the EGFR, a putative 
mitochondrial targeting sequence, and endocytosis of the receptor (Demory et al., in prepara-
tion). Furthermore, in osteoclasts, c-Src can tyrosine phosphorylate Cox II, a modification that 
appears to regulate its activity and association with cytochrome c. This finding suggests that 
tyrosine kinases can regulate Cox II and possibly mitochondrial function. Additional studies 
are needed to verify and extend these findings, as the outcomes have potentially important 
applications to our understanding of drug-induced cell death and therapeutic resistance.   

  5.2. Signaling from Other c-Src-phosphorylated Sites on the EGFR 
 C-Src has been demonstrated to phosphorylate  in vitro  all five EGFR autophosphorylation 

sites, as well as five novel sites, four of which have been shown to occur in intact cells (Y845, 
Y891, Y920, and Y1101) ( 6 ,  10, 11 , Biscardi, J.S., M.E. Cox, S. Parsons, unpublished). Site 
mapping, combined with  in vitro  affinity precipitation and Far Western analyses ( 8 ,  9 ,  11 ) dem-
onstrate  that the c-Src SH2 domain can bind activated EGFR specifically and directly. Further-
more, full-length c-Src can co-immunoprecipitate with activated EGFR ( 21 ,  81 ). These findings 
place c-Src in a position to phosphorylate other signaling molecules that bind the EGFR, such 
as the adapter molecules Shc, Gab1 and 2, as well as PLCγ, the p85 subunit of PI-3 kinase, Cbl, 
and others. In several instances, direct phosphorylation of these molecules by c-Src is  implicated 
(particularly with PI-3 kinase), but not verified by in vitro and/or in situ studies. 

  5.2.1. PI-3 Kinase 
 Early studies by Stover and colleagues ( 6 ) demonstrated that the SH2 domain of the regulatory 

subunit of PI-3 kinase (p85) exhibited preferred binding to one of the  in vivo  c-Src phosphoryla-
tion sites on the EGFR, namely Y920. Subsequent attempts to co-immunoprecipitate p85 with 
EGFR, however, met with variable success, suggesting that the interaction may not be direct. 
More recent studies have revealed the propensity of p85 to interact on a constitutive basis with 
cytosolic adaptor proteins (such as Gab1, Gab2, and Shc), which in turn localize to the membrane 
following EGF stimulation and bind the EGFR indirectly (or also directly in the case of Shc) 
through Grb2 ( 82 – 84 ). Gab1, Gab2, and Shc are all tyrosine phosphorylated, and at least one 
kinase capable of mediating this phosphorylation is c-Src ( 85 – 87 ). Multiple reports link c-Src 
to tyrosine phosphorylation of p85 and activation of PI-3 kinase signaling pathways (including 
activation of Akt), but evidence for direct phosphorylation of p85 by c-Src is lacking. Rather, 
cumulative data in several different signaling systems (including the EGFR), suggest that the link 
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is indirect, being as it is upstream of p85 and likely at the level of the adaptor protein associated 
with the receptor ( 88 – 90 ).  

  5.2.2. Map Kinase and PLCg 
 Similarly, c-Src is implicated as an activator of MAP kinase. Again, there is no evidence that 

c-Src phosphorylates this molecule directly. Rather, it is likely that c-Src, along with the EGFR, 
phosphorylates Shc, which in turn binds Grb2 and activates the SOS, Ras, Raf, MEK, MAPK 
cascade. Likewise, a few references describe c-Src as regulating PLCγ activity, but the mecha-
nism again appears to be indirect. The preferred means of phosphorylating and activating PLCγ 
is by the EGFR itself, following binding of PLCγ to the C-terminal tail of the receptor ( 91 ).   

  5.3. Other EGFR Effectors Phosphorylated and Regulated by c-Src 
 To date, a variety of proteins have been identified and characterized as substrates for c-Src. 
Among the numerous c-Src targets, examples of those that are known to participate in signaling 
conveyed from the EGFR/c-Src interaction are featured here (Fig.  9.3 ).  

  Fig. 9.3.      C-Src Signaling Downstream of the EGFR.  C-Src regulates many EGF-initiated events, such 
as (1) cell adhesion and migration, (2) cell proliferation, growth, and survival, and (3) EGFR endocytosis 
by phosphorylating critical sites on the EGFR (including Y845) and cellular substrates involved in each 
of the processes. See text for a detailed description of the substrates and how phosphorylation by c-Src 
affects each of them. Definitions: Integrin – receptor for extracellular matrix; FAK – Focal Adhesion 
Kinase; P130 Cas – 130 kDa scaffolding protein in focal adhesions; Cortactin – an actin binding protein; 
MNAR – Modulator of Nongenomic Activity of the Estrogen Receptor; SR – Steroid hormone Receptor; 
Shc, Gab1,2, Grb2 – adaptor proteins; STAT5b – Signal Transducer and Activator of Transcription 5b; 
Cox II – cytochrome c oxidase subunit II; Clathrin – a protein involved in coated pit formation; Dynamin 
– a GTPase involved in cleavage of endocytic vesicles from the plasma membrane; Cbl – an E3 ligase 
that binds the EGFR and mediates its ubiquitination and targeting for lysosomal degradation.       
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  5.3.1. c-Src Substrates that Regulate EGFR Internalization and 
Degradation  

 Cbl, clathrin, dynamin, and caveolin are  bona fide  substrates of c-Src that regulate 
EGFR internalization and degradation. 

  5.3.1.1. Cbl 
 Cbl is an E3-ligase that binds to and ubiquitinates ligand-activated EGFR. Ubiquitination 

 promotes both receptor endocytosis and degradation ( 92 ). Phosphorylation of Cbl by c-Src 
facilitates the ubiquitination and proteasomal degradation of Cbl, thereby reducing levels 
of Cbl, promoting receptor recycling back to the plasma membrane, and extending EGFR 
signaling ( 93 ).  

  5.3.1.2. Clathrin 
 Clathrins assemble in a protein lattice to form coated pits into which ligand-bound recep-

tors are sorted and internalized. C-Src phosphorylates Y1477 on the clathrin heavy chain; 
this site is located in a domain critical for clathrin self-assembly. Some evidence suggests 
that phosphorylation of clathrin by c-Src enhances the endosomal pool of activated receptors 
that continue to signal until degraded ( 94 ). This  is supported by the findings of Ware and 
colleagues ( 95 ) that cells overexpressing c-Src show an increased rate of EGFR endocytosis 
and a larger pool of internalized receptors than controls.  

  5.3.1.3. Dynamin 
 Dynamin is a GTPase that governs separation of the endocytic vesicles from the 

plasma membrane ( 96 ). C-Src phosphorylation of dynamin at Y597 increases both dynamin 
self-assembly and GTPase activity and is required for EGF-mediated EGFR internalization.  

  5.3.1.4. Caveolin 
 Caveolin, a small integral membrane protein, is a principal component of caveolae mem-

brane invaginations and is suggested to have a scaffolding function. EGFR and c-Src are 
components of caveolae, with caveolin having the capacity to bind EGFR directly and 
inhibit its kinase activity ( 97 ). EGF binding to its receptor induces migration from caveo-
lae, a movement that occurs independently of internalization by clathrin-coated pits and is 
dependent on c-Src phosphorylation of caveolin on Y14 ( 98 ,  99 ). Phosphorylation of Y14 
is postulated to release EGFR from the inhibitory effects of caveolin and confer binding 
to Grb7, both of which functionally augment anchorage-independent growth and EGF-
stimulated cell migration.   

  5.3.2. C-Src Substrates that Link Actin Cytoskeletal Dynamics to the EGFR  
 Multiple c-Src substrates mediate changes in the actin cytoskeleton that are set into motion 

by stimulation with EGF. These include cortactin, focal adhesion kinase (FAK), p130Cas, 
paxillin, p190RhoGAP, PIPKIγ661, tensin, and others. Below is an abbreviated discussion 
of representatives of this group. More in-depth descriptions can be found in Playford and 
Schaller ( 100 ) and Schlaepfer and Mitra ( 101 ). 

  5.3.2.1. Cortactin 
 Cortactin is an F-actin binding protein that plays a role in enhancing nucleation of actin fila-

ments by Arp2/3 and in cross-linking F-actin ( 102 ,  103 ). As such, it is postulated to contribute 
to filopodia or lamellipodia formation. Tyrosines 421 and 466 of cortactin have been identified 
as  in vivo  and  in vitro  c-Src phosphorylation sites ( 104 ,  105 ), but the exact role these sites 
play in cellular movement is somewhat unclear. Overall, tyrosyl phosphorylation of cortactin 
can reduce its F-actin cross-linking activity, but the impact on cell spreading, migration or inva-
sion is not well understood. Cortactin becomes highly tyrosine phosphorylated following EGF 
stimulation ( 106 ), an event that is regulated by levels and activity of c-Src ( 106 ,  107 ).  
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  5.3.2.2. Focal Adhesion Kinase 
 Focal adhesion kinase (FAK) is a tyrosine kinase that interacts with multiple cellu-

lar proteins to translate integrin engagement by the extracellular matrix (ECM) into intra-
cellular actin cytoskeletal alterations that promote key components of cancer metastasis: cell 
 spreading, motility, and invasion ( 108 ). FAK and c-Src form a transient, active complex 
following integrin activation by ECM proteins or ligand stimulation of the EGF or PDGF 
receptors, which results in phosphorylation of FAK by c-Src on tyrosines 576, 577, 861, and 
925. These sites in turn enhance FAK kinase activity and generate docking sites for multiple 
proteins, including paxillin and p130Cas, which regulate cell motility and invasion ( 101 ). 
Integrin activation also results in phosphorylation of EGFR at multiple tyrosines, including 
Y845 ( 109 ), which in turn can activate proliferation and survival signals.  

  5.3.2.3. p130 Cas 
 Cas is an adapter protein involved in multiple cell functions, including cell migration and 

invasion, as well as proliferation and resistance to chemotherapeutic agents ( 18 ,  100 ). C-Src 
is activated by binding to Cas, which results in phosphorylation of Cas by c-Src on multiple 
tyrosine residues. C-Src can bind Cas in the context of the focal adhesion or in other mem-
brane sites. Phosphorylation of Cas by c-Src generates multiple unidentified docking sites 
on Cas for SH2-containing signaling proteins, and it is this interplay that is thought to play a 
role in the ability of p130Cas to confer tamoxifen resistance to breast cancer cells. Interestingly, 
phosphorylation of Y845 on the EGFR by Cas-activated c-Src is required for Cas to mediate 
tamoxifen resistance ( 18 ).   

  5.3.3. Steroid Hormone Receptors as c-Src Substrates Downstream 
of EGFR 
  5.3.3.1. Estrogen Receptor 

 In specific reproductive tissues, such as the uterus, EGF-induced proliferation is dependent 
upon the canonical ER and estrogen-induced proliferation is dependent upon the EGFR ( 110 , 
 111 ). As discussed above, mechanistic studies have revealed that estrogen transactivates the 
EGFR via a c-Src-dependent mechanism ( 112 ) and c-Src also functions downstream of the 
EGFR to mediate its activation of MAP kinase and phosphorylation of ER-α in its activation 
function 1 (AF1) domain, a phosphorylation important for ER-dependent transcriptional 
activity ( 113 ,  114 ). Furthermore, c-Src can phosphorylate ER-α directly on Y537 ( 56 ,  115 ), 
but as yet this phosphorylation has no consensus effect on ER-α function.  

  5.3.3.2. Androgen Receptor 
 Similarly, activated c-Src can phosphorylate the androgen receptor on Y534, a phosphoryla-

tion that is required for androgen-independent progression in prostate cancer cells. One mecha-
nism of activation of c-Src in this system is by growth factors, such as EGF ( 116 ,  117 ).     

  6. INHIBITION OF C-SRC SIGNALING THAT CONVERGES
 WITH THE EGFR  

 Given the overwhelming evidence that Src and EGFR signaling networks converge at 
multiple levels from direct interaction between the two molecules to collaborative activation 
of shared downstream effectors, one strategy for interdicting this interplay in cancer cells is 
to target both kinases with inhibitors. Indeed, small molecule inhibitors have been developed 
for both the EGFR and Src family kinases (SFKs). The predominant type of inhibitor is one 
that inserts into the catalytic cleft of the enzymes and competitively inhibits ATP binding 
and substrate phosphorylation. Several ATP competitors for the EGFR, such as Gefitinib, 
Erlotinib, and Lapatinib, have undergone fairly extensive testing in the clinic and are the 
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 subject of Chapter 3 within this volume. The data emerging from these studies indicate the 
need for combinatorial therapies, perhaps some involving drugs that target the SFKs along 
with the EGFR inhibitors. Below is a short description of representative SFK inhibitors 
of the ATP competitor class and their uses both in experimental cell culture systems and 
in some instances in human clinical trials. To date, few studies have been conducted that 
utilize both EGFR and SFK inhibitors simultaneously, although this strategy appears to be 
imminent. 

  6.1. Molecules that Function as ATP Competitive Inhibitors for SFK 

  6.1.1. PP1 and PP2 
 PP1 and PP2 were identified in 1995 as novel chemical ATP competitors of SFKs ( 118 ). 

PP2 is the more selective for SFKs since PP1 also inhibits the PDGF-β receptor kinase with 
a nearly equal IC

50
 as that of SFKs ( 119 ). Both PP1 and PP2 have limited membrane perme-

ability and thus are rarely used in animal studies and not at all in clinical trials. Neverthe-
less, the relatively high specificity of the agents has prompted their extensive application 
in cell culture studies, studies which have provided much of the proof of principle needed 
for development of agents with equal or greater specificity and bioavailability. For example, 
in studies of MDA-MB-468 breast carcinoma cells which overexpress EGFR, Li and col-
leagues ( 120 ) demonstrated that ionizing radiation causes ERK1/2 activation and EGFR 
tyrosine phosphorylation, but not auto-phosphorylation or phosphorylation at Y845, 
the c-Src-specific site. Both PP2 and AG1478 (EGFR inhibitor) but not wortmannin (PI-3 
kinase inhibitor) suppressed activation of ERK, in this system, suggesting involvement of 
both c-Src and EGFR in a novel pathway activated by ionizing radiation. 

 In squamous carcinoma and A431 cells, Y14 of caveolin is phosphorylated upon EGF 
treatment. This effect can be blocked by PP1 or PP2, but not MEK inhibitors, PI3K 
inhibition or cytoskeleton-disruption agents ( 121 ).  

  6.1.2. AZD0530 
 AZD0530 is a highly selective, dual-specificity inhibitor of c-Src and BCR-ABL. Hiscox 

and colleagues ( 122 ) have shown that acquisition of tamoxifen-resistance by MCF-7 breast 
carcinoma cells results in elevated EGFR signaling, as well as increased c-Src kinase activity, 
independently of c-Src protein levels or gene expression. In this cell system, treatment with 
AZD0530 reduces c-Src activity, FAK activity, and levels of phosphorylated paxillin and 
suppresses motility and invasion. The EGFR inhibitor gefitinib is additive for these effects.  

  6.1.3. Dasatanib 
 Dasatanib (BMS-354825) is a potent, orally-active inhibitor of SFKs and a less potent 

inhibitor of other tyrosine kinases, including c-Kit, PDGFR and BCR-ABL. Song and col-
leagues ( 123 ) reported that in non-small cell lung carcinoma (NSCLC) cells with activating 
EGFR mutations, Dasatinib induced apoptosis, but not in NSCLC that express wild-type 
EGFR. In the apoptotic cells, Akt and STAT3 activation were also down-regulated, which 
suggests that Dasatinib is inhibiting Src family- and EGFR-regulated PI-3 K/PTEN/Akt and 
STAT pathways. In cells expressing wild-type EGFR, Dasatinib causes a G1/S cell cycle 
arrest. A Phase I dose-escalation study of Dasatinib in treatment-resistant gastrointestinal 
stromal tumors (GIST) was recently published as an abstract at American Society of Clinical 
Oncology (ASCO). Evans and colleagues ( 124 ) report that Dasatinib can be safely adminis-
tered at doses of up to 70mg BID on a 5-days on, 2-days off, weekly schedule. No objective 
tumor responses were seen by CT analysis, although the abstract suggests that the clinical 
benefits in a subset of patients were encouraging. Shah ( 125 ) reports that clinical trials of 
Dasatinib in chronic myelogenous leukemia (CML) patients who are resistant to Imatinib (a 
front-line therapy) show remarkable promise.   
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  6.2. Alternate Means of Inhibiting SFKs 

  6.2.1. Expression of Dominant Negative c-Src 
 Head and neck cancer cell lines (HNSCC), which overexpress the EGFR and demonstrate 

enhanced GRP signaling, can induce phosphorylation of the EGFR and MAPK, likely via 
release of membrane-bound TGF-α. Inhibiting c-Src activity by means of an ATP competi-
tive inhibitor or by expression of dominant negative c-Src decreases GRP-induced MAPK 
activation, as well as cell invasion, growth, and secretion of TGF-α and amphiregulin ( 42 ). 

 Inhibition by ATP competitors or expression of a dominant negative c-Src prevents inva-
sion of U251 glioma cells. The authors suggest that inhibition of invasion is likely due to 
c-Src-dependent changes in actin dynamics ( 126 ). 

 In glioma cell lines PMA transactivates the EGFR and induces serine/threonine phospho-
rylation of c-Src, as well as phosphorylation of Y845 and Y1068 on the EGFR, resulting in 
enhanced cell proliferation. Competitive ATP inhibitors of c-Src or expression of dominant 
negative c-Src prevents this enhancement, indicating a role for a PKC/c-Src/EGFR pathway 
in glioma cell growth ( 65 ). 

 Substance P is a neurotransmitter expressed in glioblastomas that leads to activation of 
MAPK and cell proliferation. PP2 or expression of dominant negative c-Src prevents this 
activation, whereas AG1478 (an EGFR inhibitor) only partially decreases it. Data suggest 
that the Substance P receptor works through the PKCδ pathway ( 127 ).  

  6.2.2. Src Homozygous Null Mice 
 Glioblastoma are brain cancers that do not overexpress c-Src but require c-Src activity 

for EGFR signaling. In c-Src -/- knock-out mice, glioma growth is blocked by a mecha-
nism involving vascular endothelial growth factor (VEGF). C-Src -/- mice also exhibit reduced 
glioma cell invasion and infiltration in mouse brain tumor xenografts ( 128 ). 

 Overall, the results of preclinical tissue culture and animal studies employing SFK inhibitors 
point to critical roles played by c-Src and its related family members in the genesis and 
progression of human cancers. These findings, derived from a variety of different tumor 
types, provide in many ways the “proof of principle” that movement of the SFK inhibitors 
into the clinic, particularly in combination with EGFR inhibitors, is warranted.     
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  Abstract 
 Classical cadherins are single-pass transmembrane glycoproteins engaged in homophilic calcium-

dependent cell-cell adhesion complexes, a system highly conserved in all multicellular organisms. 
E-cadherin is one of these enthralling adhesive receptors, originally named uvomorulin, for its  “ glue ”  
ability during the early stage of embryogenesis. Highly expressed in differentiated and polarized 
epithelial cells, the dynamic formation and disassembly of E-cadherin contacts participate in most 
developmental and pathological processes involving morphogenetic changes in the epithelium. 
E-cadherins bind through their extracellular region to E-cadherins expressed in adjacent cells and are 
linked through their intracytoplasmic tail to the cytoskeleton through a family of proteins collectively 
known as catenins, which also play an important role in E-cadherin-initiated intracellular signaling. 
E-cadherin is believed to act as a tumor- and metastasis-suppressor gene, as its expression and func-
tion are down-regulated or altered in many human cancers, and its re-expression decreases both the 
proliferative and invasive capacity of tumor cells. Recent evidence suggests the existence of a direct 
cross-talk between E-cadherin and EGF receptors (EGFR). Indeed, EGFR activation can cause the 
dismantling of cell-cell contacts by promoting the destabilization of E-cadherin/catenin adhesive 
complexes, the down-regulation of E-cadherin expression, and the endocytosis and subsequent deg-
radation of pre-existing cell surface E-cadherins. On the other hand, the engagement of E-cadherin 
in newly formed cell contacts causes the rapid EGF-independent activation of EGFR, thereby trig-
gering EGFR-initiated signaling pathways that enhance cell proliferation or survival through MAPK, 
PI3-Kinase and Rho GTPases. Further studies into the molecular mechanism underlying the interplay 
between E-Cadherin and EGFR in normal and tumoral epithelial cells may ultimately help to identify 
more effective EGFR-targeting strategies for cancer treatment.  
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  1. INTRODUCTION  

 The adhesive contacts between cells underlie many morphogenetic processes during 
embryonic development and the control of growth, turnover, and regeneration of adult  tissues. 
Proteins involved in cell-cell and cell-matrix junctions define the molecular interactions 
between cells and their surrounding environment and neighboring cells. Among them, the 
adhesion molecules of the cadherin superfamily were initially described to serve as physical 
bridges between cells with the ability to regulate aggregation and sorting of cells ( 1 ). Since 
then, cadherins have been recognized to play a key role in the coordination of cell motility 
and cell fate decisions, due to their ability to transduce environment and cell-cell initiated 
signals into intracellular biochemical pathways controlling the expression and activity of 
molecules regulating cell motility, differentiation, and cell survival or death ( 2 ).  

  2. CADHERINS: ADHESIVE RECEPTORS  

  2.1. Adhesive Properties of Cadherins 
 The cadherins constitute a large superfamily of cell-cell adhesion molecules, as reflected 

by the presence of more than 200 genes encoding cadherins in the human genome. Most 
of our current knowledge on these cell surface molecules comes from studies on classical 
cadherins, which are Ca 2 +  -dependent, homophilic, cell-to-cell adhesion molecules expressed 
in nearly all cells within solid tissues. These molecules also participate in cell-cell recogni-
tion, a property that confers the ability of cells to aggregate with and ultimately sort their 
most physiologically relevant cell partners. For example, as illustrated in Fig.  10.1 , only 
cells expressing the same type of cadherins may adhere to each other ( 3 ). The specificity 
of homophilic adhesion is conserved even throughout species, since orthologues of each 
cadherin class may preferentially bind to each other across species, instead of binding para-
logues within the same species. The classical cadherins were originally named based on the 
tissue in which they are most prominently expressed. For example, E-cadherin is expressed 
primarily in epithelial cells, VE-cadherin in vascular endothelial cells and N-cadherin in 
nervous system and mesenchymal cells. It has become clear, however, that these expression 
patterns are not mutually exclusive, and most cadherins can be expressed at various levels in 
many different cells and tissues. Among these cadherins, E-cadherin is associated with the 
zonula adherens of the epithelial junctional complex, which helps the cells to form a tight, 
polarized cell layer that can perform barrier and transport functions ( 2 ). In general, classical 
cadherins form a core adhesion complex that consists of a cadherin dimer, binding through 
its extracellular region to another dimer of cadherins in adjacent cells, and an intracellular 
region, anchored to the plasma membrane and linked to the cytoskeleton through a family of 
proteins collectively known as catenins.        

  2.1.1. The Extracellular Domain: Homophilic Binding 
 The extracellular domain of the classical cadherin molecule consists of five cadherin-

type repeats, called EC (extracellular cadherin) domains that are bound together by Ca 2 +   in 
a rod-like structure ( 4 ) (Fig.  10.2 ). The extracellular domain mediates the adhesive binding 
functions, which are regulated by the cytoplasmic region. Different models, however, have 
been proposed for the homophilic interactions within the extracellular domain, based on 
information obtained by the use of purified recombinant proteins containing either frag-
ments or total ECs ( 2 ,  5 ). While the nature of the interactions involved in the formation of 
homophilic adhesion complexes is still a matter of debate, all the studies agree that EC dim-
ers, either in  cis  or  trans,  represent the minimal cadherin adhesive functional unit. Moreover, 
calcium, which is required for cadherin function, rigidifies the protein structure, activates 
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 Fig. 10.1.       Adhesive Properties of Cadherins: A Role in Aggregation, Segregation and Morphogenesis.  
  (A) Schematic representation of the seminal experiments demonstrating both aggregation and seg-
regation properties of cadherins (adapted from ( 3 )). Cells that do not express any cadherin (L cells, 
 “ na ï ve ” ) do not adhere to each other. These cells were transfected with N-cadherin and labeled with 
a red dye (in gray); independently  “ na ï ve ”  cells were transfected with E-cadherin and labeled with a 
green dye (in white). Both cell types were then mixed and heterotypic contacts were forced. However, 
cells clearly associated and sorted with cells expressing the same type of cadherins, excluding the other 
cell type, leading to two distinct populations. (B) Immunofluorescence showing the heterogeneity of 
cadherin-based cell-cell contacts. An epithelial cell line ( a,  HaCaT) was stained for E-cadherin and 
showed a regularly aligned pattern; another epithelial cell line (b, HeLa) was stained for N-cadherin 
and exhibited weaker and loosely zones of cell-cell contacts. Endothelial cells ( c,  HUVEC) stained 
for VE-cadherin, harbor cell-cell junctions that are well defined but not as polarized as E-cadherin-
expressing epithelial cells.  

its adhesive properties, and imparts protease resistance ( 6 ). Early findings suggest that a 
histidine-alanine-valine (HAV) sequence in the first EC repeat (EC1) is required for 
homophilic interaction, but mutagenesis analysis unraveled that a tryptophane residue (W2) 
contributes also to an essential surface of interaction ( 7 ). Once engaged in homophilic inter-
actions, the extracellular domains develop additional forces, strengthening the adhesive 
contacts while retaining the ability to associate-dissociate rapidly in response to dynamic 
changes in the cellular environment ( 8 ,  9 ).         

  2.1.2. The Intracellular Domain: The Actin Link 
 Classical cadherins are single-pass transmembrane proteins that interact with a number of 

different cytoplasmic partners to carry out their functions, which include cell-cell adhesion, 
cytoskeletal anchoring and signaling (Fig.  10.3 ). The cadherin-associated proteins, catenins, 
are universally present in classical cadherin complexes ( 10 ). In particular,  β -catenin interacts 
with the distal part of the cadherin cytoplasmic domain and p120 catenin with a more proximal 
region.  α -catenin does not bind directly to cadherin, but instead associates with  β -catenin, and 
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 Fig. 10.2.        Molecular Models for the Homophilic Interaction of the Cadherin Extracellular 
Domain.    (A) Various models for the cadherin homophilic bond (adapted from ( 2 )):  (a)  Linear zipper 
model composed of interdigitating Trp-mediated cis dimers. The cis-strand dimer results from the 
reciprocal insertion of the Trp2 residue (W) in the EC1 domain of one subunit into a hydrophobic 
pocket of the other subunit. The homophilic-binding (or trans interaction) occurs at a different site, 
which surrounds the HAV sequence.  (b)  This model invokes extensive overlap between Trp-mediated 
dimers and requires a role for EC1 and other EC domains in the formation of the homophilic bond.  (c)  
This model implies a Ca 2 +  -dependent cis dimer, and intramolecular Trp2 binding to activate the adhe-
sive binding interface.  (d)  Revised Trp-dimer model, in which Trp2 mediates the trans-homophilic 
bond rather than the cis dimer. Calcium ions are indicated by white circles, and the interaction surfaces 
are represented by dashed lines. (B) This panel shows the structure of the EC1 domain, as it can be 
configured at the adhesive dimer interface. The calcium pocket, the HAV sequence and the W2 are the 
proposed trans and cis dimerization sites.  

 Fig. 10.3.       Organization of Cadherin Complexes at the Plasma Membrane: Initiation of Cell 
Signaling.    Cadherins are single-pass transmembrane glycoproteins, which function as a dimer. The 
extracellular part comprises five cadherin domain (EC) repeats conferring homophilic and calcium-
dependent adhesive properties. The intracellular part can recruit the p120 catenin at the juxtamembrane 
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provides a physical link to the actin cytoskeleton, either by directly binding actin filaments 
or indirectly through other actin-binding proteins such as vinculin,  β -actinin, and formins 
( 11 ,  12 ), thus regulating actin polymerization, cross-linking, and dynamics at the cell-cell 
contact zones. On the other hand, p120 catenin seems to influence cadherin function by a 
variety of mechanisms, as detailed below (please see section 2.2.3 ).          

  2.2. Catenins 

  2.2.1.  b -Catenin 
  β -catenin was biochemically identified based on its direct association with E-cadherin 

in a 1:1 stoichiometry in vertebrates, while independently isolated in a genetic screen in 
Drosophila for molecules involved in the Wnt pathway ( 13 ).  β -catenin has 12 42-amino-
acid armadillo repeats forming a superhelix. This central armadillo core binds to the cadherin 
tail (14). In addition, approximately 100 amino acids are present in each N- and C-terminal 
extension, which are the target of several serine/threonine and tyrosine phosphorylation 
events that can regulate the function, localization, and stability of   β -catenin. The structures of 
 β -catenin and of the cadherin/ β -catenin complex, have been well established and pro-
vided the framework for our understanding of its key regulatory role in cadherin-medi-
ated adhesion ( 14 ,  15 ). Moreover, biochemical data suggest that the localization of 
 β -catenin at the plasma membrane or in the cytosol/nucleus is dictated by the regula-
tion of distinct molecular forms of β-catenin with different binding properties ( 16 ). 

 The essential role of  β -catenin in cadherin-based adhesion was revealed by the use 
of deletion mutants in the C-tail of E-cadherin ( 10 ,  17 ). Several studies suggest that 
the interaction of  β -catenin with cadherin strengthens cell-cell contacts ( 18 ), although 
 β -catenin may be substituted by  γ -catenin in its adhesive function ( 19 ). The  β -catenin/
cadherin association appears to be initiated already in the endoplasmic reticulum, prior 
to E-cadherin shuttling to the plasma membrane, and may serve to fold the cadherin 
intracellular domain properly ( 15 ). In addition, the  β -catenin phosphorylation sta-
tus regulates the stability of the  β -catenin/cadherin interaction, suggesting that many 
kinase/phosphatase cascades can modify the strength of the cell-cell adhesions through 
cadherins by regulating  β -catenin (13). Finally,  β -catenin may participate in signaling 
pathways initiated at the cell-cell contacts through its interaction with PI3-Kinase (20) 
or Rac signaling via  IQGAP ( 21 ). The question as to whether or not the cadherin-bound 
pool of  β -catenin can be released and made available for the Wnt signaling pathway, 
thereby controlling nuclear events, is still a matter of intense debate and will not be 
discussed here ( 13 ,  22 ).  

  2.2.2.  a -Catenin 
 In contrast to  b -catenin and p120 catenin,  a -catenin is not directly bound to cadherin 

cytoplasmic domain and does not belong to the armadillo family. Its participation in 
cell-cell contacts is extensively demonstrated, however, as  a -catenin is required for the 

Fig. 10.3. (continued) region and  b -catenin at the C-terminal portion. Both catenins can also par-
ticipate in the regulation of gene expression upon shuttling to the nuclear compartment, through com-
plex mechanisms.  α -catenin participates in the anchoring of the cell membrane cadherin complexes by 
its interaction with  b -catenin, while interacting with the actin cytoskeleton and many actin-binding 
proteins (ABP). Thus,  α -catenin might regulate the actin dynamics at the area of cell-cell contacts. 
In addition, cadherins can directly control the activity of small Rho GTPases, thereby regulating the 
cytoskeleton organization and cell motility.  
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anchorage of the cadherin/ b -catenin complex to the actin network at the cell-cell contact 
zone ( 23 ). Indeed,  a -catenin possesses the ability to interact with the actin cytoskeleton 
and many actin-binding proteins, therefore regulating the actin dynamics, polymeriza-
tion and cross-linking ( 11 ,  12 ).  a -catenin, however, can be found in association with 
either  b -catenin or the actin cytoskeleton. This mutually exclusive binding provides a 
dynamic link between the cadherin/catenin complexes at the plasma membrane and the 
actin cytoskeleton, thus participating in the formation, strengthening and remodeling of 
cell-cell contacts ( 24 ,  25 ) (Fig.  10.3 ).  

  2.2.3. p120 Catenin 
 Although p120 catenin was initially identified as a Src Kinase substrate ( 26 ), p120 

belongs to the armadillo family, such as  β -catenin, and displays a central core of arma-
dillo repeats involved in the binding to the juxtamembrane domain of the cadherins. The 
modulatory role of p120 in cadherin-mediated cell adhesion relies on its multi-functional 
properties and the increasing number of molecular partners. For example, p120 is directly 
involved in the trafficking and turnover of cadherins at the plasma membrane ( 27 ), a 
property likely associated with the control of microtubule dynamics and transport ( 28 , 
 29 ). In addition, p120 can regulate the activity of small Rho GTPases ( 30 ). Ultimately, 
p120 regulates cell motion by its ability to control both cell adhesion via regulating the 
availability of cadherins at the plasma membrane and the control of the actin cytoskeleton 
organization through the regulation of Rho GTPases signaling networks ( 31 ,  32 ). p120 
also directly affects gene expression by repressing transcription through the scaffolding 
of a nuclear complex comprising the gene silencer, Kaiso ( 33 ). Moreover, the absence of 
p120 in the skin compartment induces hyperplasia and inflammation, concomitant with 
an increase of NF κ B signaling ( 34 ).   

  2.2. Cadherin Adhesion Initiates Cell Signaling 
 Cadherins interact with numerous signaling molecules at the plasma membrane, such as 

tyrosine kinases, phosphatases, and proteases, and may be able to regulate nuclear signal-
ing ( 13 ,  35 - 37 ). In addition, small Rho GTPases were found to be activated at the early 
stages during the assembly of cadherin-based adhesion, a process that is required for the 
appropriate cell-cell contact formation ( 35 ,  38 ). However, evidence suggesting that cadherin 
engagement upon homophilic binding triggers intracellular signaling events is experimen-
tally limited by the fact that cadherins could function as both their own receptor and ligand. 
This technical limitation may be overcome artificially by the use of planar surfaces coated 
with purified cadherin extracellular domain, which acts as a ligand to stimulate cellular 
cadherin upon attachment ( 39 ,  40 ). Nonetheless, how and even whether cadherins transduce 
signals is still far from being understood, since no classical receptor activation mechanisms 
have been established. Thus, the current view is that cadherin-based adhesion may stabilize 
and/or re-organize sub-membranous adhesive and signaling scaffolds thereby regulating 
signal transmission.   

  3. CADHERINS IN CANCER  

  3.1. E-cadherin as a Tumor-suppressor and Metastasis-suppressor Gene 
  3.1.1. EMT and E-cadherin 

 Epithelial cell plasticity and dedifferentiation are hallmarks of carcinoma progression 
during the invasion of the adjacent tissues and the subsequent metastasis to the lymph nodes 
and distant organs. This process is frequently termed as EMT, for epithelial-mesenchymal 
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transition, where the polarized and tightly organized epithelial cell layers acquire mesenchymal 
properties and morphology, which exhibit loose cell contacts and a highly motile phenotype 
( 41 ). This process frequently involves the reduced expression of E-cadherin at the cell surface 
by a process that includes the inhibition of E-cadherin mRNA expression concomitant with 
the endocytic degradation of pre-existing E-cadherin molecules. While the former involves 
the activation of transcription factors acting as repressors onto the E-cadherin promoter, the 
latter is initiated by targeting E-cadherin to a lysosomal compartment ( 41 ).  

  3.1.2. Loss of E-cadherin Expression 
 The loss of E-cadherin adhesion may alter the overall organization of epithelial junctions, 

deregulating the normal growth and morphology of the epithelium and favoring a more inva-
sive phenotype (Fig.  10.4 ). Indeed, it has been proposed that E-cadherin acts as a tumor- and 
invasive-suppressor gene ( 42 ,  43 ). Although rare, inactivating mutations in the E-cadherin 
gene, including splice site mutations and truncation caused by insertion, deletion and non-
sense mutations have been reported in numerous cancers, such as gastric, colon, and breast 
tumors ( 44 ). Moreover, the E-cadherin promoter can be targeted by inhibitory signals that 
are elicited by growth factors and cell proliferation conditions ( 45 ). Forcing the re-expres-
sion of E-cadherin enhances cell-cell adhesion, while reducing tumorigenicty and invasive-
ness ( 46 ). The E-cadherin promoter is also sensitive to acetylation/deatecylation reactions, 
thus providing an epigenetic mechanism controlling E-cadherin expression in cancer cells 
that can be reversed by the use of histone deacytalases inhibitors, which can both restore 
E-cadherin expression and epithelial phenotype, while blocking cancer cell transformation 
( 47 ,  48 ).         

  3.1.3. Loss of E-cadherin Adhesion 
 E-cadherin function can also be altered at the post-translational level (Fig.  10.4 ). Growth 

factors such as EGF, HGF, or IGF, which are locally produced in the tumor microenvi-
ronment, can promote the decrease of E-cadherin-mediated cell-cell contacts ( 49 ). Indeed, 
E-cadherin or  β -catenin tyrosine phosphorylation can destabilize the membranous complexes 
( 50 ), while the E-cadherin intracellular domain or its associated catenins can be a direct 
target of these receptor tyrosine kinases or non-receptor tyrosine kinases, such as c-Src, 
that can be activated by these receptors ( 36 ). An alternative and not exclusive mechanism 
involves the internalization of E-cadherin, which is then sequestred in a vesicular compart-
ment or degraded in the lysosome ( 49 ). Finally, E-cadherin adhesion can be hijacked by pro-
teins mimicking the cadherin extracellular domain involved in the homophilic interaction. 
These proteins can occupy cadherin receptors but lack the adhesive signal, as demonstrated 
for bacteria-host interactions ( 51 ) and in tumor cells expressing dysadherin ( 52 ).   

  3.2. Regulation of Cell Growth by E-cadherin 
  3.2.1. Contact Inhibition 

 Non-transformed primary and established cell lines are contact-inhibited when they 
reach confluence in monolayer tissue culture, leading to an arrest in the cell cycle progres-
sion. Although loss of contact inhibition is one of the classical hallmarks of transformation, 
the fact that intercellular adhesion may be part of this process was intuitive and was early 
defined as a  “ community effect ”  ( 53 ). Since E-cadherin expression is lost without mutations 
in its gene in many cancers, the transcriptional repression of the E-cadherin promoter may 
be a key component to relieve the growth constraints caused by contact inhibition. Transcrip-
tion factors repressing E-cadherin expression include a family of zinc finger proteins of the 
Slug/Snail family, SIP1 from the Smad TGF  -responsive family transcription factor, and the 
basic helix-loop-helix E12/E47 factors that interact with E-box sequences in the proximal 
E-cadherin promoter ( 48 ,  54 - 56 ). In this regard, it was reported that cell density regulates 
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E-cadherin expression in colon cancer cells by a mechanism dependent on Slug repression 
downstream MAPK activation ( 57 ,  58 ). These observations raise the possibility that the 
growth suppressive and anti-migratory effects of E-cadherin can be overcome by oncogenes 
and growth factors acting through the MAPK signaling pathway.  

  3.2.2. The Cell Cycle Control 
 E-cadherin re-expression is also associated with a switch from nuclear to membrane 

accumulation of  b -catenin, thereby sequestering this potent cell proliferation transcription 
factor, most likely by a trapping mechanism rather than by an adhesion-dependent process 
( 59 - 61 ). As such, enforced expression of E-cadherin in non-adherent mammary carcinoma 
cells inhibits cell proliferation, a process that appears to be dependent on the up-regulation of 
cyclin-dependent kinase inhibitors ( 43 ). Altogether, we have learned that the down-regulation 
of E-cadherin expression by cell growth signals may facilitate the transformation process, 
while overexpression of E-cadherin at the plasma membrane seems to be sufficient to suppress 
the unrestricted growth of cancer cells.   

 Fig. 10.4  .     Cadherins and EMT: Multiple Mechanisms Regulate E-cadherin Expression and Func-
tion    (A) A profound remodeling of the epithelium occurs during epithelial-mesenchymal transition 
(EMT), where the highly polarized and organized epithelial cells acquired migratory and plastic phe-
notypes. This  downregulation is accompanied by a switch in cadherin expression. E-cadherin, and to 
a lesser extend P-cadherin and cadherin-6, are substituted by N-cadherin, cadherin-11 and R-cadherin. 
(B) The loss of E-cadherin during normal or pathological EMT can be also regulated at different levels: 
1- transcriptional repression and promoter hypermethylation, 2- alterations in the traffic of E-cadherin 
to the plasma membrane, 3- endocytosis and degradation of pre-existing E-cadherin, 4- destabilization 
of the adhesive complexes and, 5- disengagement of homophilic interactions by direct binding to the 
extracellular domain.  
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  3.3. Regulation of Migration by E-cadherin 

  3.3.1. Expression of Inappropriate Cadherins 
 Without diminishing the levels of expression of E-cadherin, an inappropriate profile of 

cadherins is sufficient to modify the migratory behavior and the invasiveness properties of 
tumor cells ( 62 ). For example, N-cadherin, R-cadherin, and cadherin-11 expression in breast 
cancer cells promotes their motility and invasiveness ( 63 - 65 ). The cadherin extracellular 
domain seems to be involved in these dramatic changes, as suggested by studies using chi-
mera between E-cadherin and N-cadherin ( 66 ,  67 ). However, rather than the adhesive func-
tion of N-cadherin, its signaling ability through the fibroblast growth factor receptor (FGFR) 
was suggested as a potential intervening mechanism ( 68 ).  

  3.3.2. Pro-migratory Effects of Cadherins 
 The pro-migratory properties of certain cadherins may also result from their abil-

ity to stimulate Rho GTPase activation  ( 38 ), lamellipodium formation ( 39 ,  40 ) and to 
regulate actin cytoskeleton dynamics through polymerization and mechanical tension 
( 23 ,  69 ,  70 ), and microtubule polarity ( 71 ). Whereas the tumor-suppressor and metastatic-
suppressor properties of E-cadherin are quite well established, their exact mechanism is less 
defined and may also involve a complex interplay at the translational and post-translational 
levels between cadherins, catenins, and their signaling partners.    

  4. CROSSTALK BETWEEN E-CADHERIN AND EGFR: 
ROLE IN CANCER  

  4.1. Cadherins and Tyrosine Kinase Receptors 
 In addition to their own signaling capacity, classical cadherins can also regulate the activ-

ity of other transmembrane receptors, including those exhibiting an intrinsic tyrosine kinase 
and phosphatase activity ( 36 ). In particular, work in our laboratory revealed that E-cad-
herin engagement can result in the EGF-independent activation of EGFR in epithelial cells 
( 72 ). Similarly, VE-cadherin associates with VEGFR in endothelial cells ( 73 ), and N-cad-
herin interacts with FGFR in neurons and fibroblasts ( 68 ). Although the physical interaction 
between EGFR and E-cadherin at cell-cell contacts was early described ( 74 ), we have just 
begun to unravel the functional significance of the crosstalk between E-cadherin and EGFR 
in normal and cancer epithelial tissues. Ultimately, this EGFR/E-cadherin signaling axis can 
integrate information from the environment, such as cell density, availability of growth fac-
tors and nutrients, as well as the dynamic adhesive interactions with other cell types and the 
extracellular matrix, thereby controlling normal and aberrant cell growth.  

  4.2. Signaling from the EGFR to Cadherins 
 As described above, the activation of EGFR by its ligands generally results in the down-

regulation of E-cadherin-mediated cell-cell adhesion, accompanying EGFR-dependent prolif-
eration and migration of tumor cells ( 75 ). This  organization can be achieved either by: 1) the 
destabilization of E-cadherin/catenin adhesive complexes, 2) E-cadherin endocytosis, or 3) the 
down-regulation of E-cadherin expression (Fig.  10.4 ). It is likely that these different mecha-
nisms play a coordinated role in facilitating the dismantling of cell-cell contacts in response to 
EGFR stimulation. 

  4.2.1. Destabilization of Cadherin/Catenin Complexes 
 E-cadherin and catenins can be potential targets for the tyrosine-phosphorylating activity 

of EGFR and other receptor and non-receptor tyrosine kinases ( 36 ). The tyrosine-phosphorylation 
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of cadherin and catenins decreases cadherin-adhesive functions, hence weakening the 
strength of cell-to-cell contacts ( 50 ,  76 ). For example, Src, a downstream target of EGFR, 
may phosphorylate directly E-cadherin or its associated catenins, resulting in conformational 
changes and destruction of the adhesive complexes ( 36 ,  77 ). Tyrosine phosphorylation, how-
ever, may also have a positive effect on E-cadherin-mediated cell-cell contact, particularly at 
the early steps of the assembly of adherens junctions ( 78 ,  79 ).  

  4.2.2. Cadherin Endocytosis 
 It has been observed that in response to EGF and other growth factors acting on receptor 

tyrosine kinases, E-cadherin complexes can be internalized by endocytosis ( 80 - 83 ). This 
process requires E-cadherin disengagement from cell-cell contacts at their extracellular 
region, as well as the reorganization and recruitment of specific molecular partners in their 
intracellular domain ( 49 ,  81 ). Specifically, it has been suggested that this mechanism relies on the 
clathrin-coated vesicular trafficking process ( 81 ,  84 ). This leads to degradation of cadherin/
catenin complexes in the lysosomal compartment and/or by the ubiquitin-proteasome pathway 
( 49 ,  83 ,  85 ). Alternatively, this endocytic process may be also transient, and cadherins 
may recycle back to the plasma membrane upon re-establishment of cell-cell contacts 
( 80 ,  84 ).  

  4.2.3. EGFR Signaling to the E-cadherin Promoter 
 The down-regulation of E-cadherin by EGF activation may also occur also by diminishing 

its expression rate. For example, MAPK activation negatively regulates E-cadherin expres-
sion by a regulatory cell density-dependent mechanism ( 58 ). In tumor invasion models, EGF 
induces cell migration by the coordinated dismantlement of E-cadherin cell-cell contacts, 
endocytosis of pre-existing E-cadherin, and the reduction of E-cadherin expression ( 86 ). 
This three-prong mechanism leads to the up-regulation of  b -catenin in the cytosol and the 
nucleus, which can contribute to the cell-cycle progression by controlling gene expression in 
the nucleus, as well as to cell migration and polarity through the formation of multimolecular 
complexes in the cytosol ( 13 ,  58 ,  86 ,  87 ).   

  4.3. Signaling from E-cadherin to the EGFR 

  4.3.1. Activation of EGFR Signaling by E-cadherin 
 The signaling capacity of E-cadherin has been approached by artificially mimicking 

the formation of cell-cell contacts  ( 35 ). This approach enabled us and others to demon-
strate that the engagement of E-cadherin in newly formed cell contacts activates intrac-
ellular signaling pathways such as MAPK and PI3-Kinase ( 72 ,  78 ), Rho GTPases ( 39 , 
 88 ), and RTKs such as EGFR ( 20 ,  72 ,  89 ). Notably, EGFR activation by E-cadherin 
occurs shortly and transiently after the formation of cell-cell contacts. Indeed, E-cad-
herin can activate EGFR in the absence of its ligands, thereby triggering EGFR initiated 
signaling pathways ( 72 ,  90 ). E-cadherin-induced Rac activation is also a downstream 
event from this E-cadherin-dependent EGFR activation and contributes to the regulation 
of cell proliferation in epithelial cells ( 89 ). Thus, in newly formed contacts, E-cadherin 
can sensitize EGFR to low levels of EGF or even substitute for EGF to trigger EGFR-
initiated pathways. E-cadherin may be also required for the proper EGFR signaling by 
regulating its localization or the local availability of signaling adapters (Fig.  10.5 ).  
In conclusion, E-cadherin engagement can trigger EGFR intracellular signaling cascades 
in a ligand-independent manner, thus enhancing cell proliferation or survival through 
MAPK, PI3-Kinase and Rac ( 72 ,  89 ,  90 ). However, the mechanism underlying E-cadherin-
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induced EGFR transactivation is still unclear. The E-cadherin extracellular domain appears 
to be required whereas the intracellular domain could play a regulatory function ( 90 ,  91 ). 
Because the co-localization and physical interaction of activated EGFR with E-cadherin is 
observed upon clustering of E-cadherin at the site of cell-cell contacts, it is also conceiv-
able that the ability of E-cadherin to transduce signals through EGFR may depend on their 
physical association and/or the recruitment of other signaling and scaffolding systems ( 72 ). 
In this case, an intriguing scenario would involve the formation of higher order complexes 
between E-cadherin and EGFR, which could lead to a highly localized concentration of 
EGFR and its subsequent ligand-independent activation. In turn, the activation of EGFR 
in E-cadherin containing clusters may determine the nature, amplitude, and duration of the 
signals emanating from the cell-cell junctions.         

  4.3.2. Regulation of Epithelial Biology by the 
E-cadherin/EGFR Axis 

 The nascent cell-cell contacts and their associated signaling may recapitulate the status 
of poorly differentiated epithelia, such as during embryonic development, carcinogenesis, or 
morphogenesis ( 91 - 93 ). This mechanism may contribute to accelerate growth rates without 
a need for elevated levels of growth factors. One can postulate that, in a regulated process, 

 Fig. 10.5.       The E-cadherin/EGFR Axis in the Epithelial Biology.    The EGFR/E-cadherin signaling 
axis participates in the epithelial biology and might respond to environmental changes such as cell 
density and growth factors availability. (A) Under high cell density and high adhesion, E-cadherin 
complexes form stable complexes at the plasma membrane together with EGFR. In this case, the 
E-cadherin/EGFR complex can transduce intracellular signaling (MAPK, Rac, PI3-K) in the absence 
of EGFR ligands. This signaling cascade may promote differentiation and survival of the epithelium. 
(B) Under a low cell density situation, E-cadherin does not provide molecular scaffold enabling 
EGFR signaling. In contrast, the stimulation of EGFR by its ligand can trigger local phosphorylation 
cascades (MAPK), leading to cadherin destabilization and downregulation. Ultimately,  b -catenin 
can be released and trigger cell cycle progression, in addition to proliferative signals initiated by the 
EGF/EGFR signaling pathway. The loss of E-cadherin adhesion contributes to EMT and the acquisition 
of a pro-migratory phenotype.  
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the stabilization of cell-cell contacts may subsequently switch-off the EGFR signaling by 
sequestering it in E-cadherin containing clusters ( 90 ,  94 ). This second level of E-cadherin/
EGFR complexes may participate in the generation of survival and differentiation signals 
( 95 ,  96 ) (Fig.  10.5 ). In this context of high adhesion and polarity of the epithelial cells, 
EGFR-ligand-based signal would lead to the destabilization of these E-cadherin/catenin/
EGFR complexes and reinforcement of the proliferative and migratory potential of epithe-
lial cells by reducing E-cadherin adhesion and releasing  b -catenin ( 86 ). Ultimately, under 
physiological conditions this system is reversible and can still be turned-off by directing 
E-cadherin expression ( 58 ,  94 ).    

  5. CONCLUSION  

 E-cadherin is a major cell-cell adhesion molecule that regulates critical processes in the 
developmental morphogenesis of the epithelium in multicellular organisms, such as adhe-
sion, polarity, differentiation, contact inhibition, and barrier function. Thus, subtle changes 
in E-cadherin expression, interactions, and localization have a broad impact as they can alter 
the overall physiology of the epithelium. E-cadherin function is indeed frequently altered in 
carcinoma and its reduced expression is frequently used as a diagnostic marker for cancer 
progression. It is not surprising that EGFR networks can modulate E-cadherin localization 
and expression, as well as the nature of its associated molecules. Emerging information, 
however, suggests that E-cadherin adhesive receptors can in turn initiate EGFR signaling, 
thus acting as a molecular sensor for cell density, polarity, migration, morphology, nutrient 
and growth factor availability. More extensive studies addressing the underlying molecular 
mechanisms are still required to assess the impact of EGFR/E-cadherin axis in tumor biology 
and cancer progression, which will surely help us to identify more effective EGFR-targeting 
strategies for cancer treatment.    
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  Abstract 
 Growth factors induce a multitude of responses integral to development and sustained physiological 

function in most normal tissues. Binding of growth factors to the epidermal growth factor (EGF) 
and insulin-like growth factor (IGF) transmembrane tyrosine kinase receptors activates downstream 
intracellular signaling pathways vital to both the normal and malignant cellular phenotype. Dysregula-
tion of either one of these receptor-regulated pathways has been linked to aberrant modulations in 
proliferation, motility, and protection from apoptosis. More importantly, crosstalk between EGFR 
and IGF-IR has been implicated in a number of cancers and correlates with tumor grade and disease 
progression. The following review addresses the most recent findings involving EGF and IGF 
receptor crosstalk and how this interaction may impact clinical therapeutic efficacy.  

  Key Words:   EGFR ,  IGF-IR ,  crosstalk ,  cancer ,  MAPK ,  PI3K.     

  1. IGF & EGF SYSTEMS  

 The insulin-like growth factor (IGF) system plays a vital role in normal physiological 
development and function in a host of tissues. This system is comprised of IGF ligands (insulin, 
IGF-I, IGF-II), receptors, binding proteins (IGF binding proteins 1 – 6), and binding-pro-
tein proteases ( 1 ). To date, numerous studies have shown that the IGF system possesses 
potent mitogenic and antiapoptotic properties and may therefore provide an important function 
in the pathophysiology of human disorders ( 2  –  6 ). IGF signaling is associated with the 
development and propagation of several aspects of tumor biology such as angiogenesis, proliferation, 
migration, invasion, and resistance to apoptosis. In the context of cancer, disruption of IGF 
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signaling has antitumor properties in several distinct malignancies including mammary, 
prostate, hepatic, pancreatic, ovarian, colorectal and non-small cell lung cancer (NSCLC) 
to name a few ( 7  –  13 ). Therefore, targeting the IGF system through small molecule inhibi-
tors and monoclonal antibodies would be a logical therapeutic approach. Inhibition of IGF 
signaling could cooperate and possibly synergize with other anti-cancer therapies, including 
cytotoxic chemotherapy, radiation, and other targeted drugs. This may in part result from a 
cooperative interplay between the IGF system and tyrosine kinase receptors sharing similar 
downstream signaling targets, namely the EGF system. 

 The type I IGF receptor (IGF-IR) is composed of two extracellular  α -subunits responsible 
for ligand binding (IGF-I) and two membrane spanning  β -subunits linked by disulfide bonds. 
When ligands bind the extracellular  α -subunits, a conformational change occurs between the 
intracellular domains resulting in tyrosine kinase activity with resultant trans-autophosphor-
ylation of the  β -subunits at specific tyrosine residues. Phosphorylated receptor triggers the 
association of a multitude of intermediate docking proteins, including Shc, PI3K, Grb2, and 
various insulin receptor substrate isoforms (IRS-1, IRS-2). Subsequent activation of the mitogen-acti-
vated protein kinase (MAPK) cascade and phosphatidylinositol-3 kinase (PI3K) pathway ensues 
and alters cellular proliferation, metastatic behavior, as well as protects from apoptosis. A second 
receptor binds IGF-II with high affinity. This type II IGF receptor (IGF-IIR) does not appear to 
possess tyrosine kinase activity and will not be discussed here in great detail. 

 The epidermal growth factor (EGF) system also plays an important role in cell prolifera-
tion, survival, adhesion, migration, and differentiation ( 14 ). The system namely functions 
through four types of transmembrane tyrosine kinase receptors, including EGFR (HER1/
ErbB1), HER2 (ErbB2/neu), HER3 (ErbB3) and HER4 (ErbB4) ( 15 ) (see also Chapter 2). 
Expression of the EGF receptor (EGFR) occurs in cells from the epithelial and mesenchymal 
lineages ( 16 ). Aberrant overexpression, mutation, and dysregulation of the EGF receptor 
(EGFR) occur frequently in a number of human malignancies. EGFR-positive tumors are 
reported in the majority of head and neck cancer cases, as well as in bladder, brain, breast, 
cervical, uterine, colon, esophageal, glioma, non-small-cell lung cancer (NSCLC), ovarian, 
pancreatic, and renal cell cancer ( 17  –  19 ) (see also Chapter 16). 

 EGFR activation initiates a myriad of intracellular signal transduction events frequently 
overlapping with those downstream of the IGF system, including the MAPK and PI3K path-
ways. Several studies have identified interactions between IGF-IR and EGFR that may affect 
cancer cell biology and serve as a point of therapeutic intervention.  

  2. IGF/EGF LIGANDS  

 Stimulation of receptor and downstream signaling components occurs primarily via the 
extracellular interaction between the IGF ligands and IGF-IR. Both IGF-I and IGF-II are 
abundantly present in the circulating blood of newborn infants and animal fetuses and levels 
directly correlate with birth size ( 20 ). During  in utero  development, fetal tissues are highly 
responsive to IGF stimulation and also express IGF-IR. After birth, hepatic expression of IGF-
I is highly regulated by growth hormone and accounts for the linear growth of the skeleton 
during puberty, although IGF-I expression occurs ubiquitously throughout the body. 

 Just as IGF-IR regulates the growth and development of normal tissues, this receptor 
signaling system has been shown to play a key role in the development of the malignant 
phenotype. Signaling pathways emanating from the IGF-I/IGF-IR interaction affect cancer 
cell proliferation, adhesion, migration, and apoptosis ( 21  –  23 ). The downstream signaling 
components of the IGF-IR share several common targets related to EGFR ( 24 ,  25 ). Activation 
of both EGFR and IGF-IR can lead to the association of multiple adaptor molecules, includ-
ing Shc, Grb-2, Sos, and p85. Upon association, adaptor proteins may lead to activation of 



Chapter 11 / Crosstalk between IGF and EGF Receptors 157

Ras/MAPK, Src/integrin crosstalk, JNK, and PI3K/Akt. In addition, EGF treatment 
increases the expression of IRS-1 and IRS-2 in breast carcinoma cell lines ( 26 ). Therefore, 
the mitogenic actions elicited by IGFs activation of IGF-IR activity could potentially influence 
EGF-mediated signaling and biology via activation of common pathways. Similarly, 
the EGF system may also influence components of the IGF system. 

 IGF and EGF ligands are essential for the growth of the mammary epithelium during 
development. In normal fibroblasts, EGF signaling requires a functional IGF-IR, suggesting 
a potential link between the two pathways ( 27 ). Mitogen-regulated cell cycle progres-
sion involves the induction of cyclin proteins that allow cells to transition through the G1 
to S and G2 to M checkpoints. Unregulated proliferation and tumorigenesis can result 
from deregulated or overexpressed cyclins. Both IGF-I and EGF induce cyclin D1 in a 
number of normal and tumor cell lines ( 28  –  32 ). When combined with EGF, IGF-I treatment 
resulted in a synergistic promotion of DNA synthesis  in vitro  in mammary epithelial cells 
of C57Bl6/J mice cultured from the intact mammary gland ( 33 ). Furthermore, while both 
IGF and EGF were capable of inducing early G1 cyclins, presence of IGF-I was essential 
during the EGF-mediated progression of mammary epithelial cells into S phase in the 
intact mouse mammary gland. 

 Angiogenesis is required for tumor growth and cytokines and growth factors influence 
this process. IGF-II is highly expressed in tumors and has been recognized as an impor-
tant angiogenic factor during solid tumor progression ( 34  –  36 ). EGF has also been linked 
to angiogenesis in a number of cancers, most notably in hepatocellular carcinoma (HCC) 
( 37 ). When EGF and IGF-II were combined  in vivo , angiogenic activity was synergisti-
cally increased as compared to IGF-II alone ( 38 ). Co-treatment of IGF-II and EGF resulted 
in a significant induction of functional new vessels as measured by Matrigel plug assay. 
Fibroblast growth factor (FGF) is another potent inducer of angiogenesis, and its expression 
was up-regulated in response to EGF/IGF-II cotreatment  in vivo . In addition, EGF has been 
shown to down-regulate hypoxia-induced IGF-II binding protein-3 (IGFBP-3), a molecule 
responsible for binding to and inhibiting the action of IGF-II thereby preventing interaction 
and activation of IGF-IR ( 39 ). Thus, linked networks of growth factor action regulate several 
key aspects of tumor biology. 

 As previously mentioned, activation of IGF-IR by IGF initiates the association of the 
intracellular IRS signaling molecules to IGF-IR. With at least four IRS isoforms known to 
exist, studies involving IRS-1 and IRS-2 knockout mice greatly emphasize the impact of 
these two isoforms on normal physiologic function, as well as on tumor biology ( 40  –  42 ). 
Upon association with activated IGF-IR, IRS-1, and IRS-2 are rapidly phosphorylated at 
multiple tyrosine residues and present as docking sites for a multitude of Src homology 2 
domain-containing proteins (Grb2, Nck/Crk, SHP2, Syp and the p85 regulatory subunit of 
PI3K) ( 43 ). The association of these proteins with IRS-1 and IRS-2 results in the activation 
of the EGFR-related Ras/Raf/MEK/MAPK and PI3K/Akt pathways, further suggesting that 
crosstalk may occur between the IGF/EGF systems. 

 The stimulation and duration of MAPK activation by various growth factors, including 
EGF and IGF, impact cellular proliferation, differentiation, and DNA synthesis ( 44  –  48 ). 
Previous work demonstrated that EGF and IGF differentially modulate Erk2 activation in 
mouse embryo derived 3T3-like cells when IGF-IR was homozygously deleted (R - ) from 
wild-type cells (W) ( 49 ). Stimulation of quiescent normal cells with IGF-1, EGF or in com-
bination induced both a maximal transient and a prolonged activation of ERK2 not seen 
in R -  cells. R -  Erk2 activation was restored to that of normal cells level  upon reintroduc-
tion with wild-type human IGF-IR. This  underlines the importance of not only a functional 
receptor, but suggests that a functional interplay may occur between EGF and IGF modulate 
and modulate downstream signaling activation.  
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  3. IGF/EGF RECEPTORS  

  3.1. Receptor Co-expression/localization and Links to Disease Progression 
 Investigators have suggested that expression of the EGFR and IGFR are linked and 

that the EGFR/IGFR ratio may serve as a more sensitive prognostic indicator of tumor 
phenotype and therapeutic response than expression of single receptor alone ( 50 ). 
EGFR, HER2, and IGF-IR receptor are co-expressed in roughly 75 %  of colorectal 
tumor samples ( 51 ). While no statistical association was found between the expression 
or co-expression of total IGF-IR, EGFR, and HER2 and clinicopathological param-
eters or overall survival, further investigation of a wider spectrum of human tumors is 
warranted. 

 In a transgenic model, HK1.IGF-I mice overexpressing IGF-I in the epidermis via the 
human keratin 1 promoter displayed increases in the occurrence of skin tumors ( 52 ). Upon 
analysis of IGF-IR and EGFR activation, it was discovered that increased EGFR and IGF-IR 
tyrosine phosphorylation occurred in the epidermis suggesting cooperation between these 
two pathways in disease pathogenesis. 

 Both EGFR and IGF-IR correlate with the induction and progression of osteogenic and 
soft tissue sarcomas (STS) ( 53 ). Human sarcoma cells derived from surgical specimens of 
both primary and metastatic tumors were evaluated for the expression and function of EGFR 
and IGF-IR in order to establish a role for ligand-mediated receptor activation during sar-
coma progression. A number of STS clones originating from an unclassified sarcoma lung 
metastasis, malignant fibrous histiocytoma lung metastasis, and dedifferentiated chon-
drosarcoma showed elevated steady-state levels of EGFR and IGF-IR mRNA transcripts 
and total protein. These increases correlated to receptor-specific tyrosine kinase activity and 
autophosphorylation in response to EGF and IGF-I ligand. Substantial increases in DNA 
synthesis and mitogenesis resulted from EGF treatment, while exposure to IGF-I showed 
a variable growth response that correlated with tumor origin. Recent findings reveal that 
IGF-1R expression is a common feature of highly malignant STS and a significant associa-
tion was shown between high expression of IGF-1R and unfavorable outcome ( 54 ). These 
data support the involvement of EGFR and IGF-IR expression in the growth and metastasis 
of human soft tissue sarcoma. 

 Other studies suggest that the relationship between IGF-IR and EGFR expression is 
complex. A recent study evaluating the clinical relevance of IGF-IR expression within the 
context of patients following a trastuzumab-based therapy revealed that IGF-IR expression 
was not an accurate predictive measure for resistance to trastuzumab-based treatment in 
patients with HER2/neu overexpressing metastatic breast cancer ( 55 ). Neither IHC staining 
patterns nor intensity of tumor specimens from 72 patients receiving trastuzumab-based 
treatment identified an existing correlation between IGF-IR levels and biological tumor 
characteristics and/or clinical course of disease. However, the level of IGF-IR expression 
has not been linked to the biological function of this receptor, so it is uncertain whether 
levels of IGF-IR alone could serve a useful biomarker. In addition, the correlation between 
IGF-IR by immunohistochemical methods and number of cellular binding sites for the 
IGF ligands has not been established. 

 In addition to total expression, intracellular localization of the receptors is an important 
consideration in disease progression and severity. In the case of pancreatic cancer, both IGF-
IR and EGFR have been shown to be frequently overexpressed and receptor localization 
mapped. Resected primary tumors from patients with primary invasive ductal pancreatic 
carcinoma were examined, and in lower-grade tumors from individuals diagnosed with a 
more favorable prognosis, EGFR predominantly localized to the membrane and IGF-IR to 
the cytoplasm. Analysis of higher-grade tumors from patients with a poor prognosis revealed 



Chapter 11 / Crosstalk between IGF and EGF Receptors 159

a cytoplasm-dominant EGFR and membrane-dominant IGF-IR ( 56 ). An autopsy of hepatic 
metastatic tumors indicated that incidences of both IGF-IR and EGFR overexpression were 
significantly higher than in primary tumors alone. 

 Findings herein support the notion that tumor progression is not only a process involving 
aberrant regulation of gene expression, but that a dynamic interplay occurs between IGF-
IR/EGFR levels and subcellular localization and fluctuations occur throughout the diseased 
state. These transient changes may further the link to tumor progression from a malignant 
to metastatic state.  

  3.2. EGFR/IGFR Crosstalk and Heterodimerization Contribute to Resistance 
 IGF-IR and EGFR act as regulators of a number of growth factor and mitogen-activated 

signaling pathways. While different molecules and downstream targets associate depending 
on receptor type, PI3K and MAPK are regarded as the primary signaling molecules of both 
pathways. Therefore, it is logical to postulate that EGFR and IGF-IR have the ability to 
develop a crosstalk that may contribute to the biological activity of a tumor. 

 Acquired resistance to tamoxifen is a common problem during the treatment of breast 
cancer. Recently,  in vitro  studies have suggested that signaling of the EGFR productively 
crosstalks to activate IGF-1R and in specific scenarios may activate estrogen receptor (ER) 
to alter the transcriptional activity through a number of key activating factor (AF-1) serine 
residues ( 57 ). These effects might facilitate an acquired resistance to tamoxifen. 

 Resistance to drug intervention may occur via a compensatory mechanism involving 
the non-targeted receptor, wherein either overexpression and/or activity may be altered. 
When EGFR/HER2 was targeted in breast cancer cells in vitro via administration of the 
antibody trastuzumab, resistance was induced as evidenced by increased signal transduc-
tion through ligand-dependent activation of IGF-IR ( 58 ). Furthermore, the ability of IGF-
IR to confer resistance to trastuzumab involved targeting of p27Kip1, an inhibitor of cell 
cycle progression, to proteasomal-mediated degradation by ubiquitination. Targeting of 
p27Kip1 occurs through the up-regulation of the Skp2 ubiquitin ligase and predominantly 
activates the IGF-IR-linked PI3K leading to resistance. IGF-IR overexpression in HER2 
sensitive cells resulted in interference with the antineoplastic action of trastuzumab and to 
a certain extent facilitated resistance ( 59 ). In MCF-7/HER2 – 18 cells, which overexpressed 
HER2/neu receptors and expressed IGF-IR receptors, trastuzumab inhibited proliferation 
(42 % ) only when IGF-IR signaling was nominal. When HER2 overexpressing SKBR3 
cells (low IGF-IR levels) were treated with trastuzumab, proliferation was markedly 
reduced, regardless of IGF-I concentration. As expected, when these cells were genetically 
altered to overexpress IGF-IR and cultured with IGF-I, trastuzumab had no attenuating 
effects on proliferation. 

 The first evidence for crosstalk between the IGF-IR and EGFR was provided from 
studies investigating the effects of ZD1839, a selective inhibitor of EGFR tyrosine kinase 
activity, on MAPK- and PI3K-induced inhibition of the proapoptotic BH3 only protein 
BAD ( 60 ). It was suggested that IGF-I-induced activated IGF-IR was capable of transacti-
vating EGFR in mammary epithelial cells to enhance BAD phosphorylation by MAPK and 
subsequently protect from apoptosis. Others have demonstrated that within C4HD epithe-
lial breast cancer cells there exists a hierarchical interaction that occurs between IGF-IR 
and ErbB2 ( 61 ). Evidence of IGF-IR directing ErbB2/HER2 phosphorylation suggested 
that the hierarchical interaction involved a physical association of both receptors in order 
to result in the formation of a heteromeric complex capable of activating downstream 
signaling factors. Furthermore, when IGF-IR expression was suppressed by antisense oli-
godeoxynucleotides (ASODNs) a total loss of synthetic progestin medroxyprogesterone 
acetate (MPA)-induced HER2 phosphorylation was measured and suggested that HER2 
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activation required IGF-1R expression. In addition,  in vivo  C4HD breast cancer prolif-
eration was directly inhibited by both intratumoral and intravenous delivery of IGF-IR 
antisense message ( 62 ). Not only was MAPK and PI3K activation blocked, but HER-2 
tyrosine phosphorylation was abrogated. These results demonstrated for the first time that  
 in vivo  down-regulation of IGF-IR via antisense can inhibit breast cancer growth and fur-
ther supports the strategy of dual-targeted therapy to disrupt the multiple cooperative signal-
ing pathways associated with tumor pathology. 

 In SKBR3-derived trastuzumab-resistant cells HER2 uniquely interacted with IGF-IR, 
a phenomenon that was not seen in the parental trastuzumab-sensitive cells ( 63 ). IGF-I 
induced HER2 activation in resistant but not parental cells. Inhibition of IGF-IR kinase 
activity resulted in decreased HER2 phosphorylation in resistant cells. Moreover, EGFR/
IGFR heterodimer disruption by the anti-IGF-IR antibody alpha-IR3 and anti-HER2 anti-
body pertuzumab restored sensitivity to trastuzumab in resistant breast cancer cells. Thus, 
IGF-IR may be a substrate for HER2 when cells are selected for resistance. 

 Resistance to TKIs in NSCLC is a common theme that may in part be mediated 
through the actions of IGF-IR. A number of NSCLC lines demonstrated increased 
EGFR/IGF-IR membrane-localized heterodimerization in response to prolonged treat-
ment with the EGFR TKI erlotinib. In these cells, erlotinib treatment resulted in up-reg-
ulated IGF-IR activation as measured by analysis of downstream signaling components 
( 64 ). In addition, acquired resistance to erlotinib stimulated  de novo  synthesis of EGFR 
and survivin through the translational activity of the downstream Akt target mammalian 
target of rapamycin (mTOR). When mTOR was suppressed, IGF-IR activation inhibited, 
or survivin expression knocked down, resistance to erlotinib was reversed and apoptosis 
of NSCLC cells was induced both  in vitro  and  in vivo . These data suggest that the IGF-
IR/HER2 heterodimer contribution to resistance justifies the need for further studies 
examining and targeting this complex as a potential therapeutic target in resistant tumors 
progressing during drug therapy.   

  4. DOWNSTREAM SIGNALING  

 Controlling the available level of IRS protein is one means by which a cell modulates 
IGF signal transduction. A negative feedback loop between the presence of IGF-I and 
IRS-1 protein degradation has been established in MCF-7 human breast carcinoma cells 
( 65 ). Exposure to prolonged IGF-I results in the ligand-mediated degradation of IRS-1 via 
the ubiquitin-mediated 26S proteasome and a PI3K-dependent mechanism ( 66 ). IGF-1 
treatment in prostate epithelial cells also targets IRS-1 to the proteasome for degradation. 
However, when EGF was present, IGF-I-mediated degradation of IRS-1 was prevented, 
thereby supporting the notion that EGFR activation enhances IGF-IR signaling by modu-
lating protein levels of IRS-1 and may be an important consideration in tumors possessing 
activating mutations in EGFR. 

 Ligand activation of EGFR can also enhance IGF-IR signaling. In MCF-7 cells EGF 
increased IRS-1 protein levels in a MAPK-dependent but PI3K-dependent manner ( 67 ). 
As previously mentioned, induction of IRS expression via EGF extends to both IRS-1 and 
IRS-2 ( 68 ). EGF up-regulation of IRS-1 involved both extracellular signal-regulated kinase 
(MAPK) and c-Jun NH( 2 )-terminal kinase (JNK) signaling pathways. However, induction 
of IRS-2 expression by EGF was specifically mediated by JNK signaling. In addition to 
EGF-enhanced IGF-I-mediated tyrosine phosphorylation of IRS, inhibiting IRS-2 up-regulation 
ablated the EGF enhancement of cell motility. This suggests that increases in IRS-2 are 
important in the EGF regulation of breast cancer cell migration and may extend to additional 
malignant phenotypes.  



Chapter 11 / Crosstalk between IGF and EGF Receptors 161

  5. CO-TARGETING EGF/IGF  

 Strategies to target the IGF system are predicated on the requirement of a ligand-receptor 
interaction to occur in order to trigger the signaling cascades that influence cancer biology. 
These strategies share some similarities with the EGF system, but differ in that inhibition 
of ligand production or ligand interaction with IGF-IR may be reasonable methods to 
disrupt signaling, while EGFR family members may be activated by overexpression alone, 
 obviating a need for EGF ligands. Reducing the quantity of available IGFs and neutralization 
of IGF action by IGFBPs or antibodies may all be effective anti-IGF strategies, while 
ligand neutralization is less important in the EGF system. Disruption of receptor func-
tion through monoclonal antibodies, inhibition of receptor biochemical activity via small 
molecule tyrosine kinase inhibitors, antisense oligonucleotides, and targeting of down-
stream signaling pathways are strategies shared by the EGF and IGF systems ( 69 ,  70 ). 
Given the possibility of cooperativity and shared signaling pathways between the two 
systems, simultaneously targeting of the EGF and IGF systems may be more effective than 
targeting either system alone. Small molecule inhibitors and monoclonal antibodies that 
selectively inhibit either EGFR or IGF-IR have to date predominated as effective treat-
ments in cotargeting strategies. 

  5.1. EGFR/IGFR Small Molecule Inhibitors 
 In malignant gliomas, EGFR overexpression is commonly observed and tumors that 

originate from glial tissue constitute some of the most aggressive and treatment-refractory 
tumors encountered in the clinic ( 71 ,  72 ). Blockade of EGF signaling at the level of the 
receptor enhanced apoptosis, attenuated metastatic behavior, and reduced angiogenic poten-
tial ( 73  –  75 ). Despite evidence of a similar anti-EGFR effect at the level of receptor as meas-
ured by phosphorylated EGFR, differing sensitivities to the EGFR inhibitor AG1478 was 
not dependent on the level of EGFR in glioblastoma multiforme (GBM) cells ( 76 ). Analysis 
revealed that GBM cells resistant to AG1478 responded to treatment by up-regulation of 
IGF-IR expression and a subsequent sustained increase in PI3K activity. This phenomenon 
was absent in AG1478-sensitive GBM cells. When IGF-IR and EGFR were co-targeted with 
AG1024 and AG1478, resistant cells experienced both spontaneous and radiation-induced 
apoptosis, as well as a reduction in the invasive potential. 

 Additional observations of a sensitization towards CD95L-induced cell death by com-
bined EGFR/IGF-IR inhibition in human malignant glioma cells adds to the previous 
study reporting enhanced apoptotic effects of EGFR/IGF-IR co-inhibition in response to 
ionizing radiation and suggests that multiple death stimuli may be involved during sensiti-
zation ( 77 ). Detectable caspase 8 cleavage was enhanced following combined treatment of 
AG1478 and AG1024 in comparison to either inhibitor alone and the addition of crm-8, a 
potent caspase 8 inhibitor, abrogated cell death. As previously mentioned, activation of the 
PI3K-Akt-pathway is thought to play a key role during survival. However, wortmannin-
induced PI3K inhibition did not sensitize LNT-229 and U87MG glioma cells to CD95L-
induced apoptosis ( 78 ). Ribosomal protein S6 (RPS6), an important positive regulator of 
translation and survival, represents a target that is influenced by both the Akt and MAPK 
pathways, and while it was primarily phosphorylated through the PI3K/Akt/mTOR path-
way, complete activation was facilitated through the MAPK pathway ( 79 ). Combining 
AG1478 and AG1024 resulted in a synergistic inhibition of RPS6 phosphorylation and in 
turn markedly increased apoptotic induction. 

 Phase II clinical trials employing the EGFR inhibitor gefitinib as a second- or third-line 
monotherapy in NSCLC and head and neck cancer patients revealed tumor response rates 
ranging between 9 %  and 19 %  ( 80  –  83 ). Unfortunately, gefitinib response rates in phase II 



162 Becker and Yee

clinical trials of advanced breast cancer patients elicited a measurable therapeutic response 
in fewer than 10 %  of patients ( 84  –  86 ). Influence from the IGF system may again be responsible 
for resistance to monotherapy. When AG1024 and gefitinib were combined to inhibit IGF-IR 
and EGFR activity  in vitro  in human breast cancer cell lines expressing similar levels of IGF-
1R and varying levels of EGFR, an additive or synergistic response resulted as measured 
by growth inhibition and apoptosis ( 87 ). When MCF-7-derived tamoxifen resistant breast 
cancer cells were chronically exposed to a previously established effective inhibitory dose 
of gefitinib, a sustained growth inhibition (90 % ) resulted over a period of four months until 
surviving cells resumed proliferation ( 88 ). The tamoxifen/gefitinib resistant cell line (TAM/
TKI-R) exhibited increased IGF activity as measured by increased IGF-IR, Akt, and protein 
kinase C (PKC) phosphorylation, increased growth inhibition in response to AG1024, and 
marked increases in migration in response to IGF-I and IGF-II treatment that was attenuated 
following AG1024 challenge. In addition, the EGFR-positive androgen-independent human 
prostate cancer cell line DU145 displayed comparably similar responses as compared with 
breast cancer cell line counterparts. These studies support the notion that increased activity 
of the EGF/IGF pathways may be responsible for acquired resistance to small molecule 
inhibitors targeting EGFR/IGFR and play a role in the proliferative and metastatic behavior 
associated with the malignant phenotype.  

  5.2. EGFR/IGFR Monoclonal Antibodies 
 Targeted therapies provide a new therapeutic approach in the treatment of cancer. Rather 

than eliminating both malignant and normal cells nonspecifically, these so-called  “ rational ”  
therapies exploit second messenger proteins, ligands, and receptors that are known to be 
regulate the malignant phenotype in neoplastic cells ( 89 ). Monoclonal antibodies that 
specifically bind to EGFR and IGF-IR are emerging as a highly effective strategy in a wide 
variety of malignancies. 

 Breast cancer cells overexpressing HER2 respond favorably to the humanized anti-HER2 
monoclonal antibody trastuzumab (Herceptin). Unfortunately, resistance is again an all-too-
common adverse side effect to prolonged exposure and therapeutic options are narrowed as 
a result. Transfecting HER2/ErbB2-overexpressing MCF7HER18 breast cancer cells with an 
inducible dominant-negative form of IGF-IR severely limited downstream IGF signaling activation 
( 90 ). More importantly, combining trastuzumab treatment with induction of dominant-nega-
tive IGF-IR expression potentiated growth inhibition  in vitro . The humanized antibody h7C10 
directed against IGF-IR significantly inhibited breast and NSCLC tumor cell proliferation 
both   in vitro  and  in vivo  ( 91 ). Decreased signal transduction, disruption of normal cell cycle 
progression, and receptor down-regulation may represent possible mechanisms that facilitate 
growth inhibition. In addition, when both the human and murine form of the antibody was com-
bined with the EGFR targeting antibody 225, markedly enhanced antitumor activity resulted. 

 Overexpression of IGF-IR and its ligands occurs frequently in a number of human breast 
tumors and increases in IGF-I, reduced IGFBP-3, or an increased ratio of IGF-I to IGFBP-3 
in the circulation has been linked with development of breast cancer ( 92  –  94 ). Recombinant 
human IGF binding protein 3 (rhIGFBP-3) acts as an antagonist of IGF-IR signaling by 
neutralizing IGF ligands ( 95 ). rhIGFBP-3 potentiated the activity of trastuzumab in both 
trastuzumab-resistant MCF-7/HER2-overexpressing human breast tumor cells  in vitro  and 
more importantly against advanced-stage MCF-7/HER2 – 18-transfected human breast can-
cer xenografts. In addition, the IGF-IR activation responsible for countering the early 
suppressive effect of trastuzumab on HER-2 signaling through Akt and MAPK was attenuated 
through rhIGFBP-3 administration. Loss of IGF-IR activation restored trastuzumab-induced 
reductions in Akt and MAPK phosphorylation  in vitro  and  in vivo . 

 The therapeutic potential of monoclonal antibodies is promising due to specificity toward 
antigens pertaining to cancer cells. Efficacy is reduced by limited intrinsic cytotoxic activity 
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and antibodies targeting tumors are most effective when used either in combination with 
another antibody or as an adjuvant to conventional chemotherapy regimens ( 96  –  100 ). Devel-
opment of bispecific (BsAb) or multispecific antibodies targeting multiple tumor-associated 
antigens simultaneously may provide a novel and promising means of targeting multiple 
pathways concurrently ( 101 ). A BsAb that targets both the IGFR and EGFR was constructed 
using two neutralizing antibodies as building blocks (one directed against EGFR and the 
other against IGF-IR). The BsAb molecules were capable of binding to EGFR and IGFR to 
block the activation of downstream signaling molecules of both pathways as efficiently as 
the parental monospecific IgG antibodies. Actions of the BsAb were unique in that it was 
able to target two tumor-associated molecules (EGFR and IGF-IR) on single or adjacent tumor 
cells and simultaneously block activation of both receptors to enhance antitumor activity  
 in vitro  in a number of different cancer cell lines. Similarly, the recombinant human IgG-
like BsAb, known as a Di-diabody, can be produced using the variable regions from two 
antagonistic antibodies of EGFR and IGF-IR that not only bind to both EGFR and IGF-IR, 
but effectively blocks  in vitro  EGF- and IGF-stimulated receptor activation and tumor cell 
proliferation ( 102 ). Finally, the Di-diabody triggered IGF-IR internalization and degradation, 
facilitated antibody-dependent cellular cytotoxicity (ADCC), and strongly inhibited the 
growth of human colorectal and pancreatic tumor xenografts in vivo.   

  6. FUTURE PERSPECTIVES  

 A number of significant advances have been made in the mechanistic elucidation of both 
the EGF and IGF system. As with many areas of investigation, these systems have been pri-
marily studied in isolation. As noted, there are emerging data demonstrating the cooperation 
between these two systems in cancer cells. Certainly, both receptor systems activate similar 
signaling pathways related to tumor biology, and different model systems demonstrate that 
inhibition of either or both pathways can effectively inhibit tumor growth. 

 However, a number of questions remain regarding whether these pre-clinical observations 
have relevance to the low and often unpredictable response rates to therapies targeting 
only one system. Determining the specifics that guide EGFR/IGFR crosstalk during tumor 
cell initiation, progression and resistance is vital to further advancing strategies to target 
the EGF/IGF systems. Resistance to anti-EGFR therapy has emerged as a recurring theme 
in a number of cancers. In several model systems, resistance to EGFR family member 
inhibitors is due to activation of IGF-IR signaling events. Given the fact that these two recep-
tors share similar signaling components, this  was expected to a certain extent. In selected 
cases, tumor cells that are initially dependent upon EGFR modulate IGF-IR expression 
and activity when EGFR induction is no longer available. Since IGF-IR inhibitors are just 
now entering clinical trials, it will be important to see if IGF-IR resistance is due to activa-
tion of EGFR signaling. In any case,  de novo  or acquired resistance to a single inhibitor 
might be overcome by simultaneously blocking both pathways. Hopefully, further devel-
opment of small molecule inhibitors, monoclonal antibodies, and other agents specifically 
targeting the EGF/IGF crosstalk network will lead to substantial improvements in thera-
peutic efficacy and improve patient outcome.    
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  Abstract 
 Signaling through the EGFR or ErbB family of receptor tyrosine kinases must be precisely regu-

lated to ensure the fidelity of tissue development and homeostasis, yet prevent tumor initiation and 
progression. The efficiency of receptor signaling in cells is tempered by a series of negative regula-
tory mechanisms that act directly on receptors to suppress their response to growth factor ligand. 
The past ten years have witnessed significant progress in the discovery of these pathways and the 
characterization of the mechanisms by which their loss in tumors might contribute to malignancy. 
These mechanisms include pathways that lead to receptor degradation, both in the absence and pres-
ence of activating ligand. The central components of such pathways are often E3 ubiquitin ligases, 
such as cbl or Nrdp1. Other mechanisms suppress the ability of receptors to respond to growth factor 
stimulation. Splice variants of ErbB receptor extracellular domains, proteins that contain leucine-rich 
repeats in their extracellular domains, and intracellular suppressor proteins such as RALT fall into 
this category. Here we review ErbB negative regulatory mechanisms, emphasizing what is known 
about the loss of these pathways in tumors, and highlighting the notion that pathway augmentation or 
restoration to tumor cells could ultimately be of therapeutic benefit to cancer patients.  
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  1. INTRODUCTION  

 Growth factor receptor tyrosine kinases, such as the EGF receptor and its family members ErbB2, 
ErbB3, and ErbB4, play critical roles in specific developmental processes during embryogenesis 
and are essential for tissue maintenance in the adult. The fidelity of homeostatic processes in 
developed tissues requires very precise regulation of receptor activation. Insufficient receptor 
signaling can contribute to the suppression of cellular survival signals, leading to apoptosis and 
ultimately tissue atrophy and impairment of organ function. For example, mice conditionally 
lacking ErbB2 or ErbB4 in the mature heart develop dilated cardiomyopathy ( 1  –  3 ), underscor-
ing the need for signaling through these receptors in cardiac tissue maintenance. On the other 
hand, hyper-signaling by receptors in differentiated tissues can lead to dysplasia, tumorigenesis, 
and tumor progression ( 4 ,  5 ). Overexpression of ErbB receptors, or their aberrant activation by 
mutation or by autocrine growth factor signaling, has been observed in various solid tumors. 
These events lead to constitutive receptor tyrosine phosphorylation and signaling, which in turn 
contribute to a variety of cellular events that can lead to the formation and progression of solid 
tumors. The necessity for signaling efficiency to fall within a relatively narrow range implies that 
sophisticated mechanisms have evolved to fine-tune receptor output, including positive regula-
tory mechanisms that ensure sufficient signaling to mediate homeostatic processes, and negative 
regulatory mechanisms that balance receptor activation by preventing the onset of oncogenic 
processes. The hyper-activation of positive pathways and the loss of negative pathways both have 
the potential to promote tumor progression. 

 Since the initial cloning of the ErbB receptors in the 1980s and early 1990s, major empha-
sis has been placed on understanding mechanisms of receptor activation and how activated 
receptors utilize signaling pathways to elicit cellular responses. These studies have led to the 
development of ErbB-directed antibody and small molecule inhibitors for the treatment of 
cancer patients whose tumors are driven by elevated ErbB activity. An increasing number 
of studies suggest, however, that a high proportion of tumors are either intrinsically refrac-
tory to such therapies, or develop resistance with prolonged treatment ( 6 ). These observa-
tions suggest that attacking ErbB receptor activity may not be the most effective means of 
suppressing the growth and progression of ErbB-dependent tumors. For example, a recent 
study has demonstrated that some tumors evade inhibition by ErbB-directed small molecule 
tyrosine kinase inhibitors by promoting the tyrosine phosphorylation of the kinase-inactive 
ErbB3 to augment its coupling to the PI 3-kinase pathway ( 7 ). Hence, a need is arising for 
the development of new strategies in therapeutically targeting ErbB-dependent tumors. 

 Over the past several years, a number of ErbB receptor negative regulatory pathways have 
been uncovered ( 8  –  11 ). Inhibitory mechanisms can employ either reversible or irrevers-
ible modes of action. Irreversible inhibition typically occurs via ubiquitin-mediated protein 
degradation of receptors and effectors. Reversible inhibition can interfere with receptor sig-
naling at several key points. Compartmentalization of receptors away from their effectors 
and dephosphorylation of receptors and their effectors by tyrosine phosphatases are exam-
ples. Negative regulators can also function to blunt the entire scope of receptor signaling, or 
instead affect a specific signaling pathway. Negative regulators can be classified further still 
according to their temporal behavior. For example, inhibitors that are constitutively present 
in the cell are regulated primarily by the accessibility of receptors. Other inhibitors, those 
that function in feedback loops, are not constitutively present in the cell (or are present at 
very low, sub-optimal levels) and are transcriptionally induced or their proteins stabilized 
upon receptor activation. The action of these inhibitors is defined by the time it takes them 
to accrue to levels compatible with inhibition. 

 While the ErbB negative regulation field is still in its nascent stages, initial observations 
indicate that the key components of these negative regulatory pathways may be lost in a 
significant proportion of tumors. Thus, a possible novel avenue for thwarting ErbB-dependent 
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tumors may involve the augmentation or restoration of suppressed negative regulatory path-
ways in tumor cells. Here we will review ErbB negative regulatory pathways, underscoring 
their potential role in cancer. It should be noted that numerous proteins have been identified 
that contribute to receptor negative regulation by generally influencing membrane pro-
tein trafficking and degradation. Moreover, negative regulators of the canonical signaling 
pathways downstream of ErbB receptors have been described, such as the dual specificity 
phosphatases (DUSPs) that suppress MAPK signaling and PTEN that suppresses PI3K 
signaling. Systemic targeting of such ubiquitous pathways could lead to deleterious side 
effects in patients, which may be avoided by more selectively targeting the ErbB recep-
tors themselves. For these reasons our discussion here will focus on pathways that directly 
impinge on ErbB receptor function.  

  2. FEEDBACK NEGATIVE REGULATION — LESSONS FROM FLIES  

 In the 1990s, several labs employing genetic and biochemical approaches in the study of EGF 
receptor signaling in the fruit fly  Drosophila melanogaster  uncovered a series of novel negative 
regulatory genes ( 12 ,  13 ). The fly genome encodes a single ErbB family member,  Drosophila  
EGF receptor (DER), which is acted upon by four different EGF-like ligands to mediate develop-
mental events including oogenesis and wing and eye development ( 14 ). The timing and kinetics 
of DER activation are controlled in part by ligand activation, and in part by the negative regula-
tory proteins Argos and Kekkon-1 ( 10 ). 

 Argos is a secreted protein containing an atypical EGF-like domain with disrupted spac-
ing of cysteine residues found in the activating EGF-like ligands. Early studies suggested 
that Argos acts as an antagonist of fly EGF receptor activity ( 15  –  17 ), binding to the receptor 
with modest affinity and inhibiting activation by growth factor. More recent studies indicate, 
however, that Argos actually binds to the activating growth factor Spitz, sequestering it from 
the receptor ( 18 ,  19 ) in a manner similar to IGF1 sequestration by members of the IGFBP 
family. While a human Argos homolog has not been identified, these observations raise 
the possibility that growth factor sequestration may similarly play a role in ErbB negative 
regulation. 

 Kekkon-1 (Kek1) is a transmembrane protein containing six leucine-rich repeats (LRRs) 
and an immunoglobulin (Ig) domain in its extracellular region, a single membrane span-
ning segment, and an intracellular domain with few distinguishing features. The leucine-rich 
repeat region of the Kek1 extracellular domain physically interacts with the extracellular 
domain of DER to suppress signaling ( 20 ,  21 ), possibly by interfering with growth factor 
binding or activation ( 22 ). Although there are five other Kek family members in Drosophila, 
only Kek1 inhibits DER signaling ( 23 ). 

 While Argos and Kek1 appear to inhibit DER function by disparate mechanisms, they are 
both transcriptionally induced by DER activation ( 15 ,  20 ,  24 ). Induction of receptor nega-
tive regulatory mechanisms then suppresses further receptor signaling, thus ensuring proper 
development. By extension, these observations suggest that feedback negative regulation 
may be a common theme in modulating the function of mammalian ErbB receptor family 
members.  

  3. MAMMALIAN ErbB NEGATIVE REGULATION  

 Since the strength of signaling output is dependent on the quantity of activated receptors, cells 
must maintain a narrow window of ErbB receptors at their surface. Sufficient numbers of receptors 
must be present to ensure the fidelity of tissue maintenance processes, but receptor overexpres-
sion must be prevented to suppress potential oncogenic events. Normal quantities are thought to 
be on the order of a few tens of thousands of receptors per cell. However, overexpression of ErbB 
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receptors, particularly EGF receptor, ErbB2, and ErbB3, is common in numerous solid tumor 
types, and the overall quantity can reach a few million receptors per cell. Hence a key question 
concerns the mechanisms by which ErbB proteins are overexpressed in tumor cells. Conventional 
wisdom would suggest that events that lead to elevated receptor transcript levels are largely 
responsible, and it has been observed that some ErbB receptor genes are amplified in some 
tumor types. Recent evidence suggests, however, that gene amplification may not be sufficient; 
post-transcriptional mechanisms may also play major roles in regulating ErbB receptor levels in 
normal tissue. This point is best illustrated by the analysis of ErbB2 and ErbB3 overexpression 
in mammary tumors. 

  3.1. ErbB Receptors and Breast Cancer 
 Overexpression of three of the ErbB receptor family members has been repeatedly observed in 
breast tumors ( 4 ). Of particular note, ErbB2 overexpression has been observed in a significant 
proportion (25-30 % ) of breast cancer patient tumors, and is correlated with poor patient 
prognosis and shortened survival time ( 25  –  27 ). It is widely believed that the aberrant activation 
of ErbB2 protein tyrosine kinase activity through overexpression actively contributes to tumor 
progression by engaging cellular signaling pathways that promote tumor progression, such 
as proliferation, survival, motility, invasion, and resistance to chemotherapeutic agents ( 28 ). 
Thus, much emphasis has been placed on understanding the biochemical mechanisms by which 
ErbB2 and its relatives are activated in tumor cells, and on the development of ErbB antagonists 
that could function as anti-cancer agents. Indeed, Genentech’s trastuzumab (Herceptin), a 
humanized antibody directed to the ErbB2 protein, is currently used in the treatment of ErbB2-
 positive patients. Significant proportions of ErbB2-positive tumors, however, either present 
as  Herceptin- resistant or develop resistance within a year of the initiation of treatment ( 6 ). 
Moreover, Herceptin has been observed to induce potentially lethal cardiac myopathic side 
effects in some patients receiving this therapy in conjunction with anthracyclines ( 29 ). These 
observations validate the ErbB2 receptor as a target in the therapeutic intervention of breast 
cancer, but prompt questions as to whether more specific and efficient methods for interfering 
with ErbB2 signaling in breast tumors may be developed. In this regard, there is intense interest 
in developing alternate ErbB2-directed therapies. 

 While much effort over the past 15-20 years has gone into understanding the mechanisms 
by which ErbB2 overexpression and aberrant activation contribute to the cellular properties 
associated with malignancy, essentially no effort has been put into understanding how the 
protein becomes overexpressed in tumors in the first place. One of the original publications 
describing ErbB2 overexpression in breast tumors found a strong correlation between ErbB2 
gene amplification and ErbB2 protein overexpression ( 27 ). This has since been confirmed 
by numerous studies, and it is generally accepted that the amplification of the ErbB2 gene by 
tumor cells, often up to 20-fold, leads to ErbB2 message overexpression and thus protein 
overexpression. The original study, however, documented a significant proportion of cases 
of ErbB2 protein overexpression in the absence of gene amplification, indicating that other 
mechanisms also contribute to ErbB2 protein accumulation in cells. 

 Another issue in ErbB2 oncogenic signaling concerns its heterodimerizing partner 
ErbB3. ErbB3 is also commonly overexpressed in breast tumors but no mutations or 
gene amplifications have been found ( 30  –  32 ). Reports of ErbB3 overexpression in breast 
cancer range from 17–52 % , and overexpression is positively associated with lymph node 
metastases and histological grade. ErbB3 overexpression is an independent predictor of 
survival ( 32 ), but recent analyses have established a strong link between the coordi-
nate overexpression and activation of ErbB2 and ErbB3 in breast tumor cell lines and 
in patient samples ( 30 ,  31 ,  33 ,  34 ). This is significant because the members of the ErbB 
receptor family undergo a network of homo- and heterodimerization events as part of 



Chapter 12 / ErbB Negative Regulation 173

their activation mechanism. Particularly noteworthy is a strong propensity of ErbB2 
to heterodimerize with and activate ErbB3 ( 35  –  38 ), especially when the two receptors 
are overexpressed. ErbB3 serves as a binding receptor for the EGF-like growth factor 
neuregulin-1 (NRG1 or heregulin;  39 ), but lacks intrinsic tyrosine kinase activity ( 40 ) 
and must necessarily heterodimerize with ErbB2 to signal ( 35 ,  41 ). On the other hand, 
no known diffusible growth factor binds to ErbB2; hence, it must heterodimerize with 
other ErbB family members to participate in growth factor-initiated signaling. Fig.  12.1  
depicts a very simplistic model of ErbB2/ErbB3 heterodimer signaling in tumor cells. 
ErbB2 is uniquely suited to stimulate the ras/Erk pathway, leading to initial events in the 
tumorigenic process such as cellular transformation and proliferation, while ErbB3 is 
uniquely suited to engage the PI3 kinase pathway, leading to later events such as tumor 
cell survival and invasion. ErbB2 and ErbB3 synergize in promoting the growth and 
transformation of cultured fibroblasts ( 42 ,  43 ), and numerous studies demonstrate that 
the two receptors synergize in mediating increased proliferation ( 44 ) and invasiveness 
induced by the neuregulin-1 (NRG1) growth factor in breast tumor cell lines ( 45  –  47 ). 
Taken together, these observations suggest that there may be an advantage for both recep-
tors to be present and activated in tumor cells to promote breast tumor growth and pro-
gression ( 34 ,  44 ). The ErbB2/ErbB3 heterodimer has thus been proposed to function as 
an  “ oncogenic unit, ”  with ErbB3 as an essential partner in ErbB2-mediated prolifera-
tion ( 44 ). Genentech’s second generation humanized anti-ErbB2 pertuzumab (Omnitarg), 
which inhibits ErbB2/ErbB3 dimerization but not ligand binding ( 48 ), is currently in 
phase II clinical trials ( 49 ).   

  3.2. ErbB2 Transgenic Model of Breast Cancer 
 Transgenic mouse models of breast cancer have led to considerable insight into the molecular 
and cellular mechanisms underlying breast cancer malignancy ( 50 ). Overexpression of ErbB2 
in the mammary gland of transgenic mice using the murine mammary tumor virus (MMTV) 
promoter/enhancer gives rise to metastatic mammary tumors ( 51 ), underscoring the malignant 
potential of ErbB2 overexpression. However, tumors in this model develop with a signifi-
cantly longer latency than in other oncogene models, suggesting that other processes must 
occur in addition to ErbB2 gene overexpression to drive tumorigenesis. In examining these 
animals, we, along with others, ( 34 ,  52 ) have observed that ErbB2 protein levels in non-tumor 

  Fig. 12.1.       The ErbB2/ErbB3 Oncogenic Unit.  Overexpression or aberrant activation of ErbB2 in 
epithelial cells leads to tumorigenesis by promoting cellular proliferation and transformation through 
the ras/Erk pathway, while the accompanying phosphorylation of ErbB3 leads to tumor progression 
by promoting cellular survival, motility and invasion through the PI3K/Akt pathway. ErbB2 serves as 
the active kinase for the heterodimeric receptor species, while the kinase-inactive ErbB3 serves as the 
binding receptor for the NRG1 growth factor.       
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mammary tissue from transgenic animals are similar to levels in wild-type (non-transgenic) 
animals, despite the increased transcript levels in transgenic animals (Fig.  12.2A ). Hence, 
elevated ErbB2 transcript is not sufficient to produce elevated ErbB2 protein, suggesting that 
ErbB2 gene amplification may not be sufficient to drive ErbB2 overexpression in patients. 
ErbB2 protein, however, is dramatically overexpressed in tumors from transgenic animals 
compared with non-tumor tissue, even though tumor and uninvolved mammary tissue express 
similar levels of ErbB2 transcript as assessed by real-time RT-PCR (Fig.  12.2B ). Even more 
striking is the expression of ErbB3 in this model. Normal mammary tissue from wild-type 
mice, normal tissue from transgenic mice, and tumors from transgenics all express comparable 
levels of endogenous ErbB3 transcript. Tumors from transgenics, however, express extremely 
high levels of ErbB3 protein compared to corresponding normal tissue from transgenics. IHC 
analysis has confirmed that both ErbB proteins in tumors are restricted to epithelial cells. 
Hence, these observations indicate that very potent post-transcriptional mechanisms exist that 
suppress ErbB protein expression in normal epithelial cells. These mechanisms could involve 
the selective suppression of ErbB synthesis, the selective augmentation of receptor degrada-
tion, or both. Such mechanisms probably evolved to prevent receptor overexpression, thus 
ensuring proper levels of signaling to mediate tissue development and maintenance without 
leading to dysplasia. Most importantly, these observations indicate that negative regulatory 
mechanisms are markedly suppressed in tumors, allowing ErbB receptors to accumulate to 
extraordinarily high levels. Indeed, since ErbB protein overexpression coincides with tumor 
onset, it is possible that the loss of these ErbB negative regulatory mechanisms is requisite for 
ErbB2-induced tumor formation.    

  4. ErbB NEGATIVE REGULATORY PATHWAYS — DEGRADATION MEDI-
ATED BY E3 UBIQUITIN LIGASES  

  4.1. EGF Receptor Ubiquitination and Degradation 
 One of the primary mechanisms by which cells negatively regulate receptor tyrosine kinase 
activity is through receptor degradation (also see Chapter 4). For over a quarter century the 
EGF receptor has served as a prominent model for understanding how cell surface  receptors

  Fig. 12.2.       ErbB2/ErbB3 Expression in ErbB2-induced Mouse Mammary Tumors.   (A)  Normal 
mammary tissue was harvested from two wild type (right two lanes) and two MMTV-ErbB2 (left 
two lanes) mice. Additionally, mammary tumor tissue was harvested from three transgenic animals 
(middle three lanes). Lysates from tissues were immunoblotted using antibodies to endogenous and 
transgene ErbB2, endogenous ErbB3, and cytokeratin 18 (CK18) to control for epithelial content. 
 (B)  Real-time RT-PCR analysis of ErbB2 and ErbB3 transcript levels was carried out on normal and 
tumor tissue from MMTV-ErbB2 mouse mammary glands, and levels were normalized to CK18.       
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undergo ligand-stimulated down-regulation and degradation. Studies over the past ten years 
point to a key role for ubiquitination in the down-regulation and degradation of a variety of 
plasma membrane proteins ( 53 ,  54 ), including receptor tyrosine kinases ( 55 ). Upon growth 
factor  binding many receptor tyrosine kinases localize to clathrin-coated pits, become internal-
ized, and are delivered to endosomes. Receptors are sorted in endosomes according to whether 
they are to be recycled to the cell surface or degraded in lysosomes based on their ubiqui-
tination state. Ligand binding stimulates the multiple monoubiquitination of EGF receptor 
( 56 ), and it has been demonstrated that monoubiquitination is sufficient to drive EGF receptor 
internalization and degradation ( 57 ,  58 ). Moreover, growth factor-stimulated monoubiquitina-
tion of endosomal sorting accessory proteins may regulate their function as ubiquitin recep-
tors ( 58 ,  59 ), underscoring the  central role of protein ubiquitination in receptor trafficking 
and degradation. Very recent evidence  suggests that EGF also stimulates the K63 polyubiq-
uitination of the EGF receptor ( 60 ) as well, although the function is unknown. Ubiquitina-
tion of EGF receptor is mediated, at least in part, by the RING finger E3 ubiquitin ligase cbl 
( 61 ). cbl is recruited to the receptor in an activation-dependent manner by the binding of its 
tyrosine kinase  binding (TKB) domain to phosphorylated tyrosine 1045 of the EGF receptor 
( 62  –  64 ). Recruited cbl becomes tyrosine phosphorylated by the receptor, activating its ubiq-
uitin ligase activity. cbl is then thought to ubiquitinate the receptor on kinase domain lysine 
residues ( 60 ) to promote receptor trafficking to lysosomes. Point mutation of Y1045 ( 64 ), 
or  oxidant-induced receptor activation that does not result in Y1045 phosphorylation ( 65 ), 
suppresses EGF receptor down-regulation. Likewise, cbl mutants that are unable to medi-
ate EGF receptor ubiquitination also promote receptor stability ( 63 ,  64 ).  Overexpression of 
cbl augments EGF-stimulated receptor ubiquitination and degradation, and functional RING 
finger and phosphotyrosine binding domains are both required for enhanced degradation 
( 62 ,  63 ). These studies, together with the characterization of an oncogenic cbl form that disrupts 
receptor ubiquitination ( 64 ), lead to the suggestion that the escape of RTKs from cbl-mediated 
down-regulation promotes cellular growth properties associated with oncogenesis ( 66 ). The 
cellular site(s) of cbl action toward the EGF receptor and its role in internalization are points 
of debate ( 67 ,  68 ). It is generally agreed, however, that cbl-mediated receptor ubiquitination 
 targets endosomal receptors for degradation in the lysosome, while non-ubiquitinated receptors 
are routed back to the cell surface. 

 It is important to note that even in the absence of ligand binding, growth factor receptors 
undergo constant internalization and trafficking through endosomes. While most internal-
ized receptors are returned to the cell surface, a fraction of unoccupied receptors is targeted 
for degradation. The competing processes of recycling and degradation establish an equi-
librium that defines receptor half-life and hence steady-state levels of cell surface receptors 
( 69 ). For example, in a normal epithelial cell a growth factor receptor may be recycled a 
dozen times prior to its degradation, resulting in a half-life of 12 hours. In a transformed 
cell, however, a smaller fraction of the trafficked receptors may be targeted for degradation, 
resulting in a markedly prolonged receptor half-life and elevated cell surface receptor levels. 
Hence, proteins involved in targeting receptors for ligand-independent degradation could 
play a significant role in suppressing tumor growth properties by suppressing endogenous 
receptor levels.  

  4.2. Other ErbB Degradation Mechanisms 
 While significant progress has been made in understanding EGF-induced EGFR receptor degrada-
tion, mechanisms that contribute to EGFR overexpression in the absence of growth factor remain 
to be explored. Moreover, very little is known about the degradation of the other members of the 
ErbB receptor family, either in the presence or absence of growth factor signaling. In this regard it is 
interesting that cbl has been reported not to be an efficient substrate of the other ErbB receptors under 
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physiological conditions ( 70 ). These observations are consistent with reports suggesting that ErbB2, 
ErbB3, and ErbB4 do not undergo efficient ligand-induced down-regulation ( 71 ), and underscore 
the importance of other proteins or mechanisms in keeping these receptors in check. 

 One mechanism that has received significant attention is the regulation of ligand-independent 
ErbB2 levels by chaperone-mediated stability. Cytosolic molecular chaperones such as Hsp90 
check and enable the correct folding of nascent polypeptides, and are additionally required 
for the refolding of mature proteins following their denaturation. Misfolded mature pro-
teins that are not correctly refolded are degraded by proteasomes following ubiquitination 
by chaperone-associated E3 ubiquitin ligases. Hsp90 binds to the kinase domain of mature 
ErbB2 in a tyrosine phosphorylation-independent manner to promote receptor stability 
( 72 ). Disruption of Hsp90/ErbB2 association with ansamycin antibiotics such as geldan-
amycin promotes ErbB2 degradation ( 72 ,  73 ). The chaperone-binding ubiquitin ligase 
CHIP (carboxy terminus of Hsc70 interacting protein) is characterized by a tetratricopep-
tide repeat (TPR) domain at its amino terminus responsible for interaction with Hsp90, 
and a U-box domain that binds to E2 ubiquitin conjugating enzymes. Its interaction with 
Hsp90 results in client substrate ubiquitination and subsequent degradation by the protea-
some. Thus, CHIP tilts the folding-degradation machinery toward the degradative pathway 
( 74 ). CHIP is highly expressed in heart, skeletal muscle, and brain tissues where ErbB 
signaling is critical for development and maintenance ( 75  –  77 ), and it efficiently ubiqui-
tinates ErbB2 to mediate its degradation ( 78 ,  79 ). Together, these observations raise the 
possibility that CHIP-mediated ErbB2 degradation participates in the post-transcriptional 
suppression of ErbB2 levels in normal tissues. Chaperones such as Hsp90 are frequently 
overexpressed in tumors ( 80 ), and this overexpression may contribute to ErbB2 stability. 
This overexpression in turn points to the possibility that geldanamycin or similar chaper-
one-directed agents might be exploited for pharmacological intervention of ErbB2-over-
expressing tumors. The clinical use of these drugs, however, may be complicated because 
Hsp90 inhibition activates the src tyrosine kinase, which in turn activates the kinase activity 
of ErbB2 ( 81 ). 

 Another E3 ubiquitin ligase, LNX1, has also been demonstrated to physically associ-
ate with ErbB2. LNX1 was originally characterized as a RING-type E3 ubiquitin ligase 
that targets the membrane-associated cell fate determinant Numb for ubiquitin-dependent 
degradation ( 82 ). A recent study suggests that LNX1 expression is inversely correlated with 
the responsiveness of neuromuscular junction perisynaptic Schwann cells to the growth fac-
tor NRG1, and that loss of LNX1 protein correlates with the appearance of ErbB2 protein 
upon denervation ( 83 ). While ligase activity toward ErbB2 has not yet been demonstrated, 
these observations suggest that LNX1 may be involved in the developmental suppression of 
ErbB2 protein in this cell type. Whether or not LNX1 is expressed in normal epithelia 
of tissue types susceptible to ErbB-induced tumor progression is a question of interest. 

  Our studies have demonstrated that Nrdp1 (Neuregulin receptor degradation protein-1), 
a RING finger domain-containing E3 ubiquitin ligase, is the central component of a novel 
protein degradation pathway that regulates the stability of ErbB3 ( 84 ,  85 ). Nrdp1 binds to 
this receptor independent of ligand stimulation through its unique carboxy terminal domain 
( 84 ,  86 ), and promotes receptor ubiquitination through its RING finger domain. Overex-
pression of Nrdp1 in cultured breast cancer cells results in a loss of steady-state ErbB3 levels, 
while a dominant-negative form or shRNA-mediated knockdown of endogenous Nrdp1 
augments receptor levels. These changes result in the corresponding inhibition and poten-
tiation, respectively, of NRG1-induced cellular proliferation and motility ( 52 ), suggesting 
that Nrdp1 could play a key role in controlling ErbB-mediated developmental events by 
influencing steady-state receptor levels. Importantly, Nrdp1 protein levels in ErbB2-induced 
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tumors in transgenic mice are potently suppressed ( 52 ), which is consistent with the marked 
overexpression of ErbB3 protein in these tumors (Fig.  12.2A  ). Moreover, 57 %  of all primary 
tumors from breast cancer patients exhibit suppressed Nrdp1 protein levels ( 52 ). Our immu-
noblotting studies of patient-matched normal and tumor breast tissue indicate that 63 %  of 
tumors overexpress the ErbB3 protein, and of these almost 70 %  exhibit Nrdp1 protein loss. 
The strong correlation between ErbB3 overexpression and Nrdp1 loss in tumors points to the 
possibility that this ligase may play a central role in suppressing ErbB3 levels and signaling 
activity in normal breast tissue. 

 Since Nrdp1 levels could play a significant role in promoting tumor initiation or pro-
gression, a natural question concerns the mechanism(s) by which Nrdp1 protein levels are 
regulated. While the mechanism of Nrdp1 protein suppression in tumors is currently under 
investigation, our observations suggest that one of the mechanisms by which Nrdp1 is 
regulated in normal tissue is through autoubiquitination and proteasomal degradation ( 87 ). 
A key regulator of Nrdp1 stability is the deubiquitinating USP8, which removes ubiquitin 
from autoubiquitinated Nrdp1 to prevent its proteasomal degradation ( 87 ). Interestingly, USP8 
appears to be regulated by growth factor stimulation ( 88 ), leading to the feedback negative 
regulatory loop illustrated in Fig.  12.3A . In this model, NRG1 stimulation of the ErbB2-ErbB3 
heterodimer engages the PI3K-Akt signaling cascade, which mediates the phosphorylation of 
USP8 and the augmentation of its stabilizing activity toward Nrdp1, which in turn promotes 
ErbB3 degradation through its E3 ligase activity. In contrast with cbl, which acts on activated 
EGF receptors after ligand stimulation through its ability to couple to phosphorylated Y1045 
(Fig.  12.3B ), Nrdp1 acts on receptors independent of receptor activation and its accumulation 
in cells is stimulated by growth factor. In more general terms, these observations suggest that 
growth factor signaling is capable of augmenting mechanisms that keep basal receptors in 
check as a means of feedback negative regulation. As outlined above, other studies have sug-
gested that ErbB2, ErbB3, and ErbB4 are incapable of ligand-induced down-regulation. It is 
possible, however, that the studies underlying these conclusions were carried out in cell types 
where ErbB negative regulatory pathways are either not present or have been lost.    

  Fig. 12.3.       Feedback Negative Regulation of EGFR and ErbB3 by E3 Ubiquitin Ligases.  
 (A)  Cellular Nrdp1 governs steady-state ErbB3 levels in the absence of growth factor by ubiquitinating a 
fraction of the constitutively internalizing receptor to promote its delivery to lysosomes. Upon NRG1 
stimulation, the ErbB3 complex recruits PI3K leading to the activation of Akt, which in turn phos-
phorylates (black dots) USP8 to promote the stabilization of Nrdp1. Elevated Nrdp1 then specifies 
that a greater fraction of ErbB3 is degraded upon internalization.  (B)  EGF stimulation of EGFR leads 
to Y1045 phosphorylation and the recruitment of cbl, which ubiquitinates the receptor to promote its 
lysosomal degradation.       
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  5. ErbB NEGATIVE REGULATORY PATHWAYS — SUPPRESSION 
OF RECEPTOR ACTIVITY  

  5.1. ErbB Splice Variants 
 The second general mechanism by which cells negatively regulate ErbB receptors is through the 
use of modulator proteins that physically interact with receptors to dictate their response to ligand 
binding ( 10 ,  11 ). One class of naturally occurring negative modulators consists of splice variants 
encoding some or most of the extracellular portions of ErbB receptors. Herstatin is the product of 
an alternatively spliced human ErbB2 that leaves intron 8 in the message. The resulting expressed 
product encompasses half of the ErbB2 extracellular region along with 79 unique amino acids 
encoded by the retained intron ( 89 ). Herstatin binds with high affinity to EGFR, ErbB2, and 
ErbB4, suppresses receptor dimerization and activation without interfering with ligand binding 
( 90  –  92 ), and appears to modulate signaling pathway usage by receptors to elicit cellular growth 
arrest ( 91 ). When co-expressed in ErbB2-expressing cells, Herstatin interacts with and sequesters 
wild-type ErbB2 in the endoplasmic reticulum to suppress cell surface delivery of the complex 
( 93 ). Interestingly, the relative amount of intron 8-containing transcript and protein is very low 
in cell lines that overexpress full-length ErbB2 when compared with lines that express normal 
amounts of full-length ErbB2 ( 89 ), suggesting that the loss of this negative regulatory mechanism 
confers an advantage to ErbB2-dependent tumors. Given that Herstatin inhibits ErbBs activated 
both by ligand binding and by receptor overexpression, thus mimicking the properties of both 
Herceptin and Omnitarg, its therapeutic potential is quite promising. Indeed, transfected 
Herstatin inhibits the intracranial growth of EGFR-driven glioblastoma cells in nude mice ( 94 ), 
underscoring the potential clinical utility of this agent. EGFR-related peptide (ERRP), a 55 kDa 
variant of the EGFR extracellular domain ( 95 ), also inhibits basal and ligand-induced activation 
of ErbB family members ( 96 ). ERRP expression is high in benign colonic and gastric mucosa, as 
well as in the liver and pancreas, but low in the respective carcinomas of those tissues. Moreover, 
injection of recombinant protein inhibits tumor cell growth in xenograft models ( 97 ), underscor-
ing the therapeutic potential of this agent. A similar splice variant of ErbB3 encoding most of the 
extracellular region followed by intron-encoded sequence may act as an inhibitor of cell growth 
by binding ligand to form non-productive ligand-receptor complexes ( 98 ). Collectively, these 
data suggest that cells utilize ErbB splice variants to suppress their signaling and raise the 
possibility that these agents may be employed therapeutically.  

  5.2. Ralt 
 Receptor-associated late transducer (RALT; also called gene33 or MIG-6) has received a lot of 
attention as a pan-ErbB inhibitor that is transcriptionally induced upon ErbB activation in a ras 
pathway-dependent manner ( 99  –  102 ). RALT expression suppresses ErbB-mediated mitogenesis 
( 101 ), and its functional loss sensitizes cells to sub-optimal growth factor concentrations ( 8 ,  103 ). 
Moreover, induction of RALT expression by hypoxic conditions in cardiomyocytes may contribute 
to ischemic injury by suppressing cellular survival signaling through Akt and Erk pathways ( 104 ). 
Interestingly, RALT expression is suppressed in breast cancer cells exhibiting ErbB2 amplifica-
tion, and reconstitution of RALT in these cells inhibits ErbB2-dependent mitogenesis and reverses 
Herceptin resistance ( 103 ). RALT overexpression in the skin of transgenic mice yields a phenotype 
similar to the Waved  phenotype indicative of impaired EGF receptor signaling ( 105 ). RALT knock-
out in mice causes EGFR hyperactivation, induces some spontaneous tumors of various organs, 
and confers heightened susceptibility to chemically-induced skin tumors ( 106 ,  107 ). Missense and 
nonsense mutations in the RALT coding region, as well as transcriptional silencing, may give rise 
to the suppression of RALT protein in human tumors ( 107 ). Collectively, these findings suggest that 
loss of RALT may augment or cooperate with ErbB signaling to drive full oncogenic signaling.  
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  5.3. LRR-containing Proteins 
 As outlined above, the Drosophila LRR/Ig protein Kekkon-1 is able to bind to and suppress 
the activities of mammalian ErbB receptors, suggesting that mammalian LRR proteins may 
possess similar functions. Indeed, decorin is a secreted proteoglycan containing nine leucine-
richrepeats in its extracellular region that is frequently underexpressed in tumors. Decorin 
binds to mammalian ErbB receptors ( 108 ) to induce receptor down-regulation ( 109 ,  110 ), 
a property that may ultimately be exploited for therapeutic benefit. For example, inducible 
expression of decorin markedly suppresses both primary tumor growth and metastasis in an 
orthotopic mammary carcinoma model, and growth suppression correlates with a loss of 
ErbB2 ( 111 ). Moreover, intraperitoneal injection of recombinant decorin protein causes a sig-
nificant and dose-dependent inhibition of squamous carcinoma xenograft growth (  112  ). These 
observations raise the possibility that restoration of decorin to tumors could limit metastatic 
cancer in patients. 

 LRIG1 is a 140 kilodalton transmembrane protein containing 15 LRRs and 3 Ig domains 
expressed in most epithelial tissues, the endothelium, heart, skin, as well as smooth and 
striated muscle ( 113 ,  114 ). LRIG1 protein is particularly abundant in secretory epithelia, 
including breast and prostate ( 115 ). The LRIG1 gene is located at chromosome 3p14.3, an 
area frequently deleted in numerous tumor types, and its transcript is much less abundant in 
tumor cell lines derived from lung, prostate, and colon compared to normal tissue ( 116 ). We 
have observed that the majority of primary human breast tumors display decreased LRIG1 
protein expression when compared to matched normal tissue (unpublished observations). 
In contrast, Ljuslinder et al. recently reported an increase in copy number at 3p14.3 in 39 %  
of breast tumors, and a corresponding increase in protein expression in breast tumor lysates 
( 117 ). Considering this discrepancy, a key question for future studies concerns the extent 
to which LRIG1 expression is dysregulated in breast tumors, and whether or not aberrant 
expression serves as a predictive or prognostic indicator. 

 LRIG1 deficient mice are normal with respect to viability and fertility, but exhibit an 
epidermal hyperplasia of the tail and face reminiscent of psoriasis ( 114 ). Interestingly, 
LRIG1 expression is also significantly down-regulated in psoriatic human skin. LRIG1 
knockout keratinocytes are highly proliferative and display perturbed terminal differen-
tiation ( 114 ), and very recent studies suggest that LRIG1 functions to maintain epider-
mal stem cells in a quiescent nondividing state ( 118 ). Since aberrant EGFR activation 
is commonly observed in human psoriasis, and transgenic mice overexpressing EGFR 
ligands display a psoriatic phenotype similar to LRIG1 knockout mice ( 119 ,  120 ), these 
observations suggest that LRIG1 may function as a Kek1-like EGFR negative regulator. 
Indeed, LRIG1 interacts with all four mammalian ErbB receptors to suppress signaling 
( 121 ,  122 ). Interestingly, LRIG1 also acts as a negative regulator of the Met recep-
tor tyrosine kinase ( 123 ), which has also been implicated in breast cancer malignancy. 
In contrast with Kek1, which interferes with growth factor binding to DER, LRIG1 appears 
to repress receptors by targeting them for degradation through enhanced ubiquitination. 
LRIG1 augments ligand-stimulated EGF receptor ubiquitination through its ability to bind 
directly to the cbl E3 ubiquitin ligase ( 122 ). This observation provides another mechanism 
for coupling EGF-stimulated EGFR to this ligase. However, LRIG1 also suppresses ErbB 
receptor levels independent of growth factor stimulation ( 121 ,  122 ). Our unpublished stud-
ies demonstrate that neither dominant-negative cbl nor dominant-negative Nrdp1 are able 
to interfere with LRIG1-induced basal loss of receptors, suggesting that another ubiquitin 
ligase is involved in this event. The molecular mechanisms by which LRIG1 mediates 
receptor degradation remain a very important issue because loss of this mechanism could 
contribute to ErbB receptor overexpression in tumors.   
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  6. CONCLUSION  

 Because ErbB overexpression and aberrant activation is known to contribute to the malignancy of 
a variety of solid tumor types, much effort has been put into understanding the receptor-initiated 
pathways that contribute to cellular growth control. These efforts have led to the development of 
an array of antibody and small molecule ErbB-directed anti-cancer drugs that have either already 
received FDA approval or are currently in clinical trials ( 124 ). However, the emerging pattern of 
therapeutic resistance to ErbB-directed drugs by many tumor types prompts questions as to whether 
more effective strategies may be developed. The newly emerging field of ErbB negative regula-
tion could uncover novel drug targets and offer new strategies in suppressing ErbB-dependent 
tumors. For example, rather than targeting the activity of overexpressed ErbB receptors in tumors, 
it may be possible to target the pathways that permit receptor overexpression. The observations 
outlined here point to the existence of several negative regulatory pathways that may play a 
central role in keeping cellular levels or activities of ErbB receptors in check. In addition to 
fine-tuning the extent and duration of ErbB signaling to ensure proper development and tissue 
maintenance, these pathways could act as endogenous suppressors of tumor cell growth and inva-
sion. Thus, loss of pathway function could contribute to receptor overexpression associated with 
aggressive tumors. Likewise, restoration or augmentation of pathway function could offer novel 
means of suppressing ErbB activity in tumor cells. 

 In the future, it will be important to continue the discovery of novel ErbB negative 
regulatory pathways. Proteins involved in endocytosis and trafficking, proteins involved 
in localizing receptors to specific plasma membrane subdomains, protein tyrosine phos-
phatases that suppress receptor signaling, and proteins that interfere with growth factor 
binding and activation are all candidate negative regulators whose loss could contribute to 
ErbB-mediated tumor progression. In addition, it will be critical to determine the extent 
to which these pathways, both individually and collectively, are lost in ErbB-dependent 
human tumors, and whether pathway loss contributes to ErbB receptor overexpression 
or activation. If these pathways (or subsets of pathways) are commonly lost in tumors, 
it will additionally be important to understand the mechanisms underlying those losses. 
For example, loss of Nrdp1 pathway function could result from mutational disruption 
of either the Nrdp1 or the USP8 genes, silencing of those genes, or the disruption of the 
biochemical pathway leading to USP8 activation. Mouse models will provide important 
mechanistic insight into pathway function in tumors. For example, we would predict that 
transgenic mice overexpressing Nrdp1 or LRIG1 protein would be refractory to ErbB-
induced tumors, while LRIG1 or Nrdp1 knockout mice would be particularly susceptible. 
A detailed understanding of the mechanisms underlying the loss of function of negative 
regulatory pathways in human tumors will in turn lead to the development of strategies to 
restore pathway function to tumor cells, hopefully leading to better treatments for patients 
with ErbB-positive tumors.    

  ACKNOWLEDGMENTS 

 Kermit Carraway is supported by NIH grants GM068994 and CA123541, and Colleen 
Sweeney is supported by NIH grant CA118384. Lily Yen is the recipient of a DoD Breast 
Cancer Research Program postdoctoral fellowship.  

  REFERENCES 

   1.   Crone SA, Zhao YY, Fan L, Gu Y, Min amisawa S, Liu Y, Peterson KL, Chen J, Kahn R, Condorelli G, 
Ross J, Jr., Chien KR, Lee KF. ErbB2 is essential in the prevention of dilated cardiomyopathy. Nat 
Med 2002; 8:459-465.  



Chapter 12 / ErbB Negative Regulation 181

   2.   Ozcelik C, Erdmann B, Pilz B, Wettschureck N, Britsch S, Hubner N, Chien KR, Birchmeier C, 
Garratt AN. Conditional mutation of the ErbB2 (HER2) receptor in cardiomyocytes leads to dilated 
cardiomyopathy. Proc Natl Acad Sci USA 2002; 99:8880-8885.  

   3.   Garcia-Rivello H, Taranda J, Said M, Cabeza-Meckert P, Vila-Petroff M, Scaglione J, Ghio S, Chen J, 
Lai C, Laguens RP, Lloyd KC, Hertig CM. Dilated cardiomyopathy in Erb-b4-deficient ventricular 
muscle. Am J Physiol Heart Circ Physiol 2005;289:H1153-1160.  

   4.   Holbro T, Civenni G, Hynes NE. The ErbB receptors and their role in cancer progression. Exp Cell 
Res 2003; 284:99-110.  

   5.   Mosesson Y, Yarden Y. Oncogenic growth factor receptors: implications for signal transduction 
therapy. Semin Cancer Biol 2004; 14:262-270.  

   6.   Nahta R, Yu D, Hung MC, Hortobagyi GN, Esteva FJ. Mechanisms of disease: understanding 
resistance to HER2-targeted therapy in human breast cancer. Nat Clin Pract Oncol 2006;3:269-280.  

   7.   Sergina NV, Rausch M, Wang D, Blair J, Hann B, Shokat KM, Moasser MM. Escape from HER-family 
tyrosine kinase inhibitor therapy by the kinase-inactive HER3. Nature 2007;445:437-441.  

   8.   Fiorini M, Alimandi M, Fiorentino L, Sala G, Segatto O. Negative regulation of receptor tyrosine 
kinase signals. FEBS Lett 2001; 490:132-141.  

   9.   Dikic I, Giordano S. Negative receptor signalling. Curr Opin Cell Biol 2003; 15:128-135.  
   10.   Sweeney C, Carraway KL, III. Negative regulation of ErbB family receptor tyrosine kinases. Br J 

Cancer 2004; 90:289-293.  
   11.   Sweeney C, Miller JK, Shattuck DL, Carraway KL, III. ErbB receptor negative regulatory mecha-

nisms: implications in cancer. J Mammary Gland Biol Neoplasia 2006; 11:89-99.  
   12.   Perrimon N, McMahon AP. Negative feedback mechanisms and their roles during pattern formation. 

Cell 1999; 97:13-16.  
   13.   Freeman M. Feedback control of intercellular signalling in development. Nature 2000; 408:313-319.  
   14.   Shilo BZ. Signaling by the Drosophila epidermal growth factor receptor pathway during development. 

Exp Cell Res 2003; 284:140-149.  
   15.   Schweitzer R, Howes R, Smith R, Shilo BZ, Freeman M. Inhibition of Drosophila EGF receptor 

activation by the secreted protein Argos. Nature 1995; 376:699-702.  
   16.   Jin MH, Sawamoto K, Ito M, Okano H. The interaction between the Drosophila secreted protein argos 

and the epidermal growth factor receptor inhibits dimerization of the receptor and binding of secreted 
spitz to the receptor. Mol Cell Biol 2000; 20:2098-2107.  

   17.   Vinos J, Freeman M. Evidence that Argos is an antagonistic ligand of the EGF receptor. Oncogene 
2000; 19:3560-3562.  

   18.   Klein DE, Nappi VM, Reeves GT, Shvartsman SY, Lemmon MA. Argos inhibits epidermal growth 
factor receptor signalling by ligand sequestration. Nature 2004; 430:1040-1044.  

   19.   Alvarado D, Evans TA, Sharma R, Lemmon MA, Duffy JB. Argos mutants define an affinity threshold 
for spitz inhibition in vivo. J Biol Chem 2006; 281:28993-29001.  

   20.   Ghiglione C, Carraway KL, III, Amundadottir LT, Boswell RE, Perrimon N, Duffy JB. The transmem-
brane molecule kekkon-1 acts in a feedback loop to negatively regulate the activity of the Drosophila 
EGF receptor during oogenesis. Cell 1999; 96:847-856.  

   21.   Alvarado D, Rice AH, Duffy JB. Knockouts of Kekkon1 define sequence elements essential for 
Drosophila epidermal growth factor receptor inhibition. Genetics 2004; 166:201-211.  

   22.   Ghiglione C, Amundadottir L, Andresdottir M, Bilder D, Diamonti JA, Noselli S, Perrimon N, 
Carraway, KL, III. Mechanism of inhibition of the Drosophila and mammalian EGF receptors by the 
transmembrane protein Kekkon 1. Development 2003; 130:4483-4493.  

   23.   Alvarado D, Rice AH, Duffy JB. Bipartite inhibition of Drosophila epidermal growth factor receptor 
by the extracellular and transmembrane domains of Kekkon1. Genetics 2004; 167:187-202.  

   24.   Golembo M, Schweitzer R, Freeman M, Shilo BZ. Argos transcription is induced by the Drosophila 
EGF receptor pathway to form an inhibitory feedback loop. Development 1996; 122:223-230.  

   25.   Slamon DJ, Clark GM, Wong SG, Levin WJ, Ullrich A, McGuire WL. Human breast cancer: correlation 
of relapse and survival with amplification of the HER-2/neu oncogene. Science 1987; 235:177-182.  

   26.   Berger MS, Locher GW, Saurer S, Gullick WJ, Waterfield MD, Groner B, Hynes NE. Correlation of 
c-erbB-2 gene amplification and protein expression in human breast carcinoma with nodal status and 
nuclear grading. Cancer Res 1988; 48:1238-1243.  



182 Carraway et al.

   27.   Slamon DJ, Godolphin W, Jones LA, Holt JA, Wong SG, Keith DE, Levin WJ, Stuart SG, Udove J, 
Ullrich A, et al. Studies of the HER-2/neu proto-oncogene in human breast and ovarian cancer. 
Science 1989;244:707-712.  

   28.   Zhou BP, Hung MC. Dysregulation of cellular signaling by HER2/neu in breast cancer. Semin Oncol 
2003; 30:38-48.  

   29.   Suter TM, Cook-Bruns N, Barton C. Cardiotoxicity associated with trastuzumab (Herceptin) therapy 
in the treatment of metastatic breast cancer. Breast 2004; 13:173-183.  

   30.   Lemoine NR, Barnes DM, Hollywood DP, Hughes CM, Smith P, Dublin E, Prigent SA, Gullick WJ, 
Hurst HC. Expression of the ErbB3 gene product in breast cancer. Br J Cancer 1992; 66:1116-1121.  

   31.   Naidu R, Yadav M, Nair S, Kutty MK. Expression of c-erbB3 protein in primary breast carcinomas. 
Br J Cancer 1998; 78:1385-1390.  

   32.   Witton CJ, Reeves JR, Going JJ, Cooke TG, Bartlett JM. Expression of the HER1-4 family of receptor 
tyrosine kinases in breast cancer. J Pathol 2003; 200:290-297.  

   33.   Rajkumar T, Gullick WJ. The type I growth factor receptors in human breast cancer. Breast Cancer 
Res Treat 1994; 29:3-9.  

   34.   Siegel PM, Ryan ED, Cardiff RD, Muller WJ. Elevated expression of activated forms of Neu/ErbB-2 
and ErbB-3 are involved in the induction of mammary tumors in transgenic mice: implications for 
human breast cancer. EMBO J 1999; 18:2149-2164.  

   35.   Carraway KL, III, Cantley LC. A neu acquaintance for erbB3 and erbB4: a role for receptor 
heterodimerization in growth signaling. Cell 1994; 78:5-8.  

   36.   Alroy I, Yarden Y. The ErbB signaling network in embryogenesis and oncogenesis: signal diversifica-
tion through combinatorial ligand-receptor interactions. FEBS Lett 1997; 410:83-86.  

   37.   Riese DJ, II, Stern DF. Specificity within the EGF family/ErbB receptor family signaling network. 
Bioessays 1998; 20:41-48.  

   38.   Olayioye MA, Neve RM, Lane HA, Hynes NE. The ErbB signaling network: receptor heterodimeriza-
tion in development and cancer. EMBO J. 2000; 19:3159-3167.  

   39.   Carraway KL, III, Sliwkowski MX, Akita R, Platko JV, Guy PM, Nuijens A, Diamonti AJ, Vandlen 
RL, Cantley LC, Cerione RA. The erbB3 gene product is a receptor for heregulin. J Biol Chem 1994; 
269:14303-14306.  

   40.   Guy PM, Platko JV, Cantley LC, Cerione RA, Carraway KL, III. Insect cell-expressed p180erbB3 
possesses an impaired tyrosine kinase activity. Proc Natl Acad Sci U S A 1994; 91:8132-8136.  

   41.   Sliwkowski MX, Schaefer G, Akita RW, Lofgren JA, Fitzpatrick VD, Nuijens A, Fendly BM, Cerione 
RA, Vandlen RL, Carraway KL, III. Coexpression of erbB2 and erbB3 proteins reconstitutes a high 
affinity receptor for heregulin. J Biol Chem 1994; 269:14661-14665.  

   42.   Carraway KL, III, Soltoff SP, Diamonti AJ, Cantley LC. Heregulin stimulates mitogenesis and 
phosphatidylinositol 3-kinase in mouse fibroblasts transfected with ErbB2/neu and ErbB3. J Biol 
Chem 1995; 270:7111-7116.  

   43.   Alimandi M, Romano A, Curia MC, Muraro R, Fedi P, Aaronson SA, Di Fiore PP, Kraus MH. 
Cooperative signaling of ErbB3 and ErbB2 in neoplastic transformation and human mammary carci-
nomas. Oncogene 1995; 10:1813-1821.  

   44.   Holbro T, Beerli RR, Maurer F, Koziczak M, Barbas CF, III, Hynes NE. The ErbB2/ErbB3 heterodimer 
functions as an oncogenic unit: ErbB2 requires ErbB3 to drive breast tumor cell proliferation. Proc 
Natl Acad Sci USA. 2003; 100:8933-8938.  

   45.   Xu FJ, Stack S, Boyer C, O’Briant K, Whitaker R, Mills GB, Yu YH, Bast RC, Jr. Heregulin and 
agonistic anti-p185(c-erbB2) antibodies inhibit proliferation but increase invasiveness of breast cancer 
cells that overexpress p185(c-erbB2): increased invasiveness may contribute to poor prognosis. Clin 
Cancer Res 1997; 3:1629-1634.  

   46.   Tan M, Grijalva R, Yu D. Heregulin beta1-activated phosphatidylinositol 3-kinase enhances aggrega-
tion of MCF-7 breast cancer cells independent of extracellular signal-regulated kinase. Cancer Res 
1999; 59:1620-1625.  

   47.   Hijazi MM, Thompson EW, Tang C, Coopman P, Torri JA, Yang D, Mueller SC, Lupu R. Heregulin 
regulates the actin cytoskeleton and promotes invasive properties in breast cancer cell lines. Int J 
Oncol 2000; 17:629-641.  

   48.   Agus DB, Akita RW, Fox WD, Lewis GD, Higgins B, Pisacane PI, Lofgren JA, Tindell C, Evans DP, 
Maiese K, Scher HI, Sliwkowski MX. Targeting ligand-activated ErbB2 signaling inhibits breast and 
prostate tumor growth. Cancer Cell 2002; 2:127-137.  



Chapter 12 / ErbB Negative Regulation 183

   49.   Walshe JM, Denduluri N, Berman AW, Rosing DR, Swain SM. A phase II trial with trastuzumab and 
pertuzumab in patients with HER2-overexpressed locally advanced and metastatic breast cancer. Clin 
Breast Cancer 2006; 6:535-539.  

   50.   Cardiff RD, Wellings SR. The comparative pathology of human and mouse mammary glands. 
J Mammary Gland Biol Neoplasia 1999;4:105-122.  

   51.   Guy CT, Webster MA, Schaller M, Parsons TJ, Cardiff RD, Muller WJ. Expression of the neu pro-
tooncogene in the mammary epithelium of transgenic mice induces metastatic disease. Proc Natl Acad 
Sci U S A 1992; 89:10578-10582.  

   52.   Yen L, Cao Z, Wu X, Ingalla ER, Baron C, Young LJ, Gregg JP, Cardiff RD, Borowsky AD, Sweeney C, 
Carraway KL, III. Loss of Nrdp1 enhances ErbB2/ErbB3-dependent breast tumor cell growth. Cancer 
Res. 2006; 66:11279-11286.  

   53.   Hicke L. Gettin ’  down with ubiquitin: turning off cell-surface receptors, transporters and channels. 
Trends Cell Biol 1999; 9:107-112.  

   54.   Katzmann DJ, Odorizzi G, Emr SD. Receptor downregulation and multivesicular-body sorting. Nat 
Rev Mol Cell Biol 2002; 3:893-905.  

   55.   Shtiegman K, Yarden Y. The role of ubiquitylation in signaling by growth factors: implications to 
cancer. Semin Cancer Biol 2003; 13:29-40.  

   56.   Haglund K, Sigismund S, Polo S, Szymkiewicz I, Di Fiore PP, Dikic I. Multiple monoubiquitination 
of RTKs is sufficient for their endocytosis and degradation. Nat Cell Biol 2003; 5:461-466.  

   57.   Mosesson Y, Shtiegman K, Katz M, Zwang Y, Vereb G, Szollosi J, Yarden Y. Endocytosis of 
receptor tyrosine kinases is driven by monoubiquitylation, not polyubiquitylation. J Biol Chem 2003; 
278:21323-21326.  

   58.   Di Fiore PP, Polo S, Hofmann K. When ubiquitin meets ubiquitin receptors: a signalling connection. 
Nat Rev Mol Cell Biol 2003; 4:491-497.  

   59.   Haglund K, Di Fiore PP, Dikic I. Distinct monoubiquitin signals in receptor endocytosis. Trends 
Biochem Sci 2003; 28:598-603.  

   60.   Huang F, Kirkpatrick D, Jiang X, Gygi S, Sorkin A. Differential regulation of EGF receptor internaliza-
tion and degradation by multiubiquitination within the kinase domain. Mol Cell 2006; 21:737-748.  

   61.   Thien CB, Langdon WY. Cbl: many adaptations to regulate protein tyrosine kinases. Nat Rev Mol Cell 
Biol 2001; 2:294-307.  

   62.   Levkowitz G, Waterman H, Zamir E, Kam Z, Oved S, Langdon WY, Beguinot L, Geiger B, Yarden Y. 
c-Cbl/Sli-1 regulates endocytic sorting and ubiquitination of the epidermal growth factor receptor. 
Genes Dev 1998; 12:3663-3674.  

   63.   Lill NL, Douillard P, Awwad RA, Ota S, Lupher ML, Jr., Miyake S, Meissner-Lula N, Hsu VW, Band H. 
The evolutionarily conserved N-terminal region of Cbl is sufficient to enhance down-regulation of the 
epidermal growth factor receptor. J Biol Chem 2000; 275:367-377.  

   64.   Levkowitz G, Waterman H, Ettenberg SA, Katz M, Tsygankov AY, Alroy I, Lavi S, Iwai K, Reiss Y, 
Ciechanover A, Lipkowitz S, Yarden Y. Ubiquitin ligase activity and tyrosine phosphorylation underlie 
suppression of growth factor signaling by c-Cbl/Sli-1. Mol Cell 1999; 4:1029-1040.  

   65.   Ravid T, Sweeney C, Gee P, Carraway KL, III, Goldkorn T. Epidermal growth factor receptor 
activation under oxidative stress fails to promote c-Cbl mediated down-regulation. J Biol Chem 2002; 
277:31214-31219.  

   66.   Peschard P, Park M. Escape from Cbl-mediated downregulation: a recurrent theme for oncogenic 
deregulation of receptor tyrosine kinases. Cancer Cell 2003; 3:519-523.  

   67.   de Melker AA, van der Horst G, Calafat J, Jansen H, Borst J. c-Cbl ubiquitinates the EGF receptor 
at the plasma membrane and remains receptor associated throughout the endocytic route. J Cell Sci 
2001; 114:2167-2178.  

   68.   Duan L, Miura Y, Dimri M, Majumder B, Dodge IL, Reddi AL, Ghosh A, Fernandes N, Zhou P, Mullane-
Robinson K, Rao N, Donoghue S, Rogers RA, Bowtell D, Naramura M, Gu H, B and V, B and H. 
Cbl-mediated ubiquitinylation is required for lysosomal sorting of epidermal growth factor receptor 
but is dispensable for endocytosis. J Biol Chem 2003; 278:28950-28960.  

   69.   Wiley HS. Trafficking of the ErbB receptors and its influence on signaling. Exp Cell Res 2003; 
284:78-88.  

   70.   Levkowitz G, Klapper LN, Tzahar E, Freywald A, Sela M, Yarden Y. Coupling of the c-Cbl 
protooncogene product to ErbB-1/EGF-receptor but not to other ErbB proteins. Oncogene 1996; 
12:1117-1125.  



184 Carraway et al.

   71.   Baulida J, Kraus MH, Alimandi M, Di Fiore PP, Carpenter G. All ErbB receptors other than the 
epidermal growth factor receptor are endocytosis impaired. J Biol Chem 1996; 271:5251-5257.  

   72.   Xu W, Mimnaugh E, Rosser MF, Nicchitta C, Marcu M, Yarden Y, Neckers L. Sensitivity of mature 
ErbB2 to geldanamycin is conferred by its kinase domain and is mediated by the chaperone protein 
Hsp90. J Biol Chem 2001;276:3702-3708.  

   73.   Citri A, Alroy I, Lavi S, Rubin C, Xu W, Grammatikakis N, Patterson C, Neckers L, Fry DW, Yarden Y. 
Drug-induced ubiquitylation and degradation of ErbB receptor tyrosine kinases: implications for can-
cer therapy. EMBO J 2002;21:2407-2417.  

   74.   McDonough H, Patterson C. CHIP: a link between the chaperone and proteasome systems. Cell Stress 
Chaperones 2003;8:303-308.  

   75.   Gassmann M, Lemke G. Neuregulins and neuregulin receptors in neural development. Curr Opin 
Neurobiol 1997;7:87-92.  

   76.   Falls DL. Neuregulins and the neuromuscular system: 10 years of answers and questions. J Neurocytol 
2003;32:619-647.  

   77.   Negro A, Brar BK, Lee KF. Essential roles of Her2/erbB2 in cardiac development and function. Recent 
Prog Horm Res 2004;59:1-12.  

   78.   Xu W, Marcu M, Yuan X, Mimnaugh E, Patterson C, Neckers L. Chaperone-dependent E3 
ubiquitin ligase CHIP mediates a degradative pathway for c-ErbB2/Neu. Proc Natl Acad Sci USA 
2002;99:12847-12852.  

   79.   Zhou P, Fernandes N, Dodge IL, Reddi AL, Rao N, Safran H, DiPetrillo TA, Wazer DE, Band V, Band 
H. ErbB2 degradation mediated by the co-chaperone protein CHIP. J Biol Chem 2003;278:13829-
13837.  

   80.   Isaacs JS, Xu W, Neckers L. Heat shock protein 90 as a molecular target for cancer therapeutics. Cancer 
Cell 2003; 3:213-217.  

   81.   Xu W, Yuan X, Beebe K, Xiang Z, Neckers L. Loss of Hsp90 association up-regulates Src-dependent 
ErbB2 activity. Mol Cell Biol. 2007; 27:220-228.  

   82.   Nie J, McGill MA, Dermer M, Dho SE, Wolting CD, McGlade CJ. LNX functions as a RING type 
E3 ubiquitin ligase that targets the cell fate determinant Numb for ubiquitin-dependent degradation. 
EMBO J 2002;21:93-102.  

   83.   Young P, Nie J, Wang X, McGlade CJ, Rich MM, Feng G. LNX1 is a perisynaptic Schwann cell spe-
cific E3 ubiquitin ligase that interacts with ErbB2. Mol Cell Neurosci 2005;30:238-248.  

   84.   Diamonti AJ, Guy PM, Ivanof C, Wong K, Sweeney C, Carraway KL, III. An RBCC protein impli-
cated in maintenance of steady-state neuregulin receptor levels. Proc Natl Acad Sci USA 2002; 
99:2866-2871.  

   85.   Qiu XB, Goldberg AL. Nrdp1/FLRF is a ubiquitin ligase promoting ubiquitination and degrada-
tion of the epidermal growth factor receptor family member, ErbB3. Proc Natl Acad Sci USA 2002; 
99:14843-14848.  

   86.   Bouyain S, Leahy DJ. Structure-based mutagenesis of the substrate-recognition domain of Nrdp1/FLRF 
identifies the binding site for the receptor tyrosine kinase ErbB3. Protein Sci 2007;16:654-661.  

   87.   Wu X, Yen L, Irwin L, Sweeney C, Carraway KL, III. Stabilization of the E3 ubiquitin ligase Nrdp1 
by the deubiquitinating enzyme USP8. Mol Cell Biol. 2004; 24:7748-7757.  

   88.   Cao Z, Wu X, Yen L, Sweeney C, Carraway KL, III. Neuregulin-induced ErbB3 downregulation is 
mediated by a protein stability cascade involving the E3 ubiquitin ligase Nrdp1. Mol Cell Biol 2007; 
27:2180-2188.  

   89.   Doherty JK, Bond C, Jardim A, Adelman JP, Clinton GM. The HER-2/neu receptor tyrosine kinase 
gene encodes a secreted autoinhibitor. Proc Natl Acad Sci USA 1999; 96:10869-10874.  

   90.   Azios NG, Romero FJ, Denton MC, Doherty JK, Clinton GM. Expression of herstatin, an autoinhibi-
tor of HER-2/neu, inhibits transactivation of HER-3 by HER-2 and blocks EGF activation of the EGF 
receptor. Oncogene 2001; 20:5199-5209.  

   91.   Justman QA, Clinton GM. Herstatin, an autoinhibitor of the human epidermal growth factor receptor 
2 tyrosine kinase, modulates epidermal growth factor signaling pathways resulting in growth arrest. 
J Biol Chem 2002; 277:20618-20624.  

   92.   Jhabvala-Romero F, Evans A, Guo S, Denton M, Clinton GM. Herstatin inhibits heregulin-mediated 
breast cancer cell growth and overcomes tamoxifen resistance in breast cancer cells that overexpress 
HER-2. Oncogene 2003; 22:8178-8186.  



Chapter 12 / ErbB Negative Regulation 185

   93.   Hu P, Zhou T, Qian L, Wang J, Shi M, Yu M, Yang Y, Zhang X, Shen B, Guo N. Sequestering ErbB2 
in endoplasmic reticulum by its autoinhibitor from translocation to cell surface: an autoinhibition 
mechanism of ErbB2 expression. Biochem Biophys Res Commun 2006; 342:19-27.  

   94.   Staverosky JA, Muldoon LL, Guo S, Evans AJ, Neuwelt EA, Clinton GM. Herstatin, an autoinhibitor 
of the epidermal growth factor receptor family, blocks the intracranial growth of glioblastoma. Clin 
Cancer Res 2005; 11:335-340.  

   95.   Yu Y, Rishi AK, Turner JR, Liu D, Black ED, Moshier JA, Majumdar AP. Cloning of a novel 
EGFR-related peptide: a putative negative regulator of EGFR. Am J Physiol Cell Physiol 2001; 280:
C1083-1089.  

   96.   Xu H, Yu Y, Marciniak D, Rishi AK, Sarkar FH, Kucuk O, Majumdar AP. Epidermal growth factor 
receptor (EGFR)-related protein inhibits multiple members of the EGFR family in colon and breast 
cancer cells. Mol Cancer Ther 2005; 4:435-442.  

   97.   Majumdar AP. Therapeutic potential of EGFR-related protein, a universal EGFR family antagonist. 
Future Oncol 2005; 1:235-245.  

   98.   Lee H, Akita RW, Sliwkowski MX, Maihle NJ. A naturally occurring secreted human ErbB3 recep-
tor isoform inhibits heregulin-stimulated activation of ErbB2, ErbB3, and ErbB4. Cancer Res 2001; 
61:4467-4473.  

   99.   Fiorentino L, Pertica C, Fiorini M, Talora C, Crescenzi M, Castellani L, Alema S, Benedetti P, Segatto O. 
Inhibition of ErbB-2 mitogenic and transforming activity by RALT, a mitogen-induced signal trans-
ducer which binds to the ErbB-2 kinase domain. Mol Cell Biol 2000; 20:7735-7750.  

   100.   Hackel PO, Gishizky M, Ullrich A. Mig-6 is a negative regulator of the epidermal growth factor receptor 
signal. Biol Chem 2001; 382:1649-1662.  

   101.   Anastasi S, Fiorentino L, Fiorini M, Fraioli R, Sala G, Castellani L, Alema S, Alimandi M, Segatto O. 
Feedback inhibition by RALT controls signal output by the ErbB network. Oncogene 2003; 22
4221-4234.  

   102.   Xu D, Makkinje A, Kyriakis JM. Gene 33 is an endogenous inhibitor of epidermal growth factor 
(EGF) receptor signaling and mediates dexamethasone-induced suppression of EGF function. J Biol 
Chem 2005; 280:2924-2933.  

   103.   Anastasi S, Sala G, Huiping C, Caprini E, Russo G, Iacovelli S, Lucini F, Ingvarsson S, Segatto O. 
Loss of RALT/MIG-6 expression in ERBB2-amplified breast carcinomas enhances ErbB-2 oncogenic 
potency and favors resistance to Herceptin. Oncogene 2005; 24:4540-4548.  

   104.   Xu D, Patten RD, Force T, Kyriakis JM. Gene 33/RALT is induced by hypoxia in cardiomyocytes, 
where it promotes cell death by suppressing phosphatidylinositol 3-kinase and extracellular signal-
regulated kinase survival signaling. Mol Cell Biol 2006; 26:5043-5054.  

   105.   Ballaro C, Ceccarelli S, Tiveron C, Tatangelo L, Salvatore AM, Segatto O, Alema S. Targeted expres-
sion of RALT in mouse skin inhibits epidermal growth factor receptor signalling and generates a 
Waved-like phenotype. EMBO Rep 2005; 6:755-761.  

   106.   Ferby I, Reschke M, Kudlacek O, Knyazev P, Pante G, Amann K, Sommergruber W, Kraut N, Ullrich A, 
Fassler R, Klein R. Mig6 is a negative regulator of EGF receptor-mediated skin morphogenesis and 
tumor formation. Nat Med 2006; 12:568-573.  

   107.   Zhang YW, Staal B, Su Y, Swiatek P, Zhao P, Cao B, Resau J, Sigler R, Bronson R, Vande Woude GF. 
Evidence that MIG-6 is a tumor-suppressor gene. Oncogene 2007; 26:269-276.  

   108.   Iozzo RV, Moscatello DK, McQuillan DJ, Eichstetter I. Decorin is a biological ligand for the epider-
mal growth factor receptor. J Biol Chem 1999; 274:4489-4492.  

   109.   Csordas G, Santra M, Reed CC, Eichstetter I, McQuillan DJ, Gross D, Nugent MA, Hajnoczky G, 
Iozzo RV. Sustained down-regulation of the epidermal growth factor receptor by decorin. A mecha-
nism for controlling tumor growth in vivo. J Biol Chem 2000; 275:32879-32887.  

   110.   Santra M, Eichstetter I, Iozzo RV. An anti-oncogenic role for decorin. Down-regulation of ErbB2 
leads to growth suppression and cytodifferentiation of mammary carcinoma cells. J Biol Chem 2000; 
275:35153-35161.  

   111.   Reed CC, Waterhouse A, Kirby S, Kay P, Owens RT, McQuillan DJ, Iozzo RV. Decorin prevents 
metastatic spreading of breast cancer. Oncogene 2005; 24:1104-1110.  

   112.   Seidler DG, Goldoni S, Agnew C, Cardi C, Thakur ML, Owens RT, McQuillan DJ, Iozzo RV. Decorin 
protein core inhibits in vivo cancer growth and metabolism by hindering epidermal growth factor recep-
tor function and triggering apoptosis via caspase-3 activation. J Biol Chem 2006; 281:26408-26418.  



186 Carraway et al.

   113.   Nilsson J, Vallbo C, Guo D, Golovleva I, Hallberg B, Henriksson R, Hedman H. Cloning, characteri-
zation, and expression of human LIG1. Biochem Biophys Res Commun 2001; 284:1155-1161.  

   114.   Suzuki Y, Miura H, Tanemura A, Kobayashi K, Kondoh G, Sano S, Ozawa K, Inui S, Nakata A, Takagi T, 
Tohyama M, Yoshikawa K, Itami S. Targeted disruption of LIG-1 gene results in psoriasiform 
epidermal hyperplasia. FEBS Lett 2002; 521:67-71.  

   115.   Nilsson J, Starefeldt A, Henriksson R, Hedman H. LRIG1 protein in human cells and tissues. Cell 
Tissue Res 2003; 312:65-71.  

   116.   Hedman H, Nilsson J, Guo D, Henriksson R. Is LRIG1 a tumour suppressor gene at chromosome 
3p14.3? Acta Oncol 2002; 41:352-354.  

   117.   Ljuslinder I, Malmer B, Golovleva I, Thomasson M, Grankvist K, Hockenstrom T, Emdin S, Jonsson Y, 
Hedman H, Henriksson R. Increased copy number at 3p14 in breast cancer. Breast Cancer Res 2005; 
7:R719-727.  

   118.   Jensen KB, Watt FM. Single-cell expression profiling of human epidermal stem and transit-amplifying 
cells: Lrig1 is a regulator of stem cell quiescence. Proc Natl Acad Sci USA 2006; 103:11958-11963.  

   119.   Vassar R, Fuchs E. Transgenic mice provide new insights into the role of TGF-alpha during epidermal 
development and differentiation. Genes Dev 1991; 5:714-727.  

   120.   Cook PW, Piepkorn M, Clegg CH, Plowman GD, DeMay JM, Brown JR, Pittelkow MR. Transgenic 
expression of the human amphiregulin gene induces a psoriasis-like phenotype. J Clin Invest 1997; 
100:2286-2294.  

   121.   Laederich MB, Funes-Duran M, Yen L, Ingalla E, Wu X, Carraway KL, III, Sweeney C. The leucine-
rich repeat protein LRIG1 is a negative regulator of ErbB family receptor tyrosine kinases. J Biol 
Chem 2004; 279:47050-47056.  

   122.   Gur G, Rubin C, Katz M, Amit I, Citri A, Nilsson J, Amariglio N, Henriksson R, Rechavi G, Hedman 
H, Wides R, Yarden Y. LRIG1 restricts growth factor signaling by enhancing receptor ubiquitylation 
and degradation. EMBO J 2004; 23:3270-3281.  

   123.   Shattuck DL, Miller JK, Laederich M, Funes M, Petersen H, Carraway KL, III, Sweeney C. LRIG1 is 
a novel negative regulator of the Met receptor and opposes Met and Her2 synergy. Mol Cell Biol 2007; 
27:1934-1946.  

   124.   Arteaga CL. ErbB-targeted therapeutic approaches in human cancer. Exp Cell Res 2003; 
284:122-130.        



         13     Nuclear ErbB Receptors: Pathways 
and Functions 

        Hong-Jun   Liao  and  Graham   Carpenter 

   CONTENTS 
  Introduction  
  Conventional ErbB Pathways  
  Mechanism of ErbB Translocation to the Nucleus  
  Nuclear Functions for ErbB  
  Conclusion  
  References  

  Abstract 
 Accumulating evidence suggests a new mode of ErbB receptor signaling in which intact or 

fragmented ErbB receptors traffic from the cell surface to the nucleus following the addition of a 
cognate ligand. In the nucleus, ErbB receptors have a role, probably indirect, in modulating 
gene expression. Following the addition of growth factor, ErbB1 is sorted from the cell surface to the 
endoplasmic reticulum where it interacts with the Sec61 translocon and is retrotranslocated from 
the endoplasmic reticulum to cytoplasm. This is a precursor step for subsequent nuclear localization 
of the receptor and the induction of cyclin D by EGF. In the case of ErbB4, the receptor is processed 
by two membrane-localized proteases to produce a soluble cytoplasmic domain fragment that trans-
locates to the nucleus. Nuclear ErbB1 and ErbB4 have been detected in the tissue of cancer patients 
and may portend a poorer prognosis. Less understood are mechanisms that provoke nuclear localization 
of ErbB2 and ErbB3, which have been described in cell culture systems.  

  Key Words:   ErbB ,  Epidermal Growth Factor ,  Epidermal Growth Factor Receptor ,  Nucleus ,  Signal 
Transduction.    

  1. INTRODUCTION  

 The epidermal growth factor (EGF) receptor family includes the EGF receptor (ErbB1/HER1) 
and three other family members: ErbB2 (HER2), ErbB3 (HER3), and ErbB4 (HER4). ErbB1 and 
ErbB2 play key roles in the tumorogenesis of epithelial-derived cancers and are attractive candi-
dates for the development of target-based treatments. ErbB receptor activation and signaling are 
known to depend on growth factor induced homo- and heterodimerization with the subsequent 
activation of tyrosine kinase activity. Co-incident with the activation of signaling pathways, ErbB 
receptors are subjected to internalization and intracellular trafficking. The role of trafficking in 
signaling and cellular response to growth factors is beginning to be elucidated. 
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 Though older reports of nuclear ErbB1 and ErbB2 exist ( 1 ), recent and more rigorous 
data have renewed interest in this topic. Accumulating evidence shows the growth factor-
dependent translocation of ErbB1 and ErbB4 to the nucleus and that these nuclear receptors 
have roles in gene expression. The scope of this review is to describe available data that 
describe the different and novel mechanisms of intracellular trafficking of these two receptors 
to the nucleus. Also, addressed are the known functions of nuclear ErbB1 and ErbB4.  

  2. CONVENTIONAL ErbB PATHWAYS  

  2.1. ErbB Receptor Signaling 
 ErbB receptor tyrosine kinases are Type I transmembrane molecules positioned at the cell 
surface to detect the presence of cognate growth factors produced into the extracellular milieu 
by neighboring cells. This recognition event activates the intrinsic tyrosine kinase activity of 
each ErbB receptor and initiates a network of signaling pathways that relay information from 
cell surface to the nucleus, as well as other points in the cell ( 2 ,  3 ). Sequentially acting compo-
nents, such as those of the Ras/MAP kinase pathway, or single component systems, such as the 
STAT pathway, are considered to constitute the mechanisms by which this intracellular transfer 
of biochemical information is mediated. Current thinking is that the combinatorial information 
provided by these signal transduction pathways can explain the biological responses of cells to 
growth factors.  

  2.2. ErbB Receptor Trafficking 
 Growth factor: receptor tyrosine kinase complexes formed at the plasma membrane are neither 
stagnant nor restricted to the cell surface. That the complexes are rapidly internalized through 
clathrin-coated pits into an endocytic pathway has been recognized for a number of years. Subse-
quent to internalization, receptor complexes remain active but are eventually sorted either to the 
lysosome and degraded or recycled back to the cell surface ( 4 ,  5 ). 

 One report indicates that the full-length ErbB1, subsequent to activation by EGF, translo-
cates from cell surface to the mitochondria and associates with cytochrome oxidase subunit 
II (Cox II) ( 6 ). This interaction is dependent on phosphorylation of Y845 of ErbB1. This is 
not, however, an autophosphorylation site, but rather a site phosphorylated by Src ( 7 ). The 
functional consequence of ErbB1 mitochondrial translocation is anti-apoptosis; however, the 
mechanism for ErbB1 mitochondrial translocation is not clear. Interestingly, the cell death 
response to production of the ErbB4 intracellular domain fragment (ICD) is also associated 
with the translocation of this ICD to mitochondria ( 8 ,  9 ). 

 Evidence has also begun to accumulate that the endocytic pathway is a site for the gen-
eration of signal transduction to the nucleus. An endosomal compartment bearing Rab5 and 
APPL acts as an intermediate in signaling between the plasma membrane and the nucleus 
( 10 ). The GTPase Rab5 is present on distinct intracellular organelles: plasma membrane, 
clathrin-coated vesicles, and early endosomes. APPL1 and 2, two Rab5 effectors, reside 
on a subpopulation of endosomes. Following EGF stimulation, Rab5 is recruited to the 
plasma membrane and EEA1-positive early endosomes by activated ErbB1. This  allows 
for efficient ErbB1 internalization and subsequent transport to multivesicular bodies, late 
endosomes, and lysosomes. APPL1 and APPL2 bind to active Rab5 and then translocate 
from the endosome membrane to the nucleus by an unknown mechanism. In the nucleus, 
APPL1or 2 interacts with the nucleosome remodeling and histone deacetylase multipro-
tein complex NuRD/MeCP1, which is an established regulator of chromatin structure and 
gene expression. Both APPL1 and 2 are essential for cell proliferation and their function 
requires Rab5 binding. In this mechanism ErbB1 containing endosomes are required for 
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the nuclear localization APPL1 and 2; however, nuclear translocation of ErbB1 was not 
reported in this study.   

  3. MECHANISIM OF ErbB TRANSLOCATION TO THE NUCLEUS  

 Published data describe ErbB receptor in the nucleus in two forms - either the intact molecule 
(ErbB1,-2,-3) or an intracellular cytoplasmic domain fragment (ErbB4). The means by which an 
intact receptor is translocated from the plasma membrane to the nucleus is relatively recent (see 
below). The mechanism for fragment formation and translocation, however, is known and sup-
ported by precedents of other cell surface transmembrane molecules. 

  3.1. ErbB Fragments and the Protease-Dependent Route 
 Earlier data showed that the Notch transmembrane receptor (a non-receptor tyrosine kinase) is 
cleaved following ligand binding by the sequential action of two distinct membrane-localized 
proteases and that an ICD fragment is produced and translocates to the nucleus ( 11 ,  12 ). A similar 
scenario has been described for proteolytic processing of the Alzheimer’s Precursor Protein 
(APP). This mechanism has now been extended to ErbB4 ( 13 , Fig.  13.1 ), and several other 
cell-surface molecules, as shown in Table  13.1             

 Fig. 13.1.      Pathways for the ErbB4 from the cell surface to the nucleus. Following ligand binding, 
ErbB4 receptor is subjected a two-step sequential cleavage. The first cleavage is executed by TACE 
in extracellular juxtamembrane region, rel eases the ectodomain and produces a cell-associated 
transmembrane(TM)-ICD fragment. The TM-ICD is then cleaved by  λ -secratase activity within the 
TM domain and produces a soluble cytoplasmic tyrosine kinase domain designated ICD or soluble 80 
kDa fragment (s80). The ICD interacts with the cytosolic transcription factors and chaperones these 
into the nucleus to effect gene expression.  
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 Table 13.1  
   Cell Surface Proteins Translocation into the Nucleus and Their Possible Functions  

 Cell Surface Protein  Basal/ Stimulated 
 Holoreceptor/
ICD Fragment 

 Evidence of 
Nuclear Function  Reference 

 ErbB1  EGF, radiation  Holo  Yes  29, 31, 32 
 ErbB2  Basal  Holo  Yes  33, 34 
 ErbB3  Basal  Holo  No  35 
 ErbB4  Heregulin, TPA  ICD  Yes  13 
 FGFR  FGF-2  Holo  Yes  36, 54 
 c-met  Basal  ICD  Yes  39 
 Notch  Delta  ICD  Yes  12 
 APP  Basal  ICD  Yes  13 
 p75 Neruotrophin Receptor  Nerutrophins  ICD  Yes  55 
 CD44  TPA, Ionomycin  ICD  Yes  56, 57 
 E-cadherin  Staurosporine  ICD  Yes  58 
 Low-Density Lipoprotein 

Receptor-Related Protein 
 TPA  ICD  No  59 

 Calcium channel Ca 
v
 1.2  Calcium  ICD  Yes  60 

 Endothelin Receptor  Endothelin  Holo  No  62 
 Angiotension I Receptor  Angiotension  Holo  No  63 
 Bradykinin B 2  Receptor  Bradykinin  Holo  No  63 
 Apelin Receptor  Apelin  Holo  No  63 

 The binding of ligand to ErbB4 ( 14 ) or the activation of protein kinase C by TPA ( 15 ) 
provokes ectodomain cleavage that releases a 120 kDa ectodomain fragment into the extra-
cellular milieu and generates a membrane-associated 80 kDa fragment that includes the 
receptor’s tyrosine kinase function. This cleavage requires metalloprotease activity and is 
the initial and rate-limiting step in agonist-dependent ErbB4 processing and eventual nuclear 
translocation. There is a low but detectable basal level of ErbB4 ectodomain cleavage in 
various cells ( 16 ), but how it is controlled, if at all, is not known. This constitutive cleavage 
of ErbB4 is analogous to the cleavage of the APP, which has no known ligand. 

 Based on the fact that TPA fails to stimulate ErbB4 ectodomain cleavage in TACE (Tumor 
Necrosis Factor Alpha Converting Enzyme) null cells ( 17 ) and the general role of TACE 
(ADAM 17) or closely related ADAMs in mediating cell surface shedding of numerous 
membrane molecules ( 18 ), it is clear that TACE participates in ErbB4 ectodomain cleavage. 
That TACE executes this cleavage event has not been demonstrated, however. TACE and its 
related ADAMs are single transmembrane molecules that have a metalloprotease active site 
within their ectodomain ( 18 ). 

 While TPA or heregulin stimulate this initial cleavage of ErbB4, the mechanisms seem to 
be distinct ( 14 ). For example, a general protein kinase C inhibitor blocks the TPA-induced 
cleavage, but not that induced by heregulin. Additionally, the evidence suggests that heregu-
lin-induced cleavage is associated with ErbB4 endocytosis, while TPA is not. Ligand-induced 
proteolytic cleavage of Notch is clearly associated with endocytosis ( 12 ). It should be men-
tioned that TPA induces cleavage of ErbB4 in all cell backgrounds; however, heregulin-
induced cleavage is only detectable in a subset of cell lines ( 14 ). The meaning of this is 
unclear. That the ectodomain cleavage of ErbB4 has biologic significance is suggested by the 
fact that a non-cleavable isoform of ErbB4 has been characterized in mouse tissues ( 19 ) and 
human tumor specimens ( 20 ,  21 ). This isoform is apparently generated by the use of alternate 
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exons to alter the ErbB4 coding sequence in the stalk region of the receptor’s ectodomain, the 
known site of TACE-induced cleavage. ErbB4 isoforms are reviewed elsewhere ( 22 ). 

 There is evidence that at least one of the products derived from ErbB4 ectodomain cleavage 
is functional. Than the cell-associated 80 kDa fragment remains an active tyrosine kinase 
( 16 ) is not surprising, as there is evidence for several receptor tyrosine kinases that loss of 
the ectodomain activates tyrosine kinase activity. Importantly, this membrane-associated 80 
kDa ErbB4 fragment is a substrate for additional protease systems. With time the fragment is 
ubiquitinated and degraded by proteosome activity ( 16 ). However, this fragment also serves 
as a substrate for  γ -secretase activity ( 16 ,  23 ), which typically cleaves a membrane protein 
within its transmembrane domain and thereby provokes release of the intracellular cyto-
plasmic domain or ICD into the cytosol ( 12 ).  γ -Secretase activity converts the membrane-
associated 80 kDa ErbB4 fragment to a soluble or ICD fragment. The action of  γ -secretase 
on transmembrane proteins, including ErbB4, requires preceding ectodomain cleavage for 
reasons that are not known ( 12 ). 

 Treatment of ErbB4 expressing cells with heregulin or TPA provokes release of the ICD 
into the cytoplasm and the fragment is then rapidly detected in the nucleus ( 13 ). Expres-
sion of a GFP  tagged ErbB4 cytoplasmic domain fragment in recipient cells also shows 
significant accumulation in the nucleus, particularly if Leptomycin B, an inhibitor of nuclear 
export, is present. Putative nuclear import and export sequences in this ErbB4 fragment have 
been identified ( 13 ,  23 ), but have not been mutated. Interestingly, immunohistochemical 
studies of human tissues have noted the presence of nuclear ErbB4 ( 24 - 26 ). In breast tumor 
tissue, nuclear ErbB4 is on some studies correlated with a slightly poorer prognosis. 

 There are two well established precedents for this cleavage mechanism: the Notch 
receptor and the APP, neither of which are receptor tyrosine kinases. In both instances, 
the released cytoplasmic domain fragments are translocated to the nucleus and function to 
regulate transcription ( 11 ,  12 ). That this pathway may be more widespread is indicated by 
analogous cleavage events reported for other cell surface protein (Table  13.1 ). TPA-induced 
ectodomain shedding has also been reported for several additional recaptor tyrosine kinases 
(CSF-1, c-Kit, MGF, Axl, TrkA, Met, Tie-1), and ligand-induced ectodomain cleavage has 
been reported for TrkA ( 27 ) and the discoidin domain-1 receptor ( 28 ). Whether any of these 
or other receptor tyrosine kinases are also processed by  γ -secretase activity remains to be 
seen, though such processing seems likely in the case of the CSF-1 receptor.  

  3.2. Holoreceptors in the Nucleus 
 Several recent papers have added substantially to previously published data reporting the pres-
ence of full-length receptor tyrosine kinases in the nucleus. In the case of ErbB1, addition of the 
cognate ligand is required for nuclear localization and, in fact, the ligand:receptor  complex has 
been characterized as present in the nucleus ( 29 ). Recent reports indicate that following exposure 
to oxidative stress ErbB1 undergoes perinuclear trafficking ( 30 ), resembling the endoplasmic 
reticulum, and that radiation induces ErbB1 translocation into the nucleus ( 31 ,  32 ). 

 Intact ErbB2 has been detected in the nucleus of cultured cells, as well as primary tumor 
tissues ( 33 ). Nuclear ErbB2 was found to associate (directly or indirectly) with multiple 
genomic targets in vivo, including the COX-2 gene promoter. ErbB2 nuclear localization 
involves interaction with importin  ß 1 and nuclear pore protein Nup358 ( 34 ). Knocking down 
importin  ß 1 with siRNA or inactivation of the GTPase Ran, by expression of a dominant-
negative mutant, abrogates nuclear localization of ErbB2. Mutation of a putative nuclear 
localization signal in ErbB2 presents interaction with importin  ß 1 and arrests nuclear trans-
location, while inactivation of the nuclear export receptor CRM1 provokes accumulation of 
ErbB2 within the nucleus. Additionally, blocking receptor internalization by a dominant-
negative mutant of dynamin halts its nuclear localization. Thus, the cell membrane-embedded 
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ErbB2, through endocytosis using the endocytic vesicle as a vehicle, interacts with importin 
 ß 1 and Nup358 in order to translocate from the cell surface to the nucleus. 

 A third receptor tyrosine kinase ErbB3, which binds the growth factor heregulin was 
reported to be constitutively present in an uncleaved form in nucleus, while addition of its 
ligand influenced the receptor’s distribution between the nucleus and cytosol ( 35 ). When 
ErbB3 expressing cells were grown on filters to induce epithelial polarity, ErbB3 was concen-
trated in nucleoli. Nuclear localization of the full-length fibroblast growth factor receptor-I 
(FGFR-I) is promoted by the addition of FGF to cells ( 36 ,  37 ) and appears to involve interac-
tion of this receptor with importin- β  ( 38 ). Depletion of cellular ATP not only augmented the 
FGF-dependent nuclear accumulation of FGFR-I but was also sufficient to promote nuclear 
accumulation in the absence of FGF. The authors ’  conclusion is that ATP depletion results 
in an increased level of cytoplasmic importin , which facilitates nuclear localization of this 
receptor tyrosine kinase. Lastly, nuclear localization of c-met, the receptor for hepatocyte 
growth factor, has been reported recently ( 39 ). 

 The available reports suggest that these nuclear receptor tyrosine kinases are not found in 
the nuclear envelope but rather are present in the nucleoplasm in a non-membranous envi-
ronment. In the cases of ErbB1 and FGFR-I, nuclear localization is ligand-dependent and 
involves endocytosis together with an unknown mechanism to traffic these receptor tyrosine 
kinases to the nucleus. Hence, the main complication would seem to be a mechanism to 
remove the intact receptor from a membrane bilayer, either at the cell surface or within an 
intracellular compartment, such as the endosome ( 1 ). 

 Recently a mechanism for this mode of intracellular receptor trafficking has been reported 
and involves ErbB1 translocation to the endoplasmic reticulum (ER) and extraction of intact 
transmembrane proteins into the cytoplasm and subsequent transport to the nucleus. This 
mechanism is described in the following section.  

  3.3. The Sec61 Pathway to the Nucleus 
 Following the addition of EGF, cell surface activated ErbB1 is trafficked to the ER where it 
associates with Sec61 β , a component of the Sec61 translocon, and is retrotranslocated from the 
ER to the cytoplasm. Abrogation of Sec61 β  expression prevents EGF-dependent localization of 
ErbB1 to the nucleus. This result   indicates that ErbB1 is trafficked from the ER to the nucleus 
by a novel pathway that involves the Sec61 translocon. This pathway is described in more detail 
in the following paragraphs. 

 The overall mechanism is depicted in Fig.  13.2  and describes a new route of intracellular 
trafficking not only for the activated ErbB1 but for any hormone receptor. However, this 
pathway from the cell surface to the ER is known for certain toxins ( 40 ) and for the SV40 
virus ( 41 ). Toxins, such as cholera toxin, are internalized primarily, but not exclusively, from 
caveolae and trafficked first to the Golgi and then retrogradely transported to ER. Transport 
to the cytosolic site and toxin targets is mediated by the Sec61 translocon. SV40 is internal-
ized from caveolae at the cell surface and via intracellular vesicles, termed caveosomes, 
trafficked to the ER. It is not known how virus particles exit the ER, but interruption of the 
pathway blocks virus replication, which requires nuclear localization. Preliminarily, it has 
been reported that translocons in the ER mediate virus penetration to the cytosol ( 42 ). These 
systems show that, in addition to their role in protein synthesis and quality control, translocons 
in the ER facilitate the mechanism of action of biological agents.  

 While intracellular trafficking of ErbB1 to the ER has not been previously reported, recent 
data show that ErbB1 is slowly trafficked from the cell surface to the ER ( 43 ). At three or six 
hours following the addition of EGF, about 10 %  or 25 % , respectively, of the total cell surface 
ErbB1 receptor is present in the ER. Therefore, EGF receptor trafficking from the cell surface 
to the ER is relatively slow and involves, in the first hour, a small pool of internalized receptor. 
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As most published trafficking studies of the EGF receptor have focused on events within one 
hour following growth factor addition, it seems likely that the ER pool was too small to be 
considered significant in previous investigations. Interestingly, trafficking of SV40 and chol-
era toxin from the cell surface to the ER is also on the order of 2-3 hours ( 41 ,  44 ). 

 In terms of a mechanism of trafficking of the ErbB1 from the cell surface to the ER, little is 
known, including whether the Golgi is an intermediate. Others ( 45 ) have reported that the receptor-
mediated endocytosis and importin  β  are required for nuclear localization of the ErbB1, which is 
consistent with trafficking to the ER following coated-pit internalization, as depicted in Fig.  13.2 . 

 A major obstacle in understanding trafficking to the nucleus is reconciling a known mech-
anism with the fact that the nuclear EGF receptor is a transmembrane domain-containing 
molecule in a non-membranous environment ( 29 ). The ER-localized Sec61 translocon pro-
vides a mechanism to extract the receptor from its lipid bilayer. As part of the ER-associated 
degradation (ERAD) pathway, Sec61 retrotranslocates malfolded transmembrane proteins to 
the cytosol for proteosomal degradation.  Retrotranslocation requires lumenal ER and cyto-
plasmic chaperones ( 46 ). HSP70 seems to be required for ErbB1 retrotranslocation and may 
simply function to prevent receptor aggregation in the cytosol ( 43 ). 

  Fig. 13.2.      Pathways for ErbB1 from cell surface to the nucleus. EGF binds to ErbB1 on the cell surface 
and induces ErbB1 dimerization and tyrosine kinase activation. Activated ErbB1 then is internized 
into endosomes. Endosomal ErbB1 translocates to ER directly or indirectly via the Golgi. ErbB1 
interacts with the Sec 61 trasnlocon. Subsequently, ErbB1 is retrotranslocated by Sec 61 from the ER 
into cytosol and associates with HSP70. The cytoplasmic ErbB1 then interacts with importin  b  and 
translocates into nucleus, which it may associate (perhaps indirectly) with the  Cyclin  D1 promotor to 
modulate  Cyclin  D1 expression. Also, nuclear ErbB1 may phosphorylate substrates such as PCNA, 
in the nucleus.       
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 Efficient proteosomal degradation of retrotranslocated glycoproteins, as part of the 
ERAD pathway, requires the removal of N-linked oligosaccharides by peptide-N-glycanase 
( 47 ). Glycoprotein substrates in the ERAD system contain only high-mannose chains 
and peptide-N-glycanase exhibits a strong preference for high-mannose oligosaccharide-
containing substrates. Therefore, the cell surface-derived ErbB1, which contains mostly 
complex oligosaccharides, should be a poor substrate for proteosomal degradation and this 
 may indirectly promote receptor translocation to the nucleus. As discussed earlier, ErbB1 
has been reported to associate with mitochondria ( 6 ) and mitochondria  could be another traf-
ficking site for retrotranslocated receptor. 

 The high-resolution structures of bacterial Sec61 orthologs suggest that the  α  and  γ  com-
ponents are essential channel components, while the more peripheral  β  protein has a less 
clear functional role ( 48 ). This observation may suggest that knockdown of Sec61 β  may 
be more tolerable than other Sec61 subunits, particularly regarding interference with EGF 
receptor biosynthesis. Transient knockdown of Sec61 β  substantially depletes the intracel-
lular pool of Sec61 β  protein and mRNA, but does not attenuate the level of ErbB1 protein 
nor EGF-induced ErbB1 phosphorylation ( 43 ). However, receptor in the nuclear fraction is 
significantly reduced in Sec61  β  depleted cells, which indicates that Sec 61 β  is necessary for 
the nuclear localization of the ErbB1.   

  4. NUCLEAR FUNCTIONS FOR ErbB  

 The physiologic importance of receptor tyrosine kinase nuclear localization has been established, 
in a few cases, by identifying putative promoter targets and demonstrating that these targets are 
required for a growth factor cellular response. In the case of ErbB4, proteolytic processing, an 
initial study showed that  γ -secretase inhibition blocked heregulin-dependent growth inhibition of 
T47 cells ( 13 ). While the inhibitor could have other unknown effects, it did not influence EGF-
dependent growth stimulation in the same cells. 

 It has been demonstrated that nuclear signaling by ErbB4 ICD inhibits the responsiveness 
of precursors to astrocyte differentiation factors while maintaining their neurogenic poten-
tial ( 49 ). Upon neuregulin-induced activation and presenilin-dependent cleavage of ErbB4, 
the ICD forms a complex with TAB2 and the corepressor N-CoR. This complex undergoes 
nuclear translocation and binds to promoters of astrocytic genes repressing their expression. 
Consistent with this observation, astrogenesis occurs precociously in ErbB4 knockout mice. 

 In studies of mammary differentiation, the ErbB4 ICD chaperones cytoplasmic transcription 
factors, such as STAT5, into the nucleus and thereby promotes gene expression. Whether the 
ICD has an additional function at the promoter is unclear. CHIP experiments reveal the STAT5 
promoter in association with the ICD, though this is not necessarily a direct association. One 
report ( 50 ) shows that ErbB4 ICD is required for tyrosine phosphorylation of Mdm2, a protein 
that is predominantly localized in the nucleus and that regulates p53 levels. When the ErbB4 
ICD fragment was expressed in H1299 cells, it promoted Hdm2 ubiquitination and increased 
the levels of p53 and p21, a transcriptional target of p53. Another report ( 51 ) shows that ErbB4 
ICD in the nucleus interacts with Eto2, a transcriptional co-repressor that is involved in 
erythrocyte differentiation and is also implicated in human breast cancer. Expression of ICD 
blocks Eto2-mediated transcriptional repression of a heterologous promoter. 

 Evidence for an ErbB1 role in transcription includes an in vitro demonstration of ErbB1 
binding to a specific DNA sequence designated ARTS ( 29 ). Subsequent experiments in 
vivo showed the EGF-dependent stimulation of a reporter construct containing the ARTS 
sequence and a chromatin immunoprecipitation assay demonstrated ErbB1 bound to the 
cyclin D1 promoters, which contain an ARTS sequence. Sec61  β  depletion experiments ( 43 ) 
demonstrated that the EGF induction of cyclin D1, but not c-fos, is significantly diminished 
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in MDA-MB-468 and HeLa cells. HeLa cells do not overexpress ErbB1 and express 20-fold 
fewer receptors than MDA-MB-468 cells. These results indicate that Sec61 is required not 
only for nuclear localization of the ErbB1, but also for the receptor’s capacity to act as a 
transcriptional co-activator. 

 Another report ( 52 ) has shown that ErbB1 physically interacts with STAT3 in the nucleus, 
leading to transcriptional activation of inducible nitric oxide synthase (iNOS). In case of 
radiation-induced ErbB1 translocation to the nucleus ( 31 ,  32 ), C225, an ErbB1 monoclonal 
antibody, abolished ErbB1 import into the nucleus and radiation-induced activation of DNA-
PK, which is essential for repair of DNA-strand breaks. In contrast, the chromatin-bound 
proliferating cell nuclear antigen (PCNA) protein, which is required for maintaining its 
function on chromatin, is phosphorylated at Tyr 211 by nuclear ErbB1 ( 53 ). These results 
identify a novel nuclear mechanism linking tyrosine kinase receptor function with the regulation 
of the PCNA sliding clamp on chromatin. 

 The capacity of FGF-2 to induce the expression of c-jun or cyclin D1 mRNA was dem-
onstrated to be sensitivity to the presence or absence of an artificial nuclear localization 
sequence incorporated into a transfected FGFR-I ( 38 ). One study has provided evidence that 
FGFR-I acts as a transcription factor at the FGF-2 promoter ( 54 ).  

  5. CONCLUSION  

 Obviously, these new observations raise provocative ideas about the trafficking and signaling 
mechanisms of receptor tyrosine kinases. The nuclear localization of other cell surface mol-
ecules or their cytoplasmic domain fragments are parallel examples of a direct communication 
mechanism between these two cellular compartments. It seems logical to expect that additional 
examples, including other receptor tyrosine kinases, will be added in the near future.    
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  Abstract 
 The ability to respond to divergent stimuli by inducing a multitude of signaling pathways is one of 

the most fundamental functions of a living cell. Investigation of the highly complex and dynamic proc-
esses initiated by growth factors that activate receptors on the cell surface has been greatly facilitated 
by the recent developments in the field of mass spectrometry-based proteomics. In particular, quanti-
tative mass spectrometry approaches such as Stable Isotope Labeling by Amino acids in Cell culture 
(SILAC) have provided new insights into cellular signaling by compiling a global view of the temporal 
dimension of signaling cascades. In this chapter, we focus on the characterization of the interaction 
networks and the creation of dynamic phosphorylation profiles initiated by the epidermal growth 
factor receptor and its family members using SILAC-based quantitative proteomic approaches.  

  Key Words:   Protein quantitation ,  SILAC ,  dynamics ,  mass spectrometry ,  phosphorylation ,  stable 
isotope labeling.     

  1. INTRODUCTION  

 In multi-cellular organisms a variety of growth factors serve as messengers transmitting 
signals between cells. These hormones bind specifically to receptors on the cell surface, 
thereby inducing a series of events ultimately leading to specific biological outcomes. Signal-
ing initiated by the attachment of polypeptide growth factors to receptor tyrosine kinases 
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(RTKs) is mediated via complex and diverse protein networks involving a plethora of different 
molecules with a multitude of cellular responses ( 1  –  3 ). The impact that a growth factor has 
on a given cell can be as dramatic as inducing a cell’s growth, its entry into or withdraw from 
the cell cycle, control of cell death and survival or directing the processes of development and 
differentiation. Investigation of cell-signaling cascades and in particular the signaling initiated 
by growth factors has been an ongoing task for several decades. The epidermal growth fac-
tor receptor (EGFR) pathway is one of the most extensively studied over the years. The EGF 
signaling network includes adaptor and scaffold molecules, kinases, phosphatases and other 
types of enzymes and it is capable of modulating most if not all of the major cellular processes. 
Inappropriate activation of those molecules due to mutation or overexpression often leads to 
development of diseases, in particular a large number of cancers ( 4 ). The EGFR has been 
found overexpressed, deregulated or mutated in many malignancies and the EGFR activation 
is important in the processes of tumor growth and progression (see Chapters 16 and 17). 

 A large part of signaling research has focused on obtaining comprehensive information 
for the mechanism of action of the receptor tyrosine kinase EGFR (ErbB1) and its three 
closely related family members (ErbB2/HER2, ErbB3/HER3 and ErbB4/HER4). As signal-
ing cascades are highly dynamic, it is very important to follow the space and time-ordered 
sequence of events that occur as a result of growth factor stimulation. However, the investi-
gation of cell signaling dynamics in a global comprehensive manner has been a major chal-
lenge for several decades. Very recently, this research has obtained a major stimulus by the 
fast development in the field of quantitative proteomics ( 5 ,  6 ) where a combination of techni-
cal advances and method development has resulted in the accumulation of a critical mass of 
tools and data that will ultimately lead to better understanding of the cellular function. 

 At present, proteomics in general can be defined as large-scale studies that compare 
proteomes, either qualitatively or quantitatively, in order to better define and understand 
a specific biological process or entity ( 5 ). From the large field of proteomics, quantitative 
mass spectrometry (MS)-based proteomics is having a tremendous impact on cell-signaling 
research. Quantitative MS-based proteomics is a rapidly emerging area that is becoming 
indispensable for investigation of signaling networks and creation of dynamic interaction 
maps of the signaling cascades ( 6  –  9 ). It is also opening up the possibilities for in depth 
and highly specific characterization of protein interaction networks as a basis for systems 
biology. Furthermore, it allows addition of another dimension to the signaling studies  –  the 
temporal and spatial order of the dynamic signaling events following growth factor stimula-
tion. In this chapter we will focus on the investigation of cell signaling via the EGFR and its 
related family members using quantitative MS-based proteomics.  

  2. QUANTITATIVE CHARACTERIZATION OF THE ERBB RECEPTOR 
FAMILY INTERACTOME  

 Classical MS-based strategies have been successfully used for identification of interaction 
partners involved in various RTK networks. In a prototypical study by Pandey et al. ( 10 ), 
several components of the EGFR signaling pathway were identified using antibodies for 
enrichment of tyrosine-phosphorylated proteins followed by analysis by matrix-assisted laser 
desorption/ionization (MALDI) and nanoelectrospray tandem mass spectrometry (nanoESI-
MS/MS). Among the identified proteins were Vav-2, a recently discovered guanosine nucle-
otide exchange factor that was confirmed as a direct substrate for EGFR and a novel protein 
containing a phosphotyrosine binding (PTB) domain ( 10  –  12 ). This strategy, which basically 
made use of the high sensitivity and specificity of mass spectrometry to sequence low amounts 
of proteins, has been used for routine identification of downstream effectors of RTKs,
 resulting in the discovery of a number of novel proteins such as STAM2 (signal transducing adaptor 
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molecule 2) and Odin (also called ankyrin repeat and SAM domain-containing protein 1A) that 
were not previously known or associated with growth factor signaling ( 11 ,  13 ,  14 ). 

 In recent years, quantitative MS-based approaches have allowed accurate quantitation of 
proteins in complex mixtures containing hundreds or even thousands of proteins ( 6 ). These 
methods greatly aid the investigation of RTK interaction networks. For example, a long-
standing problem when performing classical interaction studies by biochemical approaches 
involves distinguishing genuine interaction partners from background contaminant binders. 
We have addressed this major challenge for the investigation of functional protein-protein 
interactions by applying the SILAC quantitative proteomics method in a novel functional 
format ( 15 ,  16 ). The essence of SILAC lies in the incorporation of a stable isotope labeled 
amino acid (non-radioactive isotopes) into all proteins of a given cellular population until the 
entire proteome becomes encoded either with the normal ( ‘ light ’ ) or stable isotope substi-
tuted ( ‘ heavy ’ ) version of the same amino acid. This encoding is accomplished by expand-
ing cells in the labeling media for a defined number of population doublings after which 
their proteomes are fully metabolically labeled, making them easily distinguishable by mass 
spectrometry (Fig.  14.1 ) ( 16 ). After complete labeling, the  ‘ light ’  and  ‘ heavy ’  cells are 
pooled together in equal proportions and changes in protein abundance between the two cell 
populations are determined from the isotope ratios of peptides derived by enzymatic diges-
tion of the enriched protein populations. Importantly, in the SILAC procedure, any sample 
manipulation such as protein purification, fractionation, interaction assay etc. is performed 
on the already combined protein sample, which results in minimized quantitation errors ( 6 ,  7 ). 
The  intrinsic accuracy and flexibility has made SILAC an increasingly popular method to stud-
ying variety of biological processes. Depending on the experimental setup, SILAC allows 
determination of specific protein-protein interactions and functional protein complexes ( 15 , 
 17 ,  18 ), characterization of post-translational modifications ( 19 ,  20 ), quantitative compari-
son between distinct signaling pathways ( 21 ) and temporal phosphorylation dynamics of 
signaling molecules ( 22  –  24 ).

         The strength of SILAC to discriminate true protein-protein interactors from a large access of 
background contaminants was fully utilized to characterize functional protein complexes associ-
ated with activated EGFR ( 15 ). Light and heavy-labeled cells were either stimulated with EGF 
or left untreated, and their combined lysates were affinity-purified using the SH2 domain of 
the adapter protein Grb2. Of the 228 identified proteins, 28 displayed differential enrichment 
ratios that indicated them as specific members of the activated EGFR complexes. They included 
plectin, epiplakin, the glycosylphosphatidylinositol (GPI)-anchored molecule CD59, and two 
novel proteins ( 15 ). This study showed the great potential of functional quantitative proteomic 
approaches in protein interaction studies and the general scheme was easily modified to identify 
other specific protein-protein, protein-domain, or protein-peptide motive interactions ( 17 ,  25 ). 

 Using pairs of phosphorylated and non-phosphorylated synthetic peptides for pull-down 
experiments, an essentially identical experimental approach was utilized to determine the 
interaction partners to all cytosolic tyrosine residues of the four members of the ErbB recep-
tor family ( 25 ). Characteristic subsets of binding partners were identified for each receptor 
and most of the interacting proteins had multiple docking sites on the respective receptor. The 
ErbB3 receptor had six binding sites for phosphatidylinositol 3-kinase (PI3K), whereas sev-
eral binding sites for Grb2 were found for EGFR and ErbB4. These results demonstrate that 
the members of the EGFR family clearly differ in their preferred interaction partners indicat-
ing distinct roles in cellular signaling. The ErbB receptor family phosphotyrosine-dependent 
interactome has also been probed in vitro by an alternative proteomic approach using protein 
microarrays consisting of nearly all SH2 and PTB domains in the human genome ( 26 ). The 
results suggested that, as opposed to ErbB3, the changes in EGFR and ErbB2 networks 
become more promiscuous with an increasing protein concentration or receptor expression 
levels and this effect may contribute to the oncogenic potential of these two receptors.  
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  3. GLOBAL COMPARISON OF DIVERGENT RTK SIGNALING 
NETWORKS  

 Binding of growth factors to their respective RTKs triggers a cascade of phosphorylation 
events on tyrosine residues of the receptor and subsequently on downstream effector molecules, 
thereby inducing parallel signaling pathways. The initial flow of tyrosine phosphorylations 
is a tightly regulated process, and it is the determining factor in RTK signaling. Various 
growth factor receptors, such as EGF and platelet-derived growth factor (PDGF) receptors, 
often activate universal signaling pathways. Activation of these receptors, however, can lead 
to distinct or even opposite biological effects. For example, the osteoblast differentiation of 
human mesenchymal stem cells was found to be greatly enhanced by EGF but not PDGF 
( 21 ). A combination of SILAC and anti-phosphotyrosine immunoprecipitation was used to 

 Fig. 14.1.        SILAC Approach for Temporal Analysis of EGFR Signaling Network    Cells growing in 
standard media are seeded into SILAC-labeling media containing  “ light ”  (Arg0),  “ medium ”  (Arg6) or 
 “ heavy ”  (Arg10) versions of arginine and expanded in the corresponding media until full metabolic 
incorporation of the amino acid. Each population is stimulated for a different length of time with EGF 
and then lysed. Protein extracts are mixed in equal proportions according to their protein concentration 
and tyrosine phosphorylated proteins are immuno-affinity purified followed by trypsin digestion and 
analysis by LC-MS/MS. Mass spectra show distinct triplets of peptides that represent the same peptide 
from the three cell populations. The observed peptide ratios reflect the level of activation of the identi-
fied protein by EGF at the corresponding time point. Five time-point activation profiles are generated 
by combining data from two experiments with an overlapping time point.  
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comprehensively and quantitatively compare the total phosphotyrosine-dependent networks 
of EGFR and PDGFR in these cells. Although 90 %  of all 113 activated signaling proteins 
were utilized by both ligands, all regulatory and catalytic subunits of the PI3K were detected 
only in the cells stimulated with PDGF. This intriguing difference could therefore account 
for the differential effects of the two growth factors on the mesenchymal stem cells conver-
sion to osteoblasts. Indeed, treatment of the cells with PDGF in combination with specific 
PI3K inhibitors led to an enhanced differentiation effect similar to the one induced by EGF 
( 21 ). In addition to the biological and clinical significance of this finding, this work demon-
strated the ability of quantitative MS-based proteomics to compare entire signaling networks 
and to discover critical control points that can influence the cell fate. 

 In a study by Wolf-Yadlin et al., a similar strategy using a chemical labeling method, 
iTRAQ, was utilized to compare EGF and heregulin (HRG) signaling in normal and ErbB2-
overexpressing mammary epithelial cells ( 27 ). These investigators found that EGF stimulated 
cell migration of ErbB2-overexpressing cells involved multiple signaling pathways, whereas 
HRG treatment promoted the phosphorylation of only a small subset of those  proteins , in 
particular Src, FAK, paxillin, and p130Cas. Furthermore, self-organizing maps were created 
based on the phosphoproteomics data, which allowed determination of specific modules 
involved in the control of cellular proliferation and migration.  

  4. TEMPORAL DYNAMICS OF THE EGFR TYROSINE 
PHOSPHOPROTEOME  

 Numerous advances made in quantitative MS-based proteomics in the last several years 
have provided the necessary tools to follow the highly dynamic changes occurring in the 
cell in a global and unbiased manner, in contrast to looking only at isolated snap shots 
of the signaling cascades. The first dynamic map of the entire phosphotyrosine-dependent 
signaling network induced by EGF was generated using a SILAC-based quantitative pro-
teomic approach ( 22 ). The proteomes of three cell populations were encoded with different 
forms of arginine, and each cell population was stimulated with EGF for a different time. 
The phosphorylated proteins and tightly associated binding partners were captured using 
anti-phosphotyrosine antibodies, digested with trypsin and identified by mass spectrometry 
(Fig.  14.1 ). Two experimental datasets were combined, yielding five-point dynamic profiles 
of 81 signaling proteins that included virtually all known EGFR substrates and 31 novel effec-
tors. The diverse protein activation profiles observed by MS reflected the precise temporal 
involvement of the corresponding proteins in the signaling cascades. For example, the 
chronological order of events from EGFR via adaptors and guanine exchange factors to 
the mitogen-activated protein kinases was easily followed through their dynamic profiles, 
whereas proteins involved in the regulation of the actin cytoskeleton showed an intriguing 
oscillatory kinetics ( 22 ). Moreover, five novel proteins were identified in the study, and their 
activation curves suggested their functional position in the signaling network. Swiprosin 1, 
for example, was connected with actin rearrangements by shared kinetics, while TOM1-like 
protein 2 was linked to endosomal trafficking. In this way, time course activation profiles 
provide additional information and insights into the signaling cascade initiated by EGF. 
They also serve as constraints in systems biology modeling of the EGFR network ( 28 ). 

 Several other MS-based proteomic studies have also focused on the dynamic aspects of 
EGFR signaling. A combination of affinity enrichment of tyrosine phosphorylated peptides 
and iTRAQ labeling led to the identification and temporal profiling over four time points 
of EGF stimulation of 104 phosphotyrosine-containing peptides derived from 76 proteins 
( 29 ). The same enrichment strategy was later combined with improved mass spectrometric 
analyses and resulted in generation of temporal phosphorylation profiles of 222 tyrosine 
phosphorylated peptides across seven time points following stimulation with EGF ( 30 ). 
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 In the studies described above, the earliest time point was at least 30 seconds after 
growth factor addition due to technical difficulties commonly associated with large-scale 
approaches. However, a novel quantitative proteomics experimental set-up was recently 
described, which allows accurate analysis of the phosphorylation events occurring almost 
instantly in cells treated with EGF ( 23 ). With this method, named qPACE (quantitative 
Proteomic Assessment of very early Cellular signaling Events), SILAC-labeled cells were 
first pumped through a continuous quench-flow system to assure efficient trapping of tem-
poral signaling states on a timescale of seconds. The qPACE system was used to analyze 
the phosphorylation of EGFR and its direct substrates Shc and PLC- γ  after 1, 5, 10 and 60 
seconds of EGF treatment. Multiple phosphorylation sites were identified on the receptor, 
as well as on these two signaling proteins. It was demonstrated that EGFR autophosphor-
ylation occurs as early as one second after addition of the growth factor, and it is followed 
immediately by Shc phosphorylation, which suggests very close proximity of the recep-
tor and the adaptor. Therefore, qPACE not only permits determination of the very early 
phosphorylation events but also enables us to distinguish molecules acting as sensors from 
downstream signal transducers.  

  5. GLOBAL, SITE-SPECIFIC PHOSPHORYLATION DYNAMICS 
IN THE EGFR SIGNALING CASCADES  

 Signaling by RTKs is a sequence of reverse phosphorylation events that are a function of 
stimulus, time and localization. The initial flow of tyrosine phosphorylation is an essential step 
that triggers consequent downstream cascades of mainly threonine and serine phosphorylation 
events on various proteins that may have positive as well as negative effects on the signaling 
initiated by a RTK. The cellular outcome of any given signaling cascade is entirely dependent 
on the series of induced phosphorylation both on tyrosine and serine/threonine residues as it 
is integrated with internal state information and other signals that the cell receives. Therefore, 
a creation of global phosphorylation profiles of growth factor induced changes is an essential 
step toward understanding the mechanism of regulation of these signaling cascades. Although 
still quite challenging technically, recently a general mass spectrometric strategy for identifica-
tion and quantitation of phosphorylation sites has been developed (Fig.  14.2 ) ( 24 ).  

 Using a workflow consisting of SILAC-labeled cells, protein fractionation and phos-
phopeptide enrichment followed by high-resolution mass spectrometric analysis, over 
6,000 phosphorylation sites on more than 2,200 proteins were detected after stimulation 
with EGF ( 24 ). Most importantly, about 14 %  of the phosphorylation sites were regulated at 
least two-fold by EGF, highlighting them as functionally relevant in this particular signal-
ing network. The majority of the proteins that became phosphorylated contained multiple 
phosphorylation sites with different dynamic profiles indicating their differential regula-
tion by the applied stimulus over time. For example, all of the tyrosine autophosphoryla-
tion sites on EGFR showed immediate activation profiles, while its serine/threonine sites 
displayed delayed phosphorylation kinetics consistent with negative feedback regulation 
from downstream kinases. Furthermore, 26 different transcription factors with 34 regu-
lated phosphopeptides and 20 transcriptional co-regulators with EGF-dependent phospho-
rylation sites were identified in addition to numerous sites on various kinases, ubiquitin 
ligases, guanine nucleotide exchange factors etc (Fig.  14.2 ). This dataset revealed that the 
EGF signal spreads to at least 46 transcriptional regulators, of which only a subset has 
previously been known to be involved in growth factor signaling. The global quantitative 
investigation of phosphoproteomes opens the perspective of direct access to  ‘ RTK systems 
biology ’  and adds another layer of understanding of the complex and dynamic EGFR 
signaling networks.  
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  6. CONCLUSION  

 In summary, studying the combinatorial action of different signals coming from the cell 
surface and defining the outcome for the cells represents a definite challenge to the bio-
logical and biomedical sciences. Signaling of RTKs is one of the fundamental mechanisms 
controlling cellular fate, and aberrations at any given point in the signaling cascades can 
have serious if not lethal consequences for the entire organism. In this regard, the EGFR 
signaling network is probably the most studied and well understood. The protein interaction 
networks, however, are not simple static systems but highly dynamic processes of tightly 
regulated and time-ordered events. In the last few decades of extensive research, many indi-
vidual proteins and specific protein-protein interactions that are involved in RTK pathways 
have been identified. Nevertheless, it has also become apparent that signaling cascades do 
not operate in a simple linear fashion, but rather as complex interactive networks, allow-
ing cross-talk between different pathways. We still know only very little about their global 
makeup and regulation and especially about their dynamics. In recent years, the fast devel-
opments in the field of quantitative MS-based proteomics have started to allow in-depth and 
unambiguous  “ dissection ”  of signaling cascades. Combination with different methodologies 
and techniques like cDNA microarrays, RNAi interference or live-cell imaging will provide 

  Fig. 14.2.        Site-specific Phosphorylation Dynamics of EGFR Signaling Cascades     (A)  Three cell 
populations are encoded with  “ light, ”   “ medium ”  or  “ heavy ”  forms of arginine and lysine. The SILAC-
encoded cells are stimulated with EGF for different periods of time, subsequently combined and 
fractionated to nuclear and cytoplasmic extracts. Following proteolytic digest, the peptides are 
fractionated by strong cation exchange (SCX) chromatography, and phosphopeptides are enriched 
using TiO 

2
 . The resulting phosphopeptide mixtures are then subjected to quantitative LC-MS/MS/MS 

analysis.  (B)  Dynamic profiles of different functional protein categories representing the phosphorylation-
dependent signaling network of EGFR. For each category, the kinetic curves of the proteins are drawn 
in proportion to the number of phosphopeptides with the corresponding regulation profile.       
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further integrated information and critical new insights into the distinct biological functions 
of the members of the EGFR family. This will ultimately lead to determining possible points 
of perturbation in the signaling cascades and the development of more specific and better 
targeted drugs that improve treatment for growth factor associated diseases and disorders.    

  REFERENCES 

   1.   Hunter T. Signaling--2000 and beyond. Cell 2000;100:113-27.  
   2.   Pawson T, Nash P. Assembly of cell regulatory systems through protein interaction domains. Science 

2003;300:445-52.  
   3.   Schlessinger J. Cell signaling by receptor tyrosine kinases. Cell 2000;103:211-25.  
   4.   Blume-Jensen P, Hunter T. Oncogenic kinase signalling. Nature 2001;411:355-65.  
   5.   Aebersold R, Mann M. Mass spectrometry-based proteomics. Nature 2003;422:198-207.  
   6.   Ong SE, Mann M. Mass spectrometry-based proteomics turns quantitative. Nat Chem Biol 2005; 

1:252-62.  
   7.   Blagoev B, Mann M. Quantitative proteomics to study mitogen-activated protein kinases. Methods 

2006;40:243-50.  
   8.   Cheng X. Understanding signal transduction through functional proteomics. Expert Rev Proteomics 

2005;2:103-16.  
   9.   Schmelzle K, White FM. Phosphoproteomic approaches to elucidate cellular signaling networks. Curr 

Opin Biotechnol 2006;17:406-14.  
   10.   Pandey A, Podtelejnikov AV, Blagoev B, Bustelo XR, Mann M, Lodish HF. Analysis of receptor 

signaling pathways by mass spectrometry: identification of vav-2 as a substrate of the epidermal and 
platelet-derived growth factor receptors. Proc Natl Acad Sci U S A 2000; 97:179-84.  

   11.   Pandey A, Blagoev B, Kratchmarova I, et al. Cloning of a novel phosphotyrosine binding domain contain-
ing molecule, Odin, involved in signaling by receptor tyrosine kinases. Oncogene 2002;21:8029-36.  

   12.   Tamas P, Solti Z, Bauer P, et al. Mechanism of epidermal growth factor regulation of Vav2, a guanine 
nucleotide exchange factor for Rac. J Biol Chem 2003;278:5163-71.  

   13.   Kristiansen TZ, Nielsen MM, Blagoev B, Pandey A, Mann M. Mouse embryonic fibroblasts derived 
from Odin deficient mice display a hyperproliiferative phenotype. DNA Res 2004;11:285-92.  

   14.   Pandey A, Fernandez MM, Steen H, et al. Identification of a novel immunoreceptor tyrosine-based 
activation motif-containing molecule, STAM2, by mass spectrometry and its involvement in growth 
factor and cytokine receptor signaling pathways. J Biol Chem 2000;275:38633-9.  

   15.   Blagoev B, Kratchmarova I, Ong SE, Nielsen M, Foster LJ, Mann M. A proteomics strategy to eluci-
date functional protein-protein interactions applied to EGF signaling. Nat Biotechnol 2003;21:315-8.  

   16.   Ong SE, Blagoev B, Kratchmarova I, et al. Stable isotope labeling by amino acids in cell culture, 
SILAC, as a simple and accurate approach to expression proteomics. Mol Cell Proteomics 2002; 
1:376-86.  

   17.   Trinkle-Mulcahy L, Andersen J, Lam YW, Moorhead G, Mann M, Lamond AI. Repo-Man recruits 
PP1 gamma to chromatin and is essential for cell viability. J Cell Biol 2006;172:679-92.  

   18.   Jin J, Li GJ, Davis J, et al. Identification of Novel Proteins Associated with Both {alpha}-Synuclein 
and DJ-1. Mol Cell Proteomics 2007;6:845-59.  

   19.   Ibarrola N, Molina H, Iwahori A, Pandey A. A novel proteomic approach for specific identification of 
tyrosine kinase substrates using [13C]tyrosine. J Biol Chem 2004;279:15805-13.  

   20.   Ong SE, Mittler G, Mann M. Identifying and quantifying in vivo methylation sites by heavy methyl 
SILAC. Nat Methods 2004;1:119-26.  

   21.   Kratchmarova I, Blagoev B, Haack-Sorensen M, Kassem M, Mann M. Mechanism of divergent growth 
factor effects in mesenchymal stem cell differentiation. Science 2005;308:1472-7.  

   22.   Blagoev B, Ong SE, Kratchmarova I, Mann M. Temporal analysis of phosphotyrosine-dependent 
signaling networks by quantitative proteomics. Nat Biotechnol 2004;22:1139-45.  

   23.   Dengjel J, Akimov V, Olsen JV, et al. Quantitative proteomic assessment of very early cellular signal-
ing events. Nat Biotechnol 2007;25:566-8.  

   24.   Olsen JV, Blagoev B, Gnad F, et al. Global, in vivo, and site-specific phosphorylation dynamics in 
signaling networks. Cell 2006;127:635-48.  



Chapter 14 / Temporal Dynamics of EGF Receptor Signaling 207

   25.   Schulze WX, Deng L, Mann M. Phosphotyrosine interactome of the ErbB-receptor kinase family. Mol 
Syst Biol 2005;1:2005 0008.  

   26.   Jones RB, Gordus A, Krall JA, MacBeath G. A quantitative protein interaction network for the ErbB 
receptors using protein microarrays. Nature 2006;439:168-74.  

   27.   Wolf-Yadlin A, Kumar N, Zhang Y, et al. Effects of HER2 overexpression on cell signaling networks 
governing proliferation and migration. Mol Syst Biol 2006;2:54.  

   28.   Kholodenko BN. Cell-signalling dynamics in time and space. Nat Rev Mol Cell Biol 2006; 7:165-76.  
   29.   Zhang Y, Wolf-Yadlin A, Ross PL, et al. Time-resolved mass spectrometry of tyrosine phosphoryla-

tion sites in the epidermal growth factor receptor signaling network reveals dynamic modules. Mol 
Cell Proteomics 2005;4:1240-50.  

   30.   Wolf-Yadlin A, Hautaniemi S, Lauffenburger DA, White FM. Multiple reaction monitoring for robust 
quantitative proteomic analysis of cellular signaling networks. Proc Natl Acad Sci U S A 2007; 
104:5860-5.         



       15       Computational and Mathematical 
Modeling of the EGF Receptor System 

       Colin   G.   Johnson ,   Emmet   McIntyre , 
and  William  Gullick  

  CONTENTS 
  Why model and Simulate?  
  Methods for Modeling and Simulation  
  Implementing Individual Based Methods  
  Examples of Simulations  
  Prospects  
  References   

  Abstract 
 This chapter gives an overview of computational models and simulations of the EGF receptor 

system. It begins with a survey of motivations for producing such models and then describes the 
main approaches that are taken to carrying out such modeling, with respect to differential equations 
and individual-based modeling. Finally, a number of projects that apply modeling and simulation 
techniques to various aspects of the EGF receptor system are described.  

  Key Words:   EGF receptor ,  computational models ,  mathematical models.          

  1. WHY MODEL AND SIMULATE?  

 By  modeling  we mean the construction of some computer program or mathematical description 
that describes some aspect of a system.  Simulation  is the running of a computer implementation 
of that model, i.e., setting parameters in and the initial state of a model, after which the state of 
that model is modified a number of times to represent the system changing in time. 

 There are a number of motivations for developing such models. At the simplest level, 
models can be used as informal tools to develop intuitions and ideas about the functioning 
of a system. By attempting to build a formal model that incorporates existing knowledge 
about the system, the less-well understood components of the system can become clearer; 
furthermore conjectures can be made, and tested for plausibility, about mechanisms that 
might explain those components. This process is, in general, referred to as synthetic biology. 
It is an attempt to gain an understanding of a system by building it. 
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 Such a model, however, cannot confirm anything positive about a system. Typically, it 
will be used to inspire further experimental work, by providing a  prima facie  case that some 
experiment might produce results of interest. Another function of such a system is to 
demonstrate that a particular mechanism cannot explain a particular behavior, by showing 
that an implementation of that mechanism in simulation produces different behavior (either 
at a qualitative or quantitative level) to an observed system. 

 More formally, models can be used to integrate together a number of aspects of a system 
that are individually well understood, yet where the interactions between those aspects are 
not. In such an approach, we build a number of computer programs or mathematical systems, 
each of which describes the individually well-understood subsystem and which has inputs 
and outputs that allow it to interact with other components of the system. Provided that such 
models are complete, and that their inclusion in a wider system does not produce additional 
effects or ill-understood non-linear interactions, such a system can produce accurate predic-
tions about the behavior of the system. Such an approach, however, is limited by our lack of 
such complete understanding of many biological systems (a situation which contrasts, for 
example, with models in physics, where many subsystems are well understood). 

 More rigorous uses of modeling and simulation will attempt to combine the model with 
experimental or observational data. In such an approach, the model typically represents a 
hypothesis about how the system works. Typically, a hypothesis is tested by  ‘ bringing the 
data to the hypothesis; ’  that is, data is measured or transformed so that it can be directly 
compared with the hypothesis. Simulation can  ‘ take the hypothesis ’  (part of the way) to the 
data  . A model is constructed, based on a hypothesis about the functioning of the system, and 
this model is then simulated by implementing it as a computer program and measuring those 
aspects of the simulation that correspond to the experimental data. These measurements can 
be compared to the experimental or observational data. 

 There are a number of issues with this approach, two of which we shall explore. The first 
is that a typical model will have unknown parameters, which can affect both the qualitative 
and quantitative results that are measured. One approach to this issue is to use parameter fit-
ting where the model is viewed as a parameterized space of models, and some optimization 
 technique used to find an (heuristically) optimal setting for those parameters that maximizes 
fit with the data. One of the advantages of this approach  is that it gives an estimate for those 
 parameters as part of the process; however, it should be noted that for many model/dataset pairs, 
many different possible parameter sets can give rise to behavior compatible with the data. 

 A final view of such models is that they represent hypothesis-driven combinations of 
attributes, which can be used as inputs to systems for prediction and classification problems. 
Typically, a statistical/computational model for prediction is produced by a supervised learning 
technique ( 1 ). That is, we have a set of experimental or observational data, including one 
attribute of the system that we would like to be able to predict in the future (referred to as 
the class). For example, a medical dataset might consist of a list of patients: for each patient 
a list of symptoms is recorded, and an expert diagnosis carried out. Supervised learning is 
any technique that takes such a dataset and produces a statistical/computational model that 
will make a prediction of the class; well-known examples are na ï ve Bayes methods (see e.g., 
( 2 )) and decision tree induction ( 3 ). In our example, the model would take a list of symptoms 
and make a diagnosis. 

 Typically, such systems work using the raw data as inputs to the training process, that is, 
the process by which a generic predictive model is adjusted to generalize from the particular 
set of data being used. In some situations, however, constructed attributes can be used: that 
is, attributes from the data are combined to form new data attributes ( 4 ). Typically, such con-
structions are simple and based on a basic search process for useful combinations. One way 
to view simulations is as hypothesis-driven attribute construction methods; that is, a simulation 
provides a new source of data for making predictions about a model, which is based on some 
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hypothesis about the functioning of the system. In such a situation the final test of value is 
simply whether the addition of the new data source from the simulation adds to the accuracy 
of the simulation, measured on a previously unseen set of test data.  

  2. METHODS FOR MODELING AND SIMULATION  

 There are a number of methods for modeling and simulating cellular systems. In this section we 
discuss the various methods, focusing on differential equation-based and individual-based 
methods. 

  2.1. Differential Equation Methods 
 One approach is to develop a set of differential equations that describe the system ( 5 ,  6 ). 

That is, the various interactions and reactions between entities in the system are described in 
terms of rates of exchange between different quantities (a classic example is the  Michaelis-
Menten equation for enzyme kinetics ( 7 )). In such a system, when an amount of some  substance 
is transformed in some way, the quantity of the original substance is reduced and that of 
the outcome of the transformation increased. So, for example, a phosphorylation event on 
 molecule X would consist of reducing the amount of X in the system, and increasing the 
amount of phosphorylated-X. 

 This is a powerful approach to modeling the basic levels of each substance of interest, and 
it has an advantage over some other methods in that many methods exist to get some analytic 
understanding of the problem (i.e., to understand some general properties and overall dynamics 
of the system), as well as to simulate it for a particular set of parameters and initial conditions. 

 There are disadvantages to this kind of modeling, however. In particular, there are 
issues concerned with scaling and with representing space. Differential equation models 
provide a succinct summary of the interactions between a small number of molecule-types. 
However, when a system contains many types of molecules, accounting for the different 
types while retaining a comprehensible model, it eventually becomes intractable. In terms 
of spatial distribution, differential equation models are better used when dealing with a 
small number of components where the free-mixing assumption can be made (i.e., that 
any molecule can interact with any other). In systems where genuine spatial distribution 
is important, this can be modeled by partial differential equations; however, dealing with 
complex interactions between different molecule types across a space is difficult, and 
many of the mathematical techniques for getting a qualitative understanding of the model 
break down in such situations.  

  2.2. Individual Based Methods 
 The second main approach to modeling is individual-based modeling. In such a model, 

each entity in the system is represented by a separate entity in the computer, which con-
trasts with differential equation models that keep track of aggregate counts of objects over 
time. This approach has a number of advantages. Two particularly significant advantages are 
that models of systems with many different kinds of components can be readily built and that 
a full spatial model can be readily incorporated. 

 In order to generate such a model, four aspects of the system need to be specified. First, 
a list of the kinds of entities found in the system needs to be compiled. For a cell-biology 
model, these will typically be lists of molecules found in the system. Second, the kinds of 
interactions between those entities need to be defined: most importantly, if two entities meet, 
do they bind? With what probability? Third, the movement of the entities is defined: for 
example, Brownian motion, or flow through a region at a certain rate. Finally, a set of initial 
conditions needs to be specified. 
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 Commonly, not all of the information required to set up such a model is known in advance. 
As a result, a typical  “ model ”  is not a single model, but a parameterized space of possible 
models, i.e., there are a number of unknown parameters in the model, and setting these 
parameters to a particular value specifies a particular model. Sometimes, such models can be 
used as part of a process to estimate the unknown parameters. For example, a model might 
represent a process that is too small to observe directly experimentally; however, this process 
might give rise to a phenomenon that can be directly observed. By finding a parameter setting 
within that space of models that reproduces the observed behavior, we can conclude that the 
parameters (which will include properties of the unobservable behavior) are a feasible set of 
parameters for the real system. 

 Typically, this search through the parameter space will be carried out using some 
optimization heuristic ( 8 ), which will search for values of the parameters that maximize the 
fit between experimentally observable features of the system in simulation and in reality. 

 An alternative approach is to use qualitative reasoning methods ( 9 ,  10 ). This approach 
consists of running a simulation using qualitative features about the objects in the simulation, 
rather than particular values: is a quantity positive or negative, is a relationship proportional, 
negative-proportional, threshold, etc.? This approach can give a broad understanding of a 
model, even in the absence of concrete parameter settings.   

  3. IMPLEMENTING INDIVIDUAL BASED METHODS  

 Individual based methods are typically implemented using an object-oriented programming 
technique ( 11 ) such as Java or C +  + . In order to create a program in such a language, the program-
mer first creates types of objects known as classes, specifying the information that is stored within 
an object of that class and how objects of that class interact with other objects. The simulation then 
progresses by the creation and interaction of individual objects, each of which belongs to (and 
has its behavior defined by) one of the classes. There are a number of different ways in which 
to manage the interactions between these objects; therefore, the programmer of a simulation has to 
make a number of choices before writing the simulation program. 

 The first of these decisions is whether the model will be implemented in an event-based 
or timestep-based fashion. An event-based simulation ( 12 ) is one where the program main-
tains a list of events that change the state of the system, and the simulation is carried out by 
processing an event (such as an interaction between two molecules), calculating whether this 
generates any new events (e.g., a molecule dissociating from a complex, which might lead to 
a new interaction for that molecule), and then moving forward in time to the next event. This 
works well for systems where the  “ next event ”  can be readily calculated. In many biochemi-
cal models, however, this calculation is not easy due to processes such as Brownian motion, 
which can rapidly introduce a new potential interaction where there was none before. As a 
result, time-step-based methods, which move in a regular time-step and calculate all activity 
within that time-step, are commonly used in such situations. 

 A second decision is the level of detail that the model will use. Different questions/
hypotheses will require different levels of detail in the model. Ultimately, the model needs 
to be a useful abstraction from reality — incorporating those features that are needed for the 
question at hand, while ignoring features that are irrelevant. There are also practical concerns 
in the decision. In particular, very detailed models can be time consuming to compute (up 
to the point where computation might be infeasible), or else not admit the kind of analytical 
techniques that can be used on simpler models. 

 A third decision is whether the calculations will be stochastic (i.e. incorporating some 
randomness in the events) or deterministic. Given that all models at the cellular level will 
have some element of randomness in them when viewed at that level (Brownian motion and 
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probability of two molecules binding are two examples), the stochastic modeling approach 
seems immediately more appropriate. When many objects are interacting, however, these 
individual interactions are often somewhat irrelevant. Instead, these large numbers of 
random events can be approximated by a deterministic rate of occurrence. Stochastic models 
are of most interest when the individual actions of molecules that exist in small numbers can 
have significant consequences for the system as a whole, as discussed by Andrews and Bray 
( 13 ) and Lemerle et al. ( 14 ). 

 A final decision concerns how space is handled within the model. The simplest model of 
space is to assume that all of the components of the system interact within a single space, 
which is referred to as complete mixing. The next simplest model is that there are a number 
of components in the model (for example, within and outside the cell) with some communi-
cation or exchange going on between these components, representing exchange of molecules 
between the domains or communication through transmembrane proteins.  Models that have 
a further level of detail have a spatial position for each component of the system, either 
represented as an approximation on a grid or as a position given by decimal-number coordi-
nates. This level of detail is important for some models (for example, studying the structure 
of receptor clusters or the formation of signaling complexes); however, for other models the 
complete mixing assumption is sufficient.  

  4. EXAMPLES OF SIMULATIONS  

 Computational and mathematical models have been used for understanding a number of 
aspects of the EGF receptor system. Most simulations have concentrated on aspects of the intracel-
lular signaling cascade; however, other approaches have addressed the oligomerization behavior 
on the cell surface. As note by Gullick et al. ( 15 ,  16 ), there are three main processes in the 
EGF receptor system. First, the liganding of the extracellular domain; secondly, the dimerization 
and oligomerization of these receptors; and finally the intracellular signaling cascade set off by 
this dimerization. The majority of effort in this area has focused on the intracellular signaling 
cascade, using differential equation models, which is where we begin our survey. Later in this 
section we discuss models of the cell-surface behavior, integrated models that examine multiple 
stages, and systems that introduce formal languages for the description of interactions and that 
take steps toward integrating models into broader systems biology projects. 

  4.1. Differential Equation Models of Intracellular Signaling Cascades 
 The largest amount of work on simulation of the EGF receptor system has focused on differen-
tial equation models of the intracellular signaling cascade. These models have been surveyed by 
Wiley et al. ( 17 ) and Orton et al. ( 18 ). 

 The core of such a model is a list of the various proteins involved in the signaling proc-
ess and a list of differential equations that specify the reaction rates between these proteins. 
These models are then simulated by the used of a numerical method, either from a generic 
mathematical software package such as Mathematica ( 19 ) or Matlab ( 20 ), or by software 
specifically designed for sets of biochemical interactions such as Gepasi ( 21 ). 

 The main parameters in such models are rate constants for the various reactions in the 
system. Typically, these  parameters are derived from existing experimental work; if they are 
missing, a sensitivity analysis can sometimes be performed to check whether or not the par-
ticular value of the parameter is having a significant impact on the phenomenon of interest. 

 A typical  “ experiment ”  using such a model will be to develop a model that introduces 
some new mechanism or interaction which, it is hypothesized, produces a particular 
experimentally-observed behavior and therefore produces a viable hypothesis to explain the 
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mechanism underlying that behavior. In the remainder of this section we give a number of 
examples of such models. 

 A detailed example of such a model is given by Suresh Babu et al. ( 22 ). This paper 
begins by detailing a set of differential equations that represent the various reactions in 
the system. At the end of this process, a parameterized space of models has been created, 
where the parameters represent the various rate constants for the reactions in the model. 
They then realize a particular model by inserting rate constants found in the literature. They 
then test the accuracy of the model by a number of comparisons between experimental and 
computational work: plotting time-courses of Raf, MEK, and ERK activation levels and 
comparing the latter two against Western blot analyses of wet lab experiments with the same 
setup; studying the effects of over-expression of proteins in the model and comparisons with 
known experimental effects of overexpression; studying time courses of phosphorylation 
and dephosphorylation; and, carrying out a sensitivity analysis of the system. This work 
shows that an accurate model of the cascade can be produced; however, they do not apply 
their simulation to testing any specific new hypotheses about the functioning of the system. 

 One example of the application of computational methods to a specific problem in their 
area is the work of Brightman and Fell ( 23 ). This paper describes a model of the MAP kinase 
cascade using the simulation system Gepasi ( 21 ), and applies this to form hypotheses for the 
difference in behavior when the cascade is stimulated by EGF (in this case, the cascade is 
activated for a short time) and by NGF (in which case the cascade is stimulated for a sustained 
period of time). The simulation is used to narrow down where in the system a change will 
produce the effects seen in experimental work. In particular, it is shown that mechanisms 
that simply affect the intensity of signaling at the cell surface, or mechanisms that influ-
ence the phosphatase activity in the cascade are unlikely to produce the differences in effect 
observed in the experimental system. By contrast, the simulation of variations in the nega-
tive feedback regulation in the cascade do demonstrate a variety of differences in cascade 
persistence consistent with the experimental observations. Therefore, they conclude that this 
final mechanism is the most likely candidate mechanism to explain the differences. 

 Hendricks et al. ( 24 ) also apply simulations to help make a differentiation between two 
competing hypotheses to explain a particular observed phenomenon. The phenomenon is 
the localization of dephosphorylation activity in the ErbB-triggered signaling cascade. They 
simulate two hypotheses concerning this: the first, that the activity is localized in the cell 
surface plasma membrane; the second, that intracellular, endosomal regions are the focus 
for it. By comparing these simulations with experimental data, they show that the former 
localization is more likely to explain the observed phenomenon. 

 Shvartsmann et al. ( 25 ) use a simulation to show that a proposed hypothesis is sufficient 
to explain an experimentally observed phenomenon. The phenomenon in question is the 
development of a single-peaked input into a pattern with two peaks, which is needed to 
show how the development of paired organs during development occurs. The computational 
model shows the ranges of parameters that would be required to generate the phenomenon 
in question, which could be seen as refinement of an initial qualitative hypothesis into more 
quantitative terms. Maly et al. ( 26 ) also carry out a simulation focused on feasibility. They 
demonstrate that a particular arrangement of feedback loops in an autocrine-signaling system 
is capable of generating and maintaining cell polarity.  

  4.2. Other Modeling Methods for the Intracellular Signaling Cascade 
 Techniques other than differential equations have been used to model the signaling cascade. For 
example, Hlavacek et al. ( 27 ) have developed a system called BioGenNet that is based on lists 
of rewriting rules, i.e., rules that describe how parts of one structure can be transformed into 
another. This system allows hierarchies of reaction rules to be created, which eliminates the need 
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to specify each rule individually, as in the differential equation-based systems discussed above. 
In addition, such systems of rules permit new analytic methods such as model checking, which is 
a system for checking whether a set of rules is consistent with a formal description of how parts 
of a system will change with time. 

 Blinov et al. ( 28 ) apply similar methods to reproduce and extend the earlier model of 
Kholodenko et al. ( 29 ), incorporating a larger number of reactions including proteins not 
incorporated into the Kholodenko model. 

 Another method that has been used to model the signaling cascade is Petri nets ( 30 ). This 
method is a visually intuitive way of constructing and simulating systems, which can be 
readily visualized while the simulation is running. 

 Schamel and Dick ( 31 ) have proposed an analogy between the signal transduction 
process and the Parallel Distributed Processing model used in modeling neural networks. 
Rather than representing a way to implement simulations, however, this model remains at 
the conceptual level. 

 An alternative approach to modeling is given by Pawson and Linding ( 32 ), which takes an 
approach sometimes known as a synthetic biology approach to the problem. In this approach, 
signaling networks are reverse engineered from known components. By carrying out such 
a reconstruction, the developer of the simulation is required to think carefully about the 
functional role of each of the components, and therefore develops a better understanding of 
the role that each component plays and the possible ways in which they can interact.  

  4.3. Modeling Behavior on the Cell Surface in the EGF Receptor System 
 The process of dimerization and higher-level clustering of EGF receptors on the cell 

surface is the subject of a paper by Goldman et al. ( 33 ). This  model consists of an object-
oriented individual-based model, where receptors move under Brownian motion on a model 
of the cell surface, are able to be liganded, and which form clusters by binding with other 
receptors using a probabilistic model with parameters that can be specified by the user. 

 A model using similar techniques has been developed to model the diffusion of ligands in 
the intercellular medium, and thus help to understand juxtacrine and paracrine signaling ( 34 ).  

  4.4. Modeling the Overall System 
 Recently, attempts have been made to combine models of various aspects of the system. 

For example, Hendriks et al ( 35 ) have developed a differential equation model that combines 
a model of dimerization of liganded receptors with a model of the consequent intracel-
lular signaling cascade. This model has been applied to model hypotheses concerning 
differences in the behavior between ErbB1 receptors that are sensitive to the drug getfitinib 
(IRESSA), and those that are not.  

  4.5. Higher Level Models for Intracellular Signaling Cascades 
 Each piece of work described so far has consisted of a single modeling technique being 

applied to some particular problem. Recent papers by Calder et al. ( 18 ,  36 ) take a different 
approach. The approach taken is to describe the MAP kinase cascade in a mathematical 
language known as process algebra, which is a formal description of the various interactions 
within the system. This high-level description can be automatically converted into both a 
deterministic, differential equation-based system that can be simulated using numerical 
methods and automatically converted into a stochastic model that can be simulated using 
an individual-based model. If the model is robust, both of these techniques should produce 
a similar outcome; however, sometimes artifacts from the particular simulation/numerical 
analysis method used can distort the solution. 
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 Calder et al. ( 36 ) use a comparison between the two models, derived from the process 
algebra description, to show such an artifact in the earlier paper of Schoberl et al. ( 37 ), which 
underestimates the peak concentration of Ras-GTP in the system by a factor of two. 

 Descriptions such as the process algebra have two main advantages. First, they can be 
automatically converted into simulations of different types, thus showing up problems with 
a particular simulation technique for a particular problem. Second, they have the potential 
advantage that models can be analyzed for qualitative features, as well as being converted 
into executable models. Some general issues concerned with models of this kind are dis-
cussed by Kolch et al. ( 38 ).  

  4.6. Integration with Larger System Biology Software Systems 
 It has been noted by Hornberg et al. ( 39 ) that cancer is a canonical systems biology disease: 

if we want to understand cancer, we need to understand how information flows between many 
different parallel systems of chemical interactions. Other discussions of the impact of systems 
biology on signal transduction are given by Citri and Yarden ( 40 ) and Suresh Babu et al. ( 41 ). 
In recent years, attempts have been made to create software and description languages 
that allow the sharing and combining of models of biochemical systems. One of the most 
important of these languages is the Systems Biology Markup Language (SBML) ( 42 ). 
The aim of this language is to provide a common set of formal notation for the recording 
of diagrams of biochemical interactions, so that models can be shared between different 
software packages and combined into larger integrated models (for example the E-Cell 
project ( 43 )). 

 Recently, some early efforts have been made to give an SBML description of the EGF 
receptor system and its associated signaling cascade ( 44 ). A more general discussion of this 
kind of notation is given by Kitano ( 45 ), Blinov ( 28 ), and Cary et al. ( 46 ). 

 High-throughput techniques for data collection, such as microarrays, are often associated with 
systems biology approaches, as they can provide the detailed data needed to complete a systems 
biology model. Studies such as that of Jones et al. ( 47 ) show how large-scale protein networks 
can be studied and reaction rates quantified, which provide valuable input for simulations.   

  5. PROSPECTS  

 Mathematical and computational models have proven useful in testing various hypotheses about 
the functioning of the EGF receptor system and in providing a precise language for the expres-
sion of such hypotheses. In the future, we can see four new important directions for work of this 
type:  

  •  The use of such methods in combination with data gained from experiment.  
 •  The integration of these models into a wider set of tools for systems biology, leading to the 

integration of multiple models.  
 •  The use of languages to describe these systems that can be realized in a number of different 

ways, and have a number of different analytical tools applied to them.  
 •  The simulation of the activity of drugs on the system and the use of computational search 

techniques to discover new targets for drug discovery (as illustrated by the work of Haugh 
et al. ( 48 )).    

 Breitling and Hoeller ( 49 ) also discuss future directions for such models. They outline 
four main directions for future applications of modeling of the EGF system: modeling 
of endosomal compartmentalization, developing more sophisticated models of the pro-
tein interaction network, spatial modeling, and including feedback loops and crosstalk in 
models.    
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  Abstract 
 The epidermal growth factor receptor (EGFR) is expressed in the majority of human carcinomas, 

where it regulates proliferation and survival of cancer cells. Clinical studies have failed, however, to 
demonstrate a direct correlation between expression of this receptor and prognosis of cancer patients. 
In this regard, pre-clinical studies suggest that the transforming ability of the EGFR depends on the 
levels of expression of EGFR ligands and that it is greatly enhanced when different ErbB receptors 
are co-expressed. Indeed, co-expression of different ErbB receptors and EGF-like growth factors 
has been demonstrated to occur in several human carcinomas. This observation leads to hypothesize 
that the growth of human tumors might be regulated by a network of receptors and ligands of the 
EGFR family. Therefore, the global levels of expression of these proteins should be determined for 
prognostic and therapeutic applications. Finally, recent findings suggest that the EGFR system might 
regulate the functions of the tumor microenvironment that are important for tumor progression such 
as neo-angiogenesis and osteoclast activation.  

  Key Words:   EGFR ,  ErbB2 ,  ErbB3 ,  ErbB4 ,  EGF-like growth factors ,  cancer ,  prognosis.     

  1. INTRODUCTION  

 A number of preclinical studies have demonstrated the involvement of the epidermal 
growth factor receptor (EGFR) signaling in tumor pathogenesis. Indeed, overexpression of 
EGFR is able to induce in vitro transformation in presence of appropriate levels of specific 
ligands ( 1 ). In addition, the role of EGFR in the autonomous proliferation of carcinoma cells 
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has been formally demonstrated by using different approaches such as retroviral antisense 
expression vectors, antisense oligonucleotides, or neutralizing antibodies. In fact, blockade 
of EGFR results in a significant inhibition of the in vitro and in vivo growth of several dif-
ferent cell lines derived from human carcinoma of various histological types ( 2 ). Transgenic 
mice studies have shown that overexpression of the EGFR might lead to transformation of 
the mammary gland, but not of other tissues ( 1 ,  3 ). In addition, the observation that mam-
mary carcinomas arise only after pregnancy also suggests that overexpression of the EGFR by 
itself is not able to induce in vivo transformation, and that other events such as activation of 
protooncogenes or inactivation of tumor suppressor genes are required for this phenomenon to 
occur ( 1 ,  3 ). In agreement with these results, evidence suggests that the transforming ability of 
the EGFR is greatly enhanced when different ErbB receptors are co-expressed. In this regard, 
Kokai and co-workers ( 4 ) demonstrated that co-expression of rodent p185c-neu and EGFR in 
NIH-3T3 cells was necessary to induce full transformation of these cells. In addition, Cohen 
et al. ( 5 ) have shown that in vitro transformation of a NIH-3T3 clone devoid of detectable 
endogenous ErbB receptors occurred preferentially when two different ErbB receptors were 
expressed in presence of an appropriate ligand. Any combination of ErbB receptors was able to 
induce in vitro transformation. However, the EGFR/ErbB2 heterodimer was the only receptor 
pair able to efficiently induce in vivo transformation (i.e., a tumorigenic phenotype). 

 Therefore, overexpression of ErbB2 appears to be an amplifier of the signaling stimuli 
that are carried by other ErbB receptors. The importance of the cooperation of ErbB2 and 
other ErbB receptors in inducing in vivo transformation is indeed suggested by different 
observations. For example, mammary tumors derived from transgenic mice engineered to 
overexpress the mouse ErbB2 homologue  neu  are also characterized by expression of high 
levels of endogenous EGFR ( 6 ). Similarly, transgenic mice carrying an activated  neu  show 
high levels of tyrosine phosphorylation of both  neu  and ErbB3 ( 7 ). The  neu  proto-oncogene 
and transforming growth factor- α  (TGF- α ), the main EGFR ligand, have also shown a syner-
gistic interaction in inducing transformation in the mammary epithelium of transgenic mice 
( 8 ). Bitransgenic female mice co-expressing TGF- α  and  neu  developed multifocal mam-
mary tumors with significantly shorter latency period as compared with either parental strain 
alone. Finally, treatment of ErbB2 transgenic mice with an EGFR tyrosine kinase inhibitor 
such as gefitinib efficiently prevents the formation of mammary tumors ( 9 ). 

 These findings emphasize that the EGFR, together with the other ErbB receptors and 
growth factors of the EGF-family, form an integrated system in which a signal that impinges 
upon an individual receptor type is often transmitted to other receptors of the same family 
(Fig.  16.1 ). This mechanism leads to amplification and diversification of the initial signal, 
a phenomenon that is important for cell transformation. In addition, recent findings suggest 
that the response of tumor cells to anti-EGFR therapies might be significantly affected by 
the expression of other ErbB-receptors and of EGFR ligands in cancer cells and in the tumor 
microenvironment ( 1 ). In fact, activation of these receptors is dependent on the levels of 
EGF-like growth factors that are produced by either cancer cells or in the surrounding stro-
mal cells. Therefore, the role of EGFR expression and activation in human tumors cannot 
be discussed without taking in account the complex interactions existing within the ErbB 
family of receptors and their ligands (see also Chapter 2).   

  2. EXPRESSION OF ErbB RECEPTORS AND COGNATE LIGANDS 
IN HUMAN CARCINOMAS  

  2.1. EGFR 
 Expression of the EGFR protein and/or mRNA has been found in the majority of carcinoma 

types. The frequency of expression of the EGFR in human carcinomas is generally high, with 
some tumors such as head and neck carcinomas having been reported to express the EGFR 
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in up to 100 %  of the cases ( 1 ,  2 ,  10 ). As shown in Table  16.1 , the frequency of expression of 
the EGFR in carcinomas has a wide range. For example, in breast carcinomas expression 
of the EGFR has been reported in 14 %  to 91 %  of human tumors with an average of approxi-
mately 50 % . Several reasons could explain such variability. In fact, different techniques have 
been employed to assess the levels of expression of the EGFR protein in primary tumors, 
i.e. radioimmunoassays western blotting and immunohistochemistry. The cut off values to 
discriminate positive and negative samples differ in each study. Furthermore, different anti-
bodies have been used to detect the expression of the EGFR in tumor tissues. Finally, some 
studies have measured the overexpression of the EGFR in the tumor as compared with nor-
mal mucosa, and they have assessed as negative the tumor samples expressing EGFR levels 
similar to normal mucosa ( 10 ). Recent results from pre-clinical and clinical studies with 
anti-EGFR agents suggest that tumors with low levels of expression of the EGFR might 
respond to these agents ( 11 ). Therefore, it is essential to define standardized, highly sensitive 
techniques for the detection of EGFR expression in primary tumors that should represent a 
tool to select patients to treat with anti-EGFR agents.       

 Overexpression of EGFR is sometimes associated with EGFR gene amplification ( 10 ). 
This phenomenon is not frequent in human carcinomas, however, and overexpression of 
the EGFR in the absence of gene amplification has been found. Mutations of the EGFR 

 Table 16.1  
   Expression of ErbB Receptors in Human Carcinomas  

 ErbB Receptors  Breast  Lung  Colon  Ovary  Head & Neck 

 EGFR  14-91 %   40-80 %   25-77 %   35-70 %   36-100 %  
 ErbB2  9-39 %   18-60 %   11-20 %   8-32 %   17-53 %  
 ErbB3  22-90 %   25-85 %   65-89 %   85 %   81 %  
 ErbB4  82 %   NA *   NA  93 %   28-69 %  

  * NA: not assessed 

  Fig. 16.1.      The ErbB receptors an their cognate ligands. Abbreviations: EGF, epidermal growth factor; 
TGF-a  , transforming growth factor- a ; AR, amphiregulin; BTC, betacellulin, HB-EGF, heparin binding-
EGF; EPR, epiregulin; NRG, neuregulin.       
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have been also described to occur in human tumors. The most frequent EGFR mutation is 
the EGFR vIII form, that is characterized by a large deletion of the extracellular domain of 
the receptor ( 12 ). This mutation is frequent in gliomas and it has been described to occur in 
carcinomas, such as breast, ovarian and lung cancers ( 12 ). However, the frequency of this 
mutation and the percentage of tumor cells carrying the mutated EGFR in tumors other than 
gliomas need to be addressed in larger studies. More recently, small in frame deletions or 
point mutations occurring in the tyrosine kinase domain of the EGFR have been found in 
approximately 10 %  of non-small-cell lung cancer (NSCLC) ( 3 ) (see also Chapter 20). These 
mutations are associated with an increased response to EGFR tyrosine kinase inhibitors. The 
EGFR mutations were highly frequent in female non-smoker patients with adenocarcinoma, 
most notably in the Asian population. The growth of this type of tumor seems to be strictly 
dependent on the activation of the EGFR pathway, which might represent the leading path-
way in inducing cellular transformation in these selected patients. 

 Several studies have addressed the prognostic significance of the EGFR in cancer patients 
without reaching a definitive conclusion. For example, discordant results on the correlation 
between the level of expression of this receptor and outcome of breast cancer patients have 
been reported. The major drawback of these studies is that different techniques have been 
employed to assess the expression of EGFR in breast cancer specimens, including ligand-
binding assays, autoradiography, immunohistochemistry (IHC), immunoenzymatic assays 
(ELISA), measurement of EGFR transcripts by using different techniques, or EGFR associ-
ated phosphotyrosine kinase activity. Furthermore, different cutpoints have been used to dis-
tinguish negative and positive samples, resulting in a wide spectrum for assigning a positive 
status. Finally, multivariate analysis has been applied in a minority of these studies, making 
it difficult to interpret these results. In order to analyze the prognostic role of the EGFR in 
breast cancer, we have selected 29 studies in which at least 100 patients (range 107-1029) 
have been analyzed for EGFR expression by using different techniques. Original studies 
and reviews summarizing results of different studies have been used as data-source and 
are cited in this chapter ( 13  –  24 ). The percentage of EGFR positive tumors in these studies 
ranged between 20 %  and 91 % . The majority of these studies were retrospective. The type of 
adjuvant therapy that patients received following surgery was not specified in all the studies. 
A minority of the patients in early studies were not treated after surgery. However, the major-
ity of the patients received either hormonal therapy or chemotherapy, or both treatments. 
It has long been suggested that the EGFR might represent a marker for early relapse of breast 
cancer ( 10 ). For this reason, we analyzed separately the correlations existing between EGFR 
expression, Relapse Free Survival (RFS) and Overall Survival (OS). By univariate analysis, 
a significant correlation between expression of the EGFR and RFS was demonstrated in 
15/25 retrospective studies. In contrast, a significant association between EGFR levels and 
OS was demonstrated only in five studies. By multivariate analysis, the correlation between 
EGFR and RFS was confirmed in eight studies, whereas two studies have demonstrated a 
significant correlation between expression of the EGFR and OS. The correlation between 
EGFR expression and both RFS and OS was also analyzed in four prospective studies ( 14 , 
 17 ,  18 ,  24 ). The univariate analysis demonstrated a positive correlation between EGFR lev-
els and both RFS and OS in 2/4 studies. Multivariate analysis, however, confirmed these 
findings in one study. Taken together, these results suggest that the expression of the EGFR 
in breast cancer might be useful to identify a subgroup of early relapsing tumors, whereas it 
is of little utility for assessing survival probability. 

 In agreement with these findings, a recent study has shown that long-term survival for 
NSCLC correlates with low levels of EGFR mRNA expression ( 25 ). However, other studies 
have suggested no correlation between EGFR expression and patient prognosis in NSCLC, 
or prognostic significance only when combined with ErbB2 ( 26 ,  27 ). A recent study has 
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demonstrated that expression of the EGFR is an independent prognostic factor in stage II 
colon carcinoma ( 28 ). In agreement with these findings, survival of colorectal cancer patients 
with increased tumor EGFR levels as measured with  125 I-EGF-binding techniques was 
significantly reduced in comparison to patients with low tumor EGFR levels ( 29 ). Expres-
sion of EGFR, however, was not found to correlate with patient outcome in a different study 
in which the receptor was determined by using immunohistochemistry ( 30 ). Interestingly, 
significant differences between results obtained with immunocytochemistry or radiorecep-
tor assay were observed by Kopp and co-workers ( 29 ).  

  2.2. ErbB2 
 The expression of ErbB2 in primary human carcinomas is generally more restricted as compared 
with the EGFR (Table  16.1 ) ( 2 , 10 ). The role of ErbB2 in the transformation of mammary epi-
thelial cells has been formally proven, whereas the involvement of this receptor in the pathogen-
esis and/or progression of other tumor types needs to be further experimentally addressed. Over
expression of ErbB2 is frequently associated with gene amplification, although overexpression in 
absence of gene amplification has been described ( 2 ,  10 ). The ErbB2 gene is not usually mutated 
in carcinomas. A recent study, however, demonstrated the occurrence of in frame insertion or 
missense substitutions in the kinase domain of the ErbB2 receptor ( 31 ). ErbB2 mutations were 
initially detected in NSCLC patients with adenocarcinoma with a frequency close to 10 %  (5/51), 
and were more frequent in current or ex-smokers. However, a more recent study found mutations 
of the ErbB2 tyrosine kinase domain in 1.6 %  of 671 NSCLC ( 32 ). These mutations were more 
frequent in patients with adenocarcinoma, female and non-smoker, i.e., the same phenotype of 
patients carrying EGFR mutations. Interestingly, ErbB2 mutations were found in patients that did 
not carry mutations of EGFR. However, the kinase activity and the transforming potential of this 
mutated form of ErbB2 have not yet been evaluated. Finally, both EGFR and ErbB2 mutations 
were found in patients that did not carry ras mutations, suggesting that these proteins are involved 
in different processes of transformation. Mutations of K-ras have been shown to be associated 
with resistance to the EGFR tyrosine kinase inhibitors gefitinib and erlotinib in NSCLC ( 33 ). 

 It is difficult to summarize the available data on the prognostic role of ErbB2 in breast 
cancer. In fact, a MEDLINE search using the key words breast cancer, ErbB2 and prognosis 
retrieves over 1500 articles. ErbB2 expression or gene amplification has been assessed in 
approximately 30 %  of these studies. Different techniques have been employed to detect 
ErbB2 overexpression or gene amplification in primary tumors: IHC, ELISA, FISH, Southern 
blot or dot blot, Western blot. The tumors that were positive for ErbB2 overexpression or 
gene amplification ranged between 9 and 39 % . The majority of the studies were retrospec-
tive, and different cutpoints and stratification of patients have been employed for analysis. 
Still, more uniform results have been obtained in studies on ErbB2 expression as compared 
with the EGFR. 

 We selected 74 studies in which at least 100 breast cancer patients (range 100-1576) 
have been analyzed for ErbB2 overexpression or gene amplification by using different 
techniques. Sixty-four studies that we have analyzed are listed in a review article by Ross 
and co-workers ( 34 ). Ten articles were from the above mentioned MEDLINE search ( 22 , 
 23 ,  35  –  42 ). Of these studies, only seven were prospective ( 35 ,  38  –  40 ,  43  –  45 ). The majority 
of the above referenced studies have analyzed the correlation of ErbB2 with prognosis in 
both node-positive and node-negative subgroups. In 20 retrospective studies, however, 
this subgroup analysis was not performed. Since the majority of these studies, as well as 
studies run in node-positive patients alone, resulted in positive findings, we have grouped 
their results together, whereas we have analyzed separately the results obtained in the node-
negative patients cohorts (studies specific for node-negative patients, or results of analysis of 
the node-negative subgroup in studies which enrolled both negative and positive patients). 
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 By univariate analysis, 51/53 retrospective studies have shown a significant association of 
ErbB2 overexpression or gene amplification with RFS and/or OS in unselected patients and/
or in node-positive subgroups. Multivariate analysis was run in 47 of these studies, with 40 
analyses confirming this association. For node-negative patients, 19/33 retrospective studies 
have demonstrated a significant correlation between ErbB2 overexpression or gene amplifi-
cation and prognosis at univariate analysis. However, multivariate analysis confirmed such 
association only in 14/19 studies. Of the seven prospective studies, only two regarded node-
positive patients, for which a significant association of ErbB2 with prognosis was demon-
strated by both univariate and multivariate analysis ( 17 ,  35 ). Node-negative patients were 
analyzed in six prospective studies, with 5/6 studies showing a prognostic role of ErbB2 by 
univariate analysis, which was confirmed by multivariate analysis only in four studies ( 17 , 
 38 ,  39 ,  43  –  45 ). It is important to note that in these prospective studies different techniques 
have been employed (ELISA, IHC, PCR, Slot blot, Southern Blot), and this might explain 
in part the uneven results that have been obtained. However, taken together, these results 
suggest that ErbB2 overexpression or gene amplification is an important prognostic fac-
tor in node-positive patients, whereas the prognostic value of this marker in node-negative 
patients is still unclear. In this respect, analysis of a large homogenous cohort of patients in 
which ErbB2 expression has been assessed with standard techniques is required to address 
this issue. Indeed, a recent report suggested that ErbB2 gene amplification but not protein 
expression is a prognostic factor in node-negative breast cancer patients ( 46 ). 

 Prognostic value of ErbB2 in NSCLC patients has also been assessed. High levels of 
ErbB2 expression are associated with an unfavourable outcome of lung carcinoma patients 
( 47 ). These findings have been more recently confirmed by Brabender and co-workers ( 27 ). 
Interestingly, patients with high levels of expression of both ErbB2 and EGFR transcripts 
showed a worse prognosis as compared with patients expressing a single receptor.  

  2.3. ErbB3 and ErbB4 
 The frequency of ErbB3 expression in human carcinomas has been recently reviewed (Table 
 16.1 ) ( 2 ). The levels and the frequency of expression of ErbB3 in human carcinomas are gen-
erally comparable to EGFR. The prognostic role of this receptor in human carcinomas is still 
debated. For example, ErbB3 expression has been associated in breast cancer patients with either 
adverse prognostic factors such as lymph node metastasis or with the prognostically-favora-
ble estrogen receptor positive phenotype ( 48  –  50 ). However, expression of ErbB3 seems to be 
associated with a worse prognosis in bladder, oral squamous cell and pancreatic cancer patients 
( 51  –  53 ). Immunoreactive ErbB4 or specific transcripts have been found in different tumors, such 
as breast, ovarian, squamous cell, esophageal, bladder, and pancreatic cancer (Table  16.1 ) 
( 2 ). In breast cancer, expression of this receptor is generally associated with a better outcome, 
with a more differentiated phenotype and with expression of the estrogen receptor ( 48 ,  50 ).  

  2.4. EGF-like Growth Factors 
 The majority of human carcinomas express EGF-like growth factors (Table  16.2 ). TGF- α  expres-
sion occurs in all carcinoma types, with many tumors showing overexpression of this protein as 
compared with normal tissue ( 54 ). In some tumor types expression of TGF- α  correlates with a 
less differentiated phenotype. For example, in breast cancer cell lines, higher levels of expression of 
TGF- α  have been found in estrogen receptor negative tumors as compared with estrogen receptor 
positive carcinomas ( 55 ). TGF- α  expression has also been found in pre-malignant lesions such 
as in situ breast carcinomas or colon adenomas, suggesting a potential role of this growth factor 
in the early phases of tumorigenesis ( 10 ,  54 ). However, various studies failed to demonstrate 
a significant correlation between TGF- α  expression and patient outcome. The lack of correla-
tion between expression of TGF- α  and patient prognosis might be due to the co-expression of 



Chapter 16 / EGFR in Solid Tumors 227

several EGF-like peptides in the majority of human carcinomas. In this respect, expression of 
amphiregulin (AR) has also been demonstrated in different carcinoma types ( 10 ,  54 ). In contrast 
with TGF- α , expression of AR is generally associated with a more differentiated phenotype. 
In fact, a strong correlation between AR and estrogen receptor expression has been shown in a 
subset of human primary breast carcinomas that were examined for AR mRNA expression by 
Northern blot analysis ( 56 ). In colon carcinomas, a correlation between AR expression and a 
more differentiated phenotype has also been demonstrated ( 57 ). More recently, we found that AR 
is preferentially expressed in ovarian carcinomas with lower proliferative activity and low grade 
( 58 ). Finally, expression of AR frequently occurs in normal tissues, whereas loss of expression 
has been demonstrated in the tissues surrounding both colon and breast carcinomas ( 57 ,  59 ,  60 ). 
These observations suggest that loss of AR expression might be involved in the early phases of 
cancerogenesis that are associated with loss of differentiation. Interestingly, AR overexpression 
has been found to be an independent prognostic factor in NSCLC ( 61 ). In this regard, a recent 
report demonstrated that AR activates a mechanism that inhibits apoptosis through an insulin like 
growth factor-1 (IGF-1)-dependent survival pathway in NSCLC cells ( 62 ).      

 Heparin binding-EGF (HB-EGF) is expressed in 72 %  of human breast carcinomas but 
only marginally in normal mammary glands ( 63 ). Interestingly, the expression of HB-EGF 
is inversely related to the biological aggressiveness of the tumors. HB-EGF is not expressed 
in lung carcinomas ( 64 ). However, HB-EGF protein and/or transcripts have been detected in 
hepatocellular, gastric, ovarian and colon carcinomas ( 65  –  68 ). The frequency of expression 
of HB-EGF is higher in colon adenomas as compared with carcinomas, suggesting a role of 
this growth factor in the early phases of colon tumorigenesis. 

 The expression of proteins of the neuregulin (NRG) or heregulin (HRG) subfamily in 
human carcinomas is generally more restricted. HRG expression has been mainly inves-
tigated in breast carcinomas. HRG mRNA expression has been detected in about 25-30 %  
of human primary breast carcinomas ( 56 ,  69 ). Expression of different proteins of the HRG 
family has also been demonstrated in breast cancers by immunocytochemical staining ( 70 ). 
Expression of NRG-1  α  and NRG-1  β  proteins were detected by immunohistochemistry in 
46 of 53 (87 % ) and 41 of 53 (77 % ) ovarian carcinomas, respectively. NRG mRNA was also 
detected by RT-PCR in 20 of 24 (83 % ) ovarian carcinomas and eight of nine (89 % ) ovarian 
cancer cell lines ( 71 ).  

  2.5. Co-expression of ErbB Receptors and Ligands in Tumors 
 It is important to underline that due to the high frequency of expression of individual ErbB 
receptor types in different types of human carcinomas, co-expression of different receptors 
occurs in the majority of tumors. As we have discussed above, this phenomenon might be 
important for tumor pathogenesis. Indeed, tumors that co-express different ErbB receptors are 
often associated with a more aggressive phenotype and a worse prognosis. For example, an 

 Table 16.2  
   Expression of EGF-like Peptides in Human Carcinomas  

 EGF-like proteins  Breast  Lung  Colon  Ovary  Head & Neck 

 TGF- α   40-70 %   60-100 %   50-90 %   55-100 %   40-100 %  
 AR  37-80 %   11-78 %   50-77 %   18-76 %   NA 
 HRG/NRG  25-30 %   NA  NA  77-87 %   NA 
 HB-EGF  72 %   0 %   28 %   56 %   NA 

  * NA: not assessed 
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elegant paper by DiGiovanna et al. ( 72 ) demonstrated EGFR expression in only 15 %  of 807 
invasive breast cancers. However, the majority of EGFR-positive tumors (87 % ) were found 
to co-express ErbB2. More importantly, almost all tumors that expressed the phosphorylated 
form of ErbB2, co-expressed EGFR. Expression of phosphorylated ErbB2 or co-expression 
of ErbB2 and EGFR was associated with the shortest survival in cancer patients. In contrast, 
patients with tumors that were negative for all three markers, or that expressed only EGFR 
or only non-phosphorylated ErbB2 had a relatively good outcome. Taken together, these data 
clearly establish a link in vivo between expression of EGFR and activation of ErbB2 in breast 
cancer patients. 

 In agreement with these findings, co-expression of EGFR, ErbB2, and ErbB3 has a nega-
tive synergistic effect on patient outcome, independent of tumor size or lymph node status, 
in a cohort of 242 patients with invasive breast carcinomas with a median 15-year follow-
up ( 73 ). A direct correlation was found between the number of ErbB receptors expressed 
within the tumor and patients ’  outcome. Breast cancer patients whose tumors co-expressed 
ErbB2 and ErbB3, as well as those whose tumors co-expressed EGFR, ErbB2, and ErbB4, 
showed an unfavorable outcome as compared with other groups, while combined ErbB3 and 
ErbB4 expression was associated with a better outcome ( 42 ). Interestingly, Brabender et al. 
( 27 ) found that NSCLC patients with high levels of expression of transcripts for both ErbB2 
and EGFR have a worse prognosis as compared with patients expressing a single receptor. 
Additional studies have shown that co-expression of different ErbB receptors is associated 
with worse outcome as compared with expression of a single receptor in colon carcinoma, 
transitional cell carcinoma of the urinary bladder and oral squamous cell carcinoma patients 
( 52 ,  53 ,  74 ). 

 The redundancy of expression in human carcinomas is not limited to the ErbB receptors. 
In fact, a number of studies have demonstrated that co-expression of different EGF-like 
peptides occurs in a majority of human carcinomas. For example, we have demonstrated 
that TGF- α , AR and/or NRG are expressed in human colon, breast, lung, ovarian and gastric 
carcinomas, suggesting that co-expression of different EGF-like growth factors is a common 
phenomenon in human carcinogenesis ( 54 ). In this respect, both tumor cells and surrounding 
stromal cells might represent a source of ErbB ligands.  

  2.6. Expression and Function of the EGFR in Non-tumor Cells 
of the Neoplastic Environment 

 The majority of studies have been focused on the assessment of the expression and function 
of the EGFR and related proteins in tumor cells. However, expression of the EGFR occurs in 
all non-transformed cell types with the exception of mature hemopoietic cells. In this regard, 
pre-clinical data suggest that activation of the EGFR in at least two non-tumor cell popula-
tions might play an important role in tumor progression. Several reports have demonstrated the 
expression of the EGFR in the endothelial cells of the tumor microenvironment ( 75 ). In addi-
tion, it has been established that EGF like growth factors such as EGF, TGF α , and AR have a 
pro-angiogenic activity ( 76 ,  77 ). More recently, it has been demonstrated that EGFR tyrosine 
kinase inhibitors have a direct effect on the migration of microvascular endothelial cells ( 78 ). 
In this regard, expression and activation of EGFR in endothelial cells of tumor expressing 
EGFR ligands has also been shown ( 79 ). Anti-EGFR agents have also been shown to selec-
tively produce a reduction in the levels of EGFR phosphorylation in endothelial cells within 
bone metastases ( 80 ). Taken together, these observations suggest that the EGFR and its ligands 
might be involved in tumor progression by directly stimulating neo-angiogenesis. 

 In addition, we have recently demonstrated that stromal cells of the bone marrow micro-
environment express a functional EGFR ( 81 ). These cells play an important role in the 
pathogenesis of bone metastases. In fact, although it has been shown that cancer cells can 
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directly resorb bone, the main mechanism responsible for bone destruction in cancer patients 
is tumor-mediated stimulation of osteoclastic bone resorption ( 82 ). Two main factors are 
involved in osteoclast activation and formation: macrophage colony stimulating factor 
(M-CSF), which induces proliferation and differentiation of pre-osteoclast cells, and recep-
tor activator of NF-kB ligand (RANKL) that is involved in fusion and activation of these 
cells ( 83 ). Tumor cells synthesize growth factors and cytokines that lead to the activation of 
osteoclasts by binding to accessory cells of the bone marrow microenvironment and stimu-
lating the production of pro-osteoclastogenic factors such as M-CSF and RANKL ( 82 ). In 
this regard, we have shown that blockade of the EGFR in bone marrow stromal cells signifi-
cantly affects their ability to produce M-CSF and RANKL and to sustain the differentiation 
of osteoclast precursors ( 81 ). Since expression of EGF-like peptides has been demonstrated 
in a majority of human carcinomas, these data suggest that activation of the EGFR in bone 
marrow stromal cells might represent an important mechanism through which tumor cells 
can establish bone metastases.   

  3. CONCLUSION  

 The data summarized in this chapter clearly support the hypothesis that the ErbB receptors and 
their ligands are involved in the pathogenesis of different types of human carcinomas, and that 
therefore they represent suitable targets for novel therapeutic approaches. However, the observa-
tion that human carcinomas co-express different ErbB receptors and ligands, strongly support the 
hypothesis that a network formed by these molecules sustains the growth, survival and metastasis 
of cancer cells. In this regard, the type and the amount of receptors and ligands expressed on tumor 
cells and within the tumor environment might affect both the  “ quality ”  and the  “ quantity ”  of 
ErbB signaling within each individual cancer. This observation might be important for prognostic 
assessment and therapeutic intervention. In fact, evidence suggests that the prognosis of human 
carcinoma might be related to the global levels of expression of the different ErbB  receptors and 
ligands within the tumor. Analogously, several studies have demonstrated that response to anti-
EGFR agents is not related to the levels of expression of the target receptor. This phenomenon 
is not surprising, since low levels of EGFR can be sufficient to turn on other  receptors such as 
ErbB2. In this respect, it is possible that response to anti-EGFR agents might depend on the 
levels of other ErbB receptors and ligands expressed in each tumor. In addition, co-expression 
of different receptors and growth factors in carcinomas, suggest that a more efficient block-
ade of tumor growth might be obtained by using combinations of agents directed against 
different targets. Indeed, we demonstrated that treatment of tumor cells with combinations of 
antisense oligonucleotides directed against different growth factors results in a synergistic 
anti-tumor effects in different tumor types ( 84  –  87 ). More recently, we showed that combined 
treatment of breast cancer cells with the EGFR tyrosine kinase inhibitor gefitinib and the anti-
ErbB2  monoclonal antibody herceptin produces a synergistic anti tumor effect ( 88 ). These results 
have been confirmed by different groups and contributed to develop a novel therapeutic approach 
of human carcinoma. However, the prognostic and predictive value of EGFR needs to be addressed 
in the context of the complex molecular alterations that are present in each individual tumor. 
In this respect, important information is arising from studies with high throughput technologies. 
For example, in breast cancer a gene signature that identifies the  “ basal ”  phenotype has been 
found ( 89 ). This group of tumors has a high frequency of expression of EGFR as compared with 
other sub-types of breast carcinomas. Studies focused in this cohort of patients might help to 
define the role of the EGFR in the pathogenesis and progression of breast cancer. Finally, the 
observation that the EGFR regulates in non-tumor cells of the neoplastic environment mecha-
nisms that are involved in tumor progression, opens a new field for the treatment of cancer 
patients ( 90 ).    
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  Abstract 
 As described in accompanying chapters, enhanced EGF receptor (EGFR) signaling in human 

cancers can occur due to receptor overexpression or mutational activation. However, it may also arise 
from perturbations in the signal transduction pathways that function downstream of the receptor or 
the regulatory processes that tune the magnitude and duration of their output (Fig.  17.1 ). In this chapter 
we focus on the latter two aspects of oncogenic EGFR signaling. Specifically, we address: cancer-
related changes that occur in the expression and/or activity of key signal relay molecules; pertubation 
of feedback control mechanisms; and attenuation of receptor down-regulation as a mechanism for 
signal amplification. We also discuss the impact of these changes on cellular sensitivity to EGFR-
directed therapies, and how they inform more effective use of such therapies, alone or in combination 
with other signal transduction inhibitors, in a clinical setting.  

  Key Words :  Src ,  Ras ,  Raf ,  Erk ,  PI3-kinase ,  PTEN ,  feedback loops ,  c-Cbl ,  endocytosis ,  EGFR 
inhibitors.     

  1. ONCOGENIC CHANGES IN SIGNAL TRANSDUCERS  

 Ligand binding to the EGFR promotes receptor dimerization and kinase activation, lead-
ing to autophosphorylation of particular tyrosine residues within its cytoplasmic domain ( 1 ,  2 ). 
These phosphorylated residues provide binding sites for specific src homology (SH)2 and 
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phosphotyrosine binding (PTB) domain-containing cytoplasmic proteins that include adaptors, 
non-receptor tyrosine kinases and enzymes that regulate the production of lipid second 
messengers ( 3 - 5 ) (Fig.  17.2 ). Adaptors such as Grb2 and Shc promote the formation of 

  Fig. 17.1.       Mechanisms Contributing to Amplification of EGFR Signaling in Human Cancer. 
A. EGFR Signaling in a Normal Cell.  Ligand stimulation of the receptor activates a signaling pathway 
consisting of the components X, Y and Z. In addition to promoting biological endpoints such as pro-
liferation and survival, this pathway induces transcription of a delayed negative feedback regulator 
(F) that attenuates receptor signaling. A further mechanism for signal termination is provided by post-
endocytic degradation of the receptor in lysosomes, which is promoted by c-Cbl-catalysed receptor 
ubiquitylation. The expression of a negative regulator of c-Cbl (N) is low, so that receptor degradation, 
rather than recycling, is favored.  B. Oncogenic Signaling Due to Mutation or Overexpression of 
Signal Transducer X.  This amplifies signaling from X and may reduce the EGFR-dependency of this 
pathway. The latter effect will dampen the effect of negative feedback regulator F.  C. Sustained Sig-
naling Due to Loss of Negative Feedback Control.  This may occur due to an inactivating mutation 
in F, and/or deletion/epigenetic silencing of the corresponding gene.  D. Sustained Signaling Due to 
Attenuation of Receptor Down-regulation.  Increased expression or mutational activation of N leads 
to inhibition of EGFR/c-Cbl coupling. The reduced ubiquitylation of the receptor promotes receptor 
recycling and further rounds of receptor activation and signaling. In addition, the receptor may be 
retained in a signaling-competent endosomal compartment, allowing continued activation of X. Note 
that since enhanced signaling is normally counteracted by negative feedback loops, mechanism C will 
cooperate with mechanisms B and D to amplify signaling. For all panels, asterisks indicate mutation, 
vertical arrows overexpression, and diagonal lines loss of expression.       
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signaling complexes that contain catalytic relay molecules, leading to the activation of down-
stream effectors. In the case of proteins with enzymatic activity, for example phospholipase C 
(PLC) γ  and c-Src, receptor binding, membrane recruitment and/or tyrosine phosphorylation 
leads to their activation ( 3 - 5 ). It is now clear that altered expression and/or mutation of both 
non-catalytic signaling proteins (i.e., those of the adaptor or docking protein class) and enzy-
matic signal transducers can occur in cancer cells and amplify EGFR signaling (Fig.  17.1  
and  17.2 ). Therefore, this first section will focus on the key signaling pathways downstream 
of the EGFR and describe how they are subject to such oncogenic deregulation.   

  Fig. 17.2.       Pertubations in EGFR Signaling Pathways in Human Cancers.  The schematic highlights 
known alterations that occur in epithelial malignancies. For simplicity, the only negative feedback loop 
included is that involving MIG-6. Asterisks indicate mutation, vertical arrows overexpression, and diagonal 
lines loss of expression. For full details please refer to text.       
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  1.1. Non-receptor Tyrosine Kinases 
 The cytoplasmic tyrosine kinase and proto-oncogene product c-Src plays an important role 

in signal propagation, amplification, and diversification downstream of the EGFR. Signaling 
interplay between c-Src and the EGFR is bi-directional, since c-Src binds to the activated recep-
tor leading to stimulation of c-Src catalytic activity, and c-Src also phosphorylates the EGFR on 
Y845 within the receptor activation loop, triggering downstream signaling events that include 
Stat5b tyrosine phosphorylation and activation ( 6 ). As described in Chapter 9, c-Src activation 
can also enhance EGFR signaling by attenuating receptor down-regulation. Although the trans-
forming activity of c-Src is low, when overexpressed c-Src cooperates with the EGFR to promote 
tumor formation in nude mice ( 7 ). This is significant given that c-Src exhibits increased expression 
and/or activity in many malignancies that express the EGFR, including those of the breast, colon, 
ovary, lung, esophagus, stomach, and pancreas ( 8 ). Activation of c-Src in human cancers may 
result from altered expression of proteins that normally act to negatively (e.g., C-terminal Src 
kinase, ( 9 )) or positively (eg PTP1b, ( 10 )) regulate this enzyme. Furthermore, a truncating muta-
tion in c-Src that leads to enhanced catalytic activity has been detected in a subset of late-stage 
colon cancer patients ( 11 ), although this mutation  does not appear to be a common mode of 
oncogenic deregulation for this kinase. 

 A variety of intracellular targets are regulated by c-Src, including PLC γ -1, phosphati-
dylinositol (PI)3-kinase and focal adhesion kinase, and as a result, c-Src influences multiple 
aspects of cancer cell behavior, including proliferation, survival, invasion and angiogenesis 
( 8 ,  12 ,  13 ). Indeed, in a recent study, blocking c-Src activation in MCF-7 breast cancer cells 
via expression of a dominant negative mutant reduced cell proliferation and migration in 
vitro and tumorigenesis in nude mice ( 14 ). Given these pleiotropic effects, c-Src represents 
a potential cancer drug target, and small molecule inhibitors that target either the kinase or 
SH2 domain have been developed, with some undergoing clinical trials ( 15 ). The impact of 
elevated Src activity on sensitivity to therapies targeted against the EGFR is an important 
question. In a recent study, expression of active Src in gallbladder adenocarcinoma cells 
conferred resistance to the selective EGFR kinase inhibitor gefitinib that was associated with 
increased activation of Akt and Erk ( 16 ). Also, the Src inhibitor AZD0530 and gefitinib were 
additive when examined for their ability to inhibit the motility and invasion of tamoxifen-
resistant breast cancer cells ( 17 ). The latter findings suggest that Src inhibitors could be used 
in combination with EGFR-targeted therapies to treat particular cancers. 

 In contrast to c-Src, expression of Syk is reduced during progression of breast and gastric 
cancer and in some reports, has been associated with metastatic disease ( 18 ). Expression of 
Syk in breast cancer cells suppresses proliferation in vitro and tumorigenicity in nude mice 
and promotes aberrant cytokinesis ( 18 ). In the context of EGFR signaling, it is noteworthy 
that Syk suppresses EGFR tyrosine phosphorylation in the immortalized human mammary 
epithelial cell line MCF-10A ( 19 ) and c-Src activation in BT-549 breast cancer cells ( 20 ), but 
the underlying mechanisms are unclear.  

  1.2. Pathways Upstream and Downstream of Ras GTPases 
 Binding of Grb2 to the EGFR, either directly or indirectly via Shc, leads to membrane recruit-

ment of the Ras guanine nucleotide exchange factor (GEF) Sos and subsequent activation of Ras 
proteins and their downstream effector pathways ( 3 - 5 ). The latter include the serine/threonine 
kinase Raf, the p110 catalytic subunit of class I PI3-kinase and RalGDS (Fig.  17.2 ) ( 21 ). 

 Increased levels of Grb2 or Shc have been detected in breast and prostate cancers ( 22 - 25 ) 
and while overexpression of either protein in the mammary glands of transgenic mice is 
insufficient to promote tumor development, both accelerate tumor growth when individu-
ally co-expressed with a mutant form of polyomavirus middle T antigen ( 26 ). Thus, Grb2 
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and Shc may cooperate with other oncogenes to promote tumorigenesis by increasing 
the sensitivity of the cancer cell to growth factor signals. Furthermore, an increase in Shc 
tyrosine phosphorylation, rather than expression, has also been reported in human cancers, 
with the p46 and p52 isoforms being implicated as positive mediators of receptor signaling 
( 27 ,  28 ). Ascertaining the role of the p66 isoform has been more challenging. While one 
study suggests that this may be inhibitory, a positive association with metastatic progression 
has also been reported ( 28 ,  29 ). 

 In addition to Sos, Grb2 also recruits the docking proteins Grb2-associated binder (Gab)1 
and Gab2 to the EGFR, and these act to amplify EGF-induced Ras/Erk activation via their 
binding to the protein tyrosine phosphatase (PTP) Shp2 (Fig.  17.2 ) ( 30 ,  31 ). Gab2 is over-
expressed in a subset of breast cancer cell lines and primary breast cancers ( 32 ), which 
partially reflects amplification of the  GAB2  gene ( 33 ). Functional analyses have revealed 
that Gab2 overexpression in MCF-10A cells enhances proliferation and EGF-independent 
acinar morphogenesis in 3D Matrigel cultures ( 31 ). Also, when co-expressed with erbB2 
in this system, Gab2 promotes the formation of multiacinar, invasive structures, and Gab2 
accelerates mammary tumorigenesis induced by activated erbB2 in transgenic mice ( 33 ). 
Since the  GAB2  gene localizes to chromosome 11q13, a region amplified in cancers of the 
lung, liver, esophagus, bladder and head and neck, as well as those of the breast ( 34 ), it will 
be interesting to determine whether Gab2 enhances EGF-induced signaling in other malig-
nancies. Also, recent studies have revealed that the Gab/Shp2 pathway may be deregulated 
in EGFR-expressing cancers by gene mutation. First, a recent study identified mutations in 
the coding region of the  GAB1  gene in a subset of breast cancer patients ( 35 ), although the 
functional consequences of these alterations are unclear. Second, Shp2 mutations occur at a 
low frequency in colon and lung cancers ( 36 ). 

 The Ras family of low molecular weight GTPases comprises three closely-related 
members with contrasting signaling potential: H-, K- and N-Ras ( 21 ). Activating mutations in 
these proteins have been detected in a variety of human malignancies, although the incidence 
and family members involved varies. From a signaling perspective, these mutations decrease 
the intrinsic GTPase activity of these proteins and lock them in a GTP-bound state, leading to 
constitutive activation of their effector pathways and induction of autocrine loops involving 
EGFR ligands (see also Chapter 7). Of relevance to this review, K-Ras mutations are particu-
larly prevalent in adenocarcinoma of the pancreas (90 %  of patients), colon (50 % ) and lung 
(30 % ) ( 37 ). In breast cancer, the incidence of Ras mutations is rare ( < 5 %  of cancers), although 
overexpression of the wild-type protein occurs ( 38 ). In non-small cell lung cancer (NSCLC), 
K-Ras mutations and activating EGFR mutations tend to be mutually exclusive ( 39 ,  40 ), and 
mutated K-Ras is associated with resistance to the small molecule EGFR inhibitors erlotinib 
and gefitinib ( 39 ,  41 ,  42 ). Furthermore, in colorectal cancer, the presence of mutated K-Ras 
is predictive of poor response to the anti-EGFR mAb cetuximab ( 43 ). 

 Raf proteins activate a evolutionarily-conserved kinase cascade consisting of the dual- 
specificity kinase MEK and the serine/threonine kinases Erk1 and Erk2, which, via phos-
phorylation of cytoplasmic (eg myosin light chain kinase) and nuclear (e.g., p62 TCF/Elk1) 
targets, regulate a variety of processes including cell proliferation, differentiation, motility 
and invasion ( 44 ). Oncogenic mutations in B-Raf are common in certain cancers, with the 
V600E substitution predominating. Of note in the context of EGFR-expressing malignan-
cies, 30 %  of ovarian and 5-20 %  of colorectal cancers harbor this mutation ( 45 ). Since the 
occurrence of activating Ras mutations and B-Raf V600E seems to be mutually exclusive 
( 46 ), and K-Ras mutations affect responsiveness of colorectal cancers to cetuximab ( 43 ), it 
will be important to determine whether the presence of B-Raf mutations also affects sensitiv-
ity to EGFR targeted therapies, as it might be possible to use the mutational status of both 
K-Ras and B-Raf to select patients for optimal treatment strategies. Finally,  overexpression of 
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the downstream MAP kinases (MAPKs) Erk1 and Erk2 has been detected in several human 
cancers, including breast and hepatocellular carcinomas ( 47 ,  48 ). This may also modulate 
sensitivity to EGFR inhibitors, since expression of an activated form of Erk2 in MCF-10A 
cells results in a 2-3 fold increase in the IC50 for gefitinib ( 49 ). 

 When considering Ras effector pathways and their role in human cancer, the Ras/Raf/Erk 
cascade and PI3-kinase, which is discussed in the next section, have been studied in the 
most detail. However, attention has been drawn recently to other pathways, since geneti-
cally-modified mice deficient in the Ras effectors RalGDS, Tiam1 or phospholipase Cε are 
resistant to the development of Ras-induced skin tumors ( 50 - 52 ). RalGDS is a GEF for the 
small GTPases RalA and RalB, and studies using Ras effector domain mutants, combined 
with gain/loss-of-function analyses of these GTPases, indicate that they are required for 
Ras-induced transformation of human epithelial cells and contribute to the proliferation and 
survival of human cancer cells ( 53 ). Interestingly, the RalB-Sec5 effector pathway, which 
had previously only been considered in the context of the exocyst complex and hence secre-
tory vesicle trafficking, recruits and activates the atypical I κ B kinase family member TBK1 
and hence promotes cancer cell survival ( 54 ). To date, studies on the Ral effector arm in 
human cancers are limited, although overexpression of Ral has been detected in nasopha-
ryngeal carcinomas ( 55 ). Tiam1, a GEF for the low molecular weight GTPase Rac, is over-
expressed in high-grade prostatic intraepithelial neoplasia and prostate carcinomas relative 
to benign epithelium, and is an independent predictor of decreased disease-free survival for 
patients with prostate cancer ( 56 ). Furthermore, an activating mutation in Tiam1 occurs in 
approximately 12 %  of primary renal cell carcinomas and cell lines derived from this malig-
nancy ( 57 ). It is expected that studies on these and other  ‘ alternative ’  Ras effectors in human 
cancers will be a fertile area for future research.  

  1.3. Phospholipid Hydrolysis and Signaling 
 EGF-induced tyrosine phosphorylation of PLC γ , coupled with binding of its pleckstrin 

homology (PH) domain to phosphatidylinositol 3,4,5 trisphosphate (PIP3) generated in 
response to growth factor treatment, stimulates its hydrolysis of phosphatidylinositol 4,5 
bisphosphate (PIP2) to the second messengers inositol 1,4,5 trisphosphate (IP3) and dia-
cylglycerol (DAG) ( 3 ). PIP2 hydrolysis releases sequestered actin-binding proteins such 
as gelsolin, while DAG and IP3 activate specific protein kinase C isoforms and trigger the 
release of calcium from intracellular stores, respectively. These signaling events enhance the 
synthesis of new actin filaments and regulate adhesion turnover and acto-myosin contractil-
ity ( 58 ). Consistent with these effects, PLC γ  is required for EGF-induced cell motility ( 59 ) 
and inhibition of PLC γ  catalytic activity reduces invasion of glioblastoma cells and prostate, 
breast, bladder and head and neck cancer cells in either in vitro or animal models ( 58 ,  60 ). 
Interestingly, PLC γ  is overexpressed in breast and head and neck carcinomas ( 60 ,  61 ), indicating 
that this enzyme represents a potential target for anti-metastatic therapeutics. 

 The PI3K family of lipid kinases phosphorylate the 3 ’  hydroxyl group of specific 
phosphoinositides and is divided into three classes based on modes of activation, substrate 
specificities and structure ( 62 ). A member of Class Ia PI3Ks, p110 α , and its associated subu-
nit, p85, are strongly implicated in human cancers. This enzyme is activated downstream of 
the EGFR by binding of p85 in a SH2 domain-dependent manner to erbB3, a heterodimeri-
zation partner of the EGFR, or to Gab family docking proteins, in combination with direct 
activation of p110 α  by binding to GTP-loaded Ras ( 63 ). Phosphorylation of PIP2 by p110 α  
generates the second messenger PIP3, which binds to the PH domain of specific effectors, 
such as the serine/threonine kinase Akt and particular Rho family GEFs (Fig.  17.2 ). Recruit-
ment of Akt to the plasma membrane leads to its activation and the phosphorylation of 
targets that regulate cell proliferation (eg the cyclin-dependent kinase inhibitor p27), survival (e.g., the 
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Bcl2 family member Bad), growth (e.g., tuberous sclerosis (TSC)2, which regulates the 
mammalian target of rapamycin (mTOR) pathway and hence protein synthesis) and motility 
(e.g., girdin). It is now evident that the three Akt isoforms (Akt1-3) possess both redundant 
and distinct functional roles, the latter presumably reflecting differences in expression 
profile, subcellular targeting and substrate specificity ( 64 ). 

 The PI3K isoform p110 α  is encoded by  PIK3CA , which is one of the most commonly 
mutated genes in cancer, with up to 40 %  of breast and 32 %  of colon cancers harboring 
a somatic mutation ( 65 ). These mutations tend to be single amino acid substitutions, and 
over 80 %  cluster in the helical and catalytic domains ( 66 - 69 ). Studies on the two common 
p110 α  mutants E545K and H1047R reveal that the mutations confer p110 α  with enhanced 
kinase activity, and expression of the mutant proteins in MCF-10A cells leads to anchor-
age-independent growth and protection from anoikis ( 70 ). Furthermore, these mutants can 
cooperate with expression of hTERT, inactivation of the p53 and Rb tumor suppressor path-
ways and c-Myc overexpression to transform primary human mammary epithelial cells ( 71 ). 
Interestingly, mutations in the gene encoding p85 α ,  PIK3R1 , which can also lead to activa-
tion of PI3K signaling have been reported in ovarian and colon cancers ( 72 ). Furthermore, 
amplification of  PIK3CA  leading to protein overexpression has been detected in numerous 
malignancies, including cancers of the ovary, esophagus, and head and neck ( 73 - 75 ). 

 Analysis of expression profiles of Akt isoforms in human cancers has identified Akt2 as the 
most commonly deregulated enzyme ( 76 ), which likely reflects its transforming activity ( 77 ) 
and ability to enhance cell migration and invasion ( 78 ,  79 ). Amplification and/or overexpression 
of  AKT2  has been reported in ovarian, breast, pancreatic, colorectal and hepatocellular cancers 
( 80 - 84 ).  AKT1  or  AKT3  amplification is not a common occurrence in cancer, although overex-
pression of these genes has been detected in subsets of breast cancer patients, with elevated  AKT3  
mRNA being associated with estrogen receptor negativity ( 85 ,  86 ). Furthermore, a recent study 
has detected a low frequency of somatic mutations affecting the kinase domain of Akt2 in gastric 
and lung cancers, while no mutations were found in Akt1 or 3 ( 87 ). 

 A further mechanism for deregulation of PI3K signaling in human cancers is  via  muta-
tion and/or loss of expression of the tumor suppressor gene product phosphatase and tensin 
homolog deleted on chromosome ten (PTEN), which dephosphorylates PIP3 on the D3 
position, thereby terminating activation of PI3K effectors (Fig.  17.2 ) ( 63 ). Germline muta-
tions in  PTEN  underlie Cowden syndrome, an inherited disorder characterized by the devel-
opment of hamartomas in multiple tissues and associated with an increased risk of breast 
and other cancers ( 88 ). Mutations in  PTEN  occur at a relatively high frequency in sporadic 
glioblastoma (20-45 %  of patients), endometrial cancer (40-50 % ) and to a lesser extent, pros-
tate cancer (13 % ), and loss of heterozygosity (LOH) at the  PTEN  locus also occurs at a high 
frequency (30-80 % ) in these malignancies. In other cancer types such as those of the colon, 
breast and lung,  PTEN  mutations are relatively rare, but LOH and loss of gene expression 
occur at significant frequencies ( 88 - 90 ). In breast cancer,  PIK3CA  mutations and  PTEN  
silencing are mutually exclusive, indicating that more than half of all breast cancers exhibit 
upregulated PI3-kinase signaling ( 91 ). Importantly, deletion of  pten  in genetically-modified 
mouse models has confirmed its tumor suppressor activity in tissues such as the prostate, 
mammary gland and endometrium ( 88 ). 

 Finally, it should be noted that downstream of Akt is an additional tumor suppressor, in 
this case the TSC1/TSC2 heterodimer. This complex functions as a Rheb GTPase-activating 
protein and hence inhibits mTOR activation in the absence of Akt-mediated phosphorylation 
of TSC2 (Fig.  17.2 ). Germline mutations in  TSC1  and  TSC2  are associated with the hamar-
toma syndrome TSC, and although somatic mutations in these genes in sporadic cancers are 
rare and to date appear to be limited to  TSC1  in bladder cancers ( 92 ,  93 ), loss of TSC1 and/or 
TSC2 expression has been reported in breast ( 94 ) and pancreatic cancers ( 95 ). 
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 Importantly, activation of PI3-kinase signaling by PIK3CA mutation or PTEN loss is 
emerging as a marker of insensitivity to EGFR kinase inhibitors. In gefitinib-sensitive NSCLC 
cell lines, the EGFR activates PI3-kinase via heterodimerization with ErbB3, and inhibition 
of cell proliferation by gefitinib correlates with down-regulation of PI3-kinase/Akt signaling 
( 96 ). Expression of the constitutively active PIK3CA mutant E545K in the gefitinib-sensitive 
NSCLC cell line HCC827 leads to a significant reduction in gefitinib-induced apoptosis, 
indicating that EGFR-independent PI3-kinase signaling is sufficient to confer decreased 
sensitivity to this drug ( 97 ). As mentioned previously, this pathway can also be upregulated 
by loss of PTEN. In glioblastoma patients, the presence of the EGFR vIII variant and PTEN 
was associated with clinical response to gefitinib or erlotinib, and expression of these two 
proteins in the glioblastoma cell line U87MG, which is PTEN-deficient, enhanced the sensi-
tivity of the cells to proliferation-arrest by erlotinib. Furthermore, expression of PTEN in the 
PTEN-null glioblastoma cell line SF295 increased apoptosis induced by the EGFR kinase 
inhibitor PKI-166 ( 98 ). Studies in vitro indicate that the sensitivity of breast ( 99 ,  100 ) and 
prostate ( 101 ) cancer cells to gefitinib is also promoted by the presence of functional PTEN. 
These findings have important implications in terms of patient selection for treatment with 
EGFR inhibitors. Furthermore, they inform the rational design of combination therapies. In 
support of this concept, the mTOR inhibitor rapamycin enhances the sensitivity of PTEN-
deficient glioblastoma cells to erlotinib in vitro ( 102 ). The interactions of PI-3 kinase and 
EGFR are further discussed in detail in Chapter 8.   

  2. PERTUBATION OF FEEDBACK CONTROL OF EGFR SIGNALING  

 In recent years, the importance of feedback loops for the fine-tuning of intracellular signal-
ing pathways has been increasingly recognized ( 5 ,  103 ). Here, we focus on positive feedback 
loops involved in signal amplification, and negative feedbacks that attenuate signaling. Intracel-
lular feedback loops can be grouped into two categories: immediate/early feedback loops, which 
occur within seconds or minutes after signal initiation and usually involve the post-translational 
modification of a key element within the signal transduction pathway, and delayed feedbacks 
that require the  de novo  synthesis of a regulatory protein, e.g., an autocrine growth factor such 
as heparin-binding (HB)-EGF, or a phosphatase involved in signal termination. Feedback loops 
are relevant to human cancer for two reasons. First, perturbations in these control mechanisms 
are associated with human malignancies. Indeed, loss of negative feedback regulation may be 
required early in tumorigenesis to avoid oncogene-induced senescence ( 104 ). Second, the char-
acterization of these negative feedback loops is of particular importance in the identification and 
validation of drug targets that reside within intracellular signaling pathways, since inhibition of 
a downstream kinase may prolong the activation of upstream signal relay molecules that would 
be otherwise negatively regulated by a negative feedback loop, and in addition, may result in 
 ‘ signal overflow ’  into other pathways. For example, use of mTOR inhibitors can relieve negative 
feedback regulation of IRS-1 by mTOR and thus enhance Akt-mediated survival signaling. This 
 may attenuate the clinical efficacy of such drugs ( 105 ). 

  2.1. Immediate/early Feedback Loops 
 These can be found at many levels in the EGFR signaling network. The EGFR itself is 

a substrate for several serine/threonine kinases that are activated upon EGF-stimulation, 
including the Erks ( 106 ). As these phosphorylation events are associated with decreased 
tyrosine kinase activity of the receptor and enhanced receptor down-regulation, it is generally 
accepted that they represent a classical negative feedback mechanism. Although deletion of 
one of the negative regulatory sites contributes to the transforming potential of the v-erbB 
oncoprotein ( 107 ), mutation of the targeted residues in human cancers has not been reported. 
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Such feedback loops, however, may be attenuated by indirect mechanisms. For example, the 
docking protein SNT-2/FRS2 β /FRS3 suppresses EGFR signaling by recruiting Erk2 to the 
receptor, and is down-regulated in cell lines derived from lung cancers and brain tumors, 
malignancies where the EGFR is known to play an important role ( 108 ). 

 In addition to the EGFR, several important downstream signaling proteins are subject 
to immediate/early feedback regulation, such as Raf-1 and Gab2 ( 109 ,  110 ). Interestingly, 
feedback-phosphorylated and consequently inactivated Raf-1 serves as a substrate of the 
phosphorylation-dependent prolyl isomerase Pin1 that, in cooperation with the Ser/
Thr-phosphatase PP2A, recycles Raf-1 to the activation competent state ( 109 ). As Pin-1 is 
often overexpressed in human cancers, including those of the breast, prostate, ovary, and lung 
( 111 ), one mechanism whereby this protein may contribute to tumorigenesis is by enhancing 
the reversal of phosphorylation events at negative regulatory sites.  

  2.2. Delayed Negative Feedbacks 
 Delayed negative feedback control of EGFR signaling can occur via diverse mechanisms, 

and several of these are altered in human cancers. Genetic analyses of receptor tyrosine kinase 
signaling pathways in  Drosophila  have identified two types of growth factor-inducible nega-
tive regulator in the products of the  Sprouty (Spry)  and  Kekkon  genes. Vertebrates contain four 
Spry homologs, which each contain a N-terminal tyrosine phosphorylation site and a conserved 
C-terminal cysteine-rich domain ( 112 ). Consistent with a role as repressors of Ras/Raf/Erk sig-
naling, Spry1 and Spry2 are downregulated in breast and prostate cancers ( 113 ). The function 
of specific Spry proteins, however, is context-dependent, and while attenuation of EGF-induced 
Erk activation has been reported for Spry2 ( 114 ), this protein can also enhance EGFR signaling 
by sequestering the E3 ubiquitin ligase c-Cbl from the receptor and inhibiting CIN85-mediated 
clustering of c-Cbl molecules ( 112 ). Consequently, the impact of Spry loss on EGFR signaling in 
human cancer requires further investigation. 

 Recently, three distant relatives of the  Drosophila  Kekkon proteins have been identified in 
vertebrates and named LRIG1-3 ( 115 ). Like Kekkon proteins, LRIG1 is an EGF-inducible, 
transmembrane protein. It contains 15 leucine-rich repeats and 3 immunoglobulin domains 
in its extracellular region, and interacts with all four erbB family members. LRIG1 down-
regulates EGFR signaling by recruiting c-Cbl, which in turn triggers the poly-ubiquitylation 
and subsequent degradation of both LRIG1 and the EGFR ( 115 ). Furthermore, disruption of 
the murine  lrig1  gene causes epidermal hyperplasia and psoriasiform lesions ( 116 ), a pheno-
type that is often observed upon loss of negative control of EGFR activity in the epidermis. 
Interestingly, the human  LRIG1  and  LRIG2  genes are localised on chromosome 3p14 and 
1p13 respectively, which are regions commonly deleted in various human cancers, e.g., 
carcinomas of the breast, lung, and kidney ( 117 ,  118 ). 

 Another delayed feedback regulator of all ErbB family members is the MIG-6 protein 
(also known as RALT or Gene 33), expression of which is induced upon activation of the 
Erk pathway or dexamethasone treatment ( 119 - 121 ). Although its mode of action remains to 
be fully characterized, MIG-6 directly binds the EGFR and inhibits its autophosphorylation 
via a MIG-6 domain that exhibits homology to activated Cdc42-associated kinase-1 (Ack-1). 
This leads to attenuated activation of the Erk, Akt and JNK pathways ( 121 ). Following its 
induction, MIG-6 is polyubiquitylated then degraded by the proteasome ( 119 ). Thus, like 
LRIG1, the expression level of this protein is tightly controlled by opposing transcriptional 
and post-translational regulatory mechanisms. Importantly, gene-targeting experiments in 
mice have recently identified MIG-6 as a pivotal negative regulator of the ErbB signaling 
network in a physiological setting. MIG-6-deficient mice exhibit an epidermal phenotype 
characteristic of EGFR hyperactivation, with enhanced proliferation and impaired differen-
tiation of keratinocytes, and an increased susceptibility to carcinogen-induced skin tumors. 
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Both the skin defects and tumors are sensitive to gefitinib treatment ( 122 ). Also, the gene 
knock-out mice develop spontaneous tumors in organs such as the lungs, stomach, gall bladder 
and bile-duct ( 122 ,  123 ). Interestingly,  MIG-6  expression is reduced in skin, breast, pancre-
atic and ovarian carcinomas ( 122 ), and  MIG-6  missense and nonsense mutations, as well as 
transcriptional silencing, occur in human cancer cell lines ( 123 ). Furthermore, the  MIG-6  
gene maps to human chromosome 1p36, a locus displaying a high frequency of allelic loss 
in several human cancers, including those of the lung and breast. Clearly, this protein may 
prove a useful marker of responsiveness to therapies targeted to erbB receptors, and in sup-
port of this hypothesis, reconstitution of MIG-6 expression in erbB2-overexpressing breast 
cancer cells enhanced sensitivity to herceptin in vitro ( 124 ). 

 MAPK phosphatases (MKPs) are classified as dual specificity phosphatases (DUSPs) 
because they inactivate MAPKs by dephosphorylating both the phosphotyrosine and phos-
phothreonine residues within the pTXpY motif of the MAPK activation loop ( 125 ). Many 
DUSPs are expressed in an inducible manner, providing a tightly controlled feedback mech-
anism for the attenuation of mitogenic signaling. For example, DUSP1/MKP1/CL100 is 
induced upon activation of the EGFR ( 126 ). Also, increased expression of DUSP6/MKP3 
is observed in immortalized human bronchial epithelial cells upon expression of EGFRs 
harboring mutations detected in NSCLC patients, and this appears to counteract Erk1/2 acti-
vation in these cells ( 127 ). 

 The role played by DUSPs in EGFR-expressing malignancies appears complex. DUSP1 is 
down-regulated in a subset of hepatocellular carcinomas, and its expression is significantly asso-
ciated with increased survival ( 128 ). Similarly, DUSP6/MKP3 expression is down-regulated 
in invasive pancreatic cancer ( 129 ). Although DUSP1 is overexpressed in NSCLC, DUSP1-
positivity represents an independent predictor of improved survival ( 130 ). DUSP1 is also over-
expressed in early-stage prostate, colon and bladder cancers, but there is a loss of expression in 
higher histological grade cancers and metastases ( 131 ). The above findings are consistent with 
an inhibitory function of the particular DUSPs during tumor progression. DUSP1 overexpres-
sion in pancreatic cancers, however, may promote cancer cell proliferation and tumorigenicity 
( 132 ). Also, although there is a progressive loss of expression of DUSP1 during ovarian cancer 
development and progression ( 133 ), DUSP1-positivity in this disease has been identified as an 
independent prognostic marker for decreased progression-free survival ( 134 ). Furthermore, in 
a study of malignant effusions from patients with serous ovarian carcinoma, high expression of 
DUSP2 was positively correlated with a worse overall survival ( 135 ). In order to interpret these 
findings, it is necessary to consider the diverse stimuli that modulate DUSP expression in can-
cer cells, the different cellular responses these enzymes regulate, and the roles these enzymes 
play in integrating signaling pathways. For example, DUSPs may be induced by inflammatory 
cytokines or by chemotherapeutic agents ( 134 ). Also, while DUSP1 can suppress cell prolif-
eration ( 133 ), it also inhibits JNK-induced apoptosis ( 136 ,  137 ). Finally, DUSPs may enhance 
activation of upstream signaling proteins within a network by dephosphorylating the MAPKs 
that would otherwise mediate negative feedback regulation.  

  2.3. Delayed Positive Feedbacks 
 An example of this type of regulation is the induction of autocrine loops involving growth 

factors that mediate mitogenic or pro-survival effects. For example, chronic Erk activation 
resulting from the expression of oncogenic Ras or Raf proteins induces the production of 
the EGFR ligands HB-EGF, transforming growth factor- α  and amphiregulin ( 138 ). Impor-
tantly, activating an autocrine loop permits an oncoprotein to elicit biological responses that 
lie outside of its normal  ‘ portfolio ’ . For example, MCF-10A cells expressing an activated 
Raf-1 protein are protected from anoikis due to induction of an autocrine loop that acts via 
the EGFR to activate PI3-kinase ( 138 ).   
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  3. ATTENUATION OF EGFR DOWN-REGULATION AND ITS ROLE 
IN HUMAN CANCERS  

 In addition to negative feedback loops, two other mechanisms act to terminate EGFR 
signaling: dephosphorylation of the receptor by specific PTPs, and internalization of 
ligand-activated receptors by endocytosis and their subsequent degradation in lysosomes, a 
process termed receptor down-regulation. Interestingly, the receptor PTP DEP-1, a candi-
date tumor suppressor in colon, breast and lung cancers, dephosphorylates the receptor post-
internalization, indicating a partial overlap between these two processes ( 139 ,  140 ). In this 
section, we describe how the process of endocytic down-regulation is subject to oncogenic 
subversion at multiple steps, leading to sustained signaling (Fig.  17.3 ).  

  Fig. 17.3.       Mechanisms Underlying Attenuation of EGFR Down-regulation in Human Cancers.  The 
schematic illustrates the steps involved in receptor endocytosis, recycling and down-regulation, and the 
sites subject to oncogenic pertubation. Vertical arrows indicate overexpression, and diagonal lines, loss 
of expression. Following activation, the EGFR recruits c-Cbl, leading to receptor ubiquitylation. This 
modification ultimately promotes sorting of the receptor to lysosomes for degradation. As indicated, sev-
eral proteins implicated in epithelial cancers can inhibit EGFR/c-Cbl coupling. The receptor is internal-
ized  via  clathrin-coated pits, and Hip1 may be involved in cargo recruitment into these sites. Following 
uncoating, the endocytic vesicle fuses with the early endosome, and the ubiquitylated receptor is sorted 
into a bilayered clathrin coat. The ESCRT complexes then sort the receptor into intraluminal vesicles of 
the endosome, which terminates signaling. Two components of ESCRT-I, Tsg101 and HCRP1, are aber-
rantly expressed in particular human cancers. A multivesicular body is formed which finally fuses with 
a lysosome, where the receptor is degraded. For full details please refer to text.       
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  3.1. Inhibition of c-Cbl Function 
 The E3 ubiquitin ligase c-Cbl plays two roles in EGFR down-regulation. First, it promotes 

receptor endocytosis by linking the EGFR to the scaffolding proteins CIN85 and CD2AP, 
which in turn associate with endophilin, a protein that induces negative curvature of the 
plasma membrane ( 141 - 143 ). Second, c-Cbl-mediated receptor ubiquitylation tags the 
EGFR for lysosomal degradation ( 144 ) (see also Chapter 4). Interestingly, alterations to 
c-Cbl function and recruitment have been observed in many experimental models of cancer 
( 145 ). Although the N-terminal truncation found in v-Cbl, or point mutations in the  α -helix 
linking the SH2 and RING finger domains of c-Cbl render this protein oncogenic ( 146 ), 
such alterations in c-Cbl are not common in human epithelial malignancies ( 145 ). However, 
consistent with the observation that an EGFR mutant lacking the direct binding site for c-
Cbl (Y1045) elicits enhanced mitogenic signaling ( 147 ), several EGFR variants exhibiting 
enhanced transforming potential have lost the ability to associate with c-Cbl. For example, 
the EGFRvV mutant identified in a subset of human glioblastomas exhibits a truncation at 
position 958 and therefore lacks Y1045, and the constitutively active EGFRvIII mutant, 
which has been detected in glioblastomas as well as lung, ovarian and breast cancers, exhib-
its reduced c-Cbl binding ( 148 - 150 ). Also, c-Cbl recruitment to the EGFR is modulated by 
co-expression with other members of the erbB family. ErbB2, the preferred heterodimeriza-
tion partner of the EGFR, is poorly coupled to c-Cbl and is overexpressed in several human 
cancers, including those of the breast, lung, pancreas, colon and ovary ( 5 ). Heterodimeriza-
tion of the EGFR with ErbB2 impairs c-Cbl recruitment to the EGFR resulting in enhanced 
receptor recycling to the cell surface and sustained receptor signaling ( 151 - 153 ). 

 Interestingly, c-Cbl is itself regulated by a number of proto-oncogenes implicated in can-
cers that express the EGFR. Phosphorylation of c-Cbl by the cytoplasmic tyrosine kinase 
c-Src promotes auto-ubiquitylation and the destruction of c-Cbl in a proteasome-dependent 
manner. This results in impaired ligand-induced down-regulation of the EGFR, ultimately 
leading to increased recycling of the receptor ( 154 ). A further mechanism whereby Src family 
kinases may antagonize c-Cbl function towards the EGFR is by tyrosine phosphorylation of 
Spry2, leading to Spry2/c-Cbl complex formation ( 112 ). Also, another non-receptor tyrosine 
kinase, c-Abl, has recently been shown to inhibit EGFR internalization via phosphorylation 
of the receptor on Y1173, and to uncouple the EGFR from c-Cbl-mediated down-regulation 
( 155 ). Since increased expression and/or activity of Src and Abl family kinases has been 
detected in epithelial malignancies, including those of the breast and colon, the above effects 
on receptor down-regulation may lead to cooperation between these non-receptor tyrosine 
kinases and the EGFR during disease progression ( 6 ,  156 ,  157 ). 

 The Rho family GTPase Cdc42 is activated downstream of the EGFR ( 158 ) and is over-
expressed in breast cancers ( 159 ). It is also required for Ras-induced transformation, and 
fibroblasts expressing Cdc42-V12 exhibit anchorage-independent growth and form tumors 
in nude mice ( 160 ). Recently, a novel mechanism underlying the transforming potential of 
Cdc42 has been described, in which Cdc42-GTP associates with c-Cbl via the adaptor pro-
tein Cool-1/ β -Pix and inhibits the coupling of c-Cbl to the EGFR. The subsequent impair-
ment of receptor ubiquitylation and degradation sustains EGFR signaling and enhances 
cellular transformation ( 161 ). Consistent with these findings, suppression of Cdc42 in breast 
cancer cells decreases EGFR expression ( 162 ). Interestingly, EGF-induced tyrosine phos-
phorylation of Cool-1, which is mediated by a pathway involving c-Src and FAK, enhances 
its activity as a Cdc42 GEF and promotes its binding to both active Cdc42 and c-Cbl ( 158 ). 
Thus, both Cdc42 and c-Src function in a positive feedback loop on the EGFR that may be 
exploited in cancer cells to amplify signaling. 

 Two other proteins implicated in human malignancies also impair c-Cbl function 
towards the EGFR, although the underlying mechanisms are unclear. First, the E5 protein 
of human papillomavirus type 16 (HPV16) inhibits the association of c-Cbl with the EGFR 
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and decreases ubiquitylation of the receptor ( 163 ). Interestingly, HPV16 E5 also promotes 
receptor recycling by inhibiting late endosome acidification, and delays trafficking from the 
early to late endosome, indicating that it modulates down-regulation at multiple steps. These 
effects may contribute to the overexpression of the EGFR in cervical cancer, an HPV16-
associated disease ( 163 ). The second protein that perturbs c-Cbl function is cortactin. This 
protein functions as an adaptor that links the actin-related protein (Arp)2/3 complex to 
a variety of regulatory proteins that bind its C-terminal SH3 domain ( 164 ). One cellular 
role for cortactin is to bridge the Arp2/3 complex and CD2AP and thereby regulate EGFR 
endocytosis ( 143 ). The gene encoding cortactin localizes to chromosome 11q13, which as 
described in Section 1.2, is a region commonly amplified in several human cancers ( 34 ). 
Interestingly, recent studies have demonstrated that cortactin overexpression inhibits 
ligand-induced EGFR down-regulation leading to sustained mitogenic signaling, and these 
effects are associated with reduced coupling of the EGFR to c-Cbl ( 165 ). Thus, in addition 
to directly promoting cancer cell motility and invasion through its effects on the cortical 
actin cytoskeleton, cortactin may regulate endpoints such as proliferation and survival via 
amplification of EGFR signaling.  

  3.2 Pertubation of Endocytic Down-regulation at Other Sites 
 In addition to these effects on c-Cbl, additional endocytic and sorting proteins are deregulated 

in human cancers (Fig.  17.3 ). Hip1 is a mammalian homologue of the yeast endocytic protein 
Sla2p and interacts with AP-2, clathrin and specific phosphoinositides ( 166 ). Overexpression 
of Hip1 impairs EGFR down-regulation, which has been attributed to reduced levels of clath-
rin at the plasma membrane, and induces cell transformation ( 167 ). Moreover, elevated levels 
of Hip1 have been detected in breast, colon and prostate cancers ( 167 ,  168 ). Furthermore, two 
components of the Endosomal Sorting Complex Required for Transport (ESCRT-I), which sorts 
the EGFR into intraluminal vesicles of the multivesicular body for degradation, have been impli-
cated as tumor suppressors. Specifically, antisense-mediated suppression of tumor susceptibility 
gene 101 (Tsg101) leads to cell transformation, and aberrant splicing of  TSG101  transcripts have 
been detected in breast cancers ( 169 ). Also, the gene encoding hepatocellular carcinoma-related 
protein (HCRP)1/hVps37A localizes to chromosome 8p22, a region commonly deleted in hepa-
tocellular carcinoma and other cancers, and lowering the expression of this protein impairs EGFR 
degradation and enhances cell proliferation ( 170 ,  171 ).  

  3.3. Receptor Down-regulation and Sensitivity to EGFR Inhibitors 
 Although largely unexplored, alterations in receptor endocytic trafficking and down-regulation 

may influence cellular sensitivity to EGFR-directed therapies by direct or indirect mechanisms. 
Evidence for the former has recently been provided by studies on gefitinib-resistant NSCLC 
cells ( 172 ). These cells exhibit increased internalization of ligand-activated EGFRs, leading the 
authors to speculate that this leads to enhanced dissociation of the EGFR-gefitinib complex in 
the low pH of intracellular vesicles. A different group reported, however, that gefitinib resistance 
in a panel of NSCLC cell lines was associated with decreased EGFR internalization rates ( 173 ). 
This resistance  may reflect an indirect mechanism, whereby endocytic down-regulation of other 
receptor tyrosine kinases in addition to the EGFR is attenuated, and this reduces cellular depend-
ency on EGFR-derived proliferative and survival signals. Further studies are warranted in this 
area, as it may lead to novel or improved therapeutic strategies.   

  4. FUTURE PERSPECTIVES  

 The previous two decades have seen the detailed characterization of the EGFR- signaling 
network, and as detailed here, how it is perturbed in epithelial malignancies. Although further 
validation is required, this has enabled the identification of candidate markers of clinical 
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resistance to EGFR-directed therapies, and as cancer genome projects gather pace, it is likely 
that additional mutations in signaling components will be identified that can be used to improve 
patient stratification. Importantly, our understanding of this network and its crosstalk with other 
signaling systems is also leading to the rational design of therapeutic modalities involving com-
binations of signal transduction inhibitors that are predicted to exhibit synergistic interactions 
( 174 ). As recently highlighted ( 5 ), the application of mathematical modeling and a systems biol-
ogy approach to this signaling network is expected to reveal additional therapeutic opportunities 
(see also Chapters 14 and 15).    
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  Abstract 
 Tumor invasion and metastasis are the hallmarks of advanced stage cancer and are associated with 

poor patient prognosis. EGFR is overexpressed in a variety of tumor types and this frequently corre-
lates with a more aggressive tumor phenotype. In this chapter, we discuss the cellular and molecular 
mechanisms by which EGFR contributes to tumor progression and present evidence from experi-
mental and clinical observations that reinforce the notion that EGFR actively contributes to the onset 
of metastatic disease. EGFR plays a key role in the regulation of processes central to tumor invasion 
including cell adhesion and motility through its interactions with molecules such as integrins, cadher-
ins, phospholipase C γ 1 and phosphoinositide 3-kinase. In addition, EGFR signaling can contribute 
to both proteolysis and angiogenesis through up-regulated expression of matrix metalloproteinases 
(MMPs) and angiogenic cytokines  e.g.  VEGF-A and IL-8. The significance of these contributions to 
tumor invasion and metastasis is highlighted by the fact that a mutant, constitutively active receptor 
(EGFRvIII) associated with human cancers can induce these behaviors when transfected into fibrob-
lasts. Finally, we discuss the use of EGFR antagonists to stem metastatic disease and their potential, 
in combination with additional novel agents, to improve treatment for cancer patients.  

  Key Words:   invasion ,  adhesion ,  motility ,  proteolysis ,  angiogenesis ,  lymphangiogenesis ,  metastasis.     

  1. INTRODUCTION  

 For most solid tumors, patient prognosis is largely determined by the extent of tumor cell 
invasion and metastasis at the time of diagnosis, which reflects the fact that conventional 
therapies are relatively ineffective against advanced stage cancer. A greater understanding 
of the biology of tumor cell invasion, metastasis, and angiogenesis will hopefully contribute 
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to the development of combined modality and adjuvant therapy regimens that better control 
local and distant disease. 

 EGFR has been established as an important oncogene in many solid tumor types ( 1 ). 
Despite the lack of standardization in methodology, overexpression of EGFR is widely 
reported to correlate with poor prognosis in patients with head and neck cancer (SCCHN) 
( 2 ), oesophageal, bladder, cervical, and ovarian cancers ( 3 ) and may adversely affect outcome 
in breast, gastric, colorectal, and endometrial cancers ( 3 ). Although increased cell prolifera-
tion ( 4 ) and survival ( 5 ) may be the dominant events resulting from EGFR overexpression, 
enhanced tumor cell migration ( 6 ), invasion ( 7 ), metastasis ( 8 ) and angiogenesis ( 9 ) may be of 
greater significance in determining patient prognosis and are the focus of this chapter.  

  2. TUMOR INVASION  

 Tumor cell invasion represents a complex process requiring coordination of a multitude 
of cell behaviors including dynamic adhesive interactions between cells and their underlying 
matrix, cell motility (in particular chemotaxis) and proteolysis. 

 Several studies have demonstrated a key role for EGFR in promoting tumor cell invasion 
in vitro ( 10  –  12 ). More recently, the development of multiphoton-based intravital imaging 
has enabled visualization of individual cells within experimental tumors, which has rein-
forced the notion that EGF, through EGFR, is an important factor regulating the invasion 
and intravasation of metastatic tumor cells ( 13  –  15 ). In a rat orthotopic breast carcinoma 
model, metastatic cells within the primary tumor were found to migrate rapidly towards 
endogenous and exogenous sources of EGF ( 16 ,  17 ). Macrophages play a central role in 
this invasive process through the establishment of a paracrine signaling loop involving EGF:
colony stimulating factor-1 (CSF-1) cross-talk ( 14 ,  18 ). The central role played by the EGFR 
in tumor cell invasion is described below and summarized in Fig.  18.1 .  

  2.1. Adhesion 
 Tumor invasion into the surrounding stroma involves complex alterations in both cell-cell 

and cell-matrix adhesion. Adhesion of cells to the extracellular matrix (ECM) is largely reg-
ulated by integrins, transmembrane glycoproteins that convey bi-directional signals between 
cells and their surroundings. Intercellular adhesion is regulated by cadherin-catenin com-
plexes whose status can determine whether epithelial cells remain as a cohesive cluster or 
disaggregate to allow tumor dissemination. 

  2.1.1. Integrins and Cell-matrix Interactions 
 Integrin heterodimers function as receptors for matrix proteins such as collagen, lam-

inin and fibronectin ( 19 ). Integrins lack intrinsic catalytic activity but interact directly with 
receptor tyrosine kinases (RTKs) such as EGFR, ERB-B2, VEGFR and MET to transduce 
cell adhesion and migration signals ( 20 ). Integrin activation, clustering and subsequent actin 
polymerisation results in phosphorylation and activation of focal adhesion kinase (FAK), a 
requirement of cell adhesion, spreading and migration. FAK autophosphorylation at tyrosine 
397 generates a docking site for phosphoinositide 3-kinase (PI3K), SRC, FYN or phospholi-
pase C γ  (PLC γ ) ( 21 ). SRC subsequently phosphorylates FAK on additional residues mediat-
ing the docking of a cohort of other SH2 domain proteins. 

 FAK associates with activated EGFR to promote EGF-driven cell migration; this may be 
facilitated by co-association of FAK with integrins ( 21 ). Following EGF stimulation, FAK 
becomes dephosphorylated and inactivated resulting in detachment of tumor cells from the 
extracellular matrix, increased tumor cell motility, invasion and metastasis ( 22 ). This mecha-
nism has been illustrated in a cervical carcinoma cell line where EGF induced cell motility 
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via the dephosphorylation of FAK and this was blocked by either an  α 2 β 1 integrin antibody 
or by gefitinib, a small molecule tyrosine kinase inhibitor of EGFR ( 23 ). 

 Growth factor-induced cell migration is distinct from migration induced by the ECM as 
the engagement of integrins activates FAK, SRC and PI3K and cells move as a coherent 
sheet with the integrity of cell-cell attachments maintained. In contrast, the ability to move 
individually appears to be a property of carcinoma cells in which cell-ECM and cell-cell 
contacts are disrupted following EGF-induced inactivation of FAK. These studies suggest 
that dynamic regulation of FAK leads to a fine balance with respect to the regulation of 

  Fig. 18.1.      The coordination of EGFR and integrin signaling through FAK and SRC or EGFR and 
cadherin-catenin signaling mediates changes in cellular adhesion required for migration. Reorganiza-
tion of the actin cytoskeleton occurs in motile cells and this is regulated by the EGFR through the 
activation of PLC γ 1, PI3K, and RHO family GTPases. Up-regulation of MMPs and uPAR through 
EGFR-stimulated activation of PI3K and/or COX-2 drives the proteolytic degradation of matrix pro-
teins required for tumor cell invasion.       



260 Box et al.

cell migration. EGF-mediated down-regulation of FAK is important for early dissemination 
phases, e.g., cell detachment from the primary tumor. At secondary sites, interaction with the 
extracellular matrix via integrins activates FAK and mediates the cell attachment required 
for establishment of a metastatic tumor. 

 Integrins can interact directly with EGFR to allow its phosphorylation by kinases such 
as SRC and thus its ligand-independent activation ( 24 ,  25 ).  β 1 integrin, in particular, is 
frequently complexed with EGFR ( 21 ,  26 ,  27 ) and links EGFR to the actin cytoskeleton. 
Expression is closely coordinated and reducing levels of either EGFR or  β 1 integrin in 3-D 
cultures of mammary epithelial cells modulates expression of the other. This effect was not 
reproducible in 2-D cultures showing that the consequences of EGFR-integrin communica-
tion are entirely context-dependent ( 28 ). 

 Similarly, alterations in ECM composition can change EGF-induced signaling. Mattila 
 et al . ( 29 ) found that collagen but not fibronectin reduced EGF-induced EGFR phosphoryla-
tion through the recruitment of TCPTP (T-cell protein tyrosine phosphatase) to the cytoplasmic 
tail of  α 1 β 1 integrin in tumor cells. In cells lacking  α 1 integrin, ligand-induced EGFR phos-
phorylation was not attenuated, due to the absence of TCPTP in the protein complex, providing 
an elegant mechanism for adhesion-mediated regulation of EGF-driven signaling. 

 A mutant, truncated protein (EGFRvIII) is constitutively active and although it signals 
independently of soluble ligands such as EGF, recent work by Ning  et al . ( 30 ) suggests that, 
in common with the full-length receptor, it interacts with integrins to regulate metastatic 
signaling pathways. Transfection of EGFRvIII into an ovarian cancer cell line impaired cell 
spreading and focal adhesions leading to a fibroblastic morphology via the reduction of  α 2 
integrin expression. The authors suggest that this at least partially explains the more aggressive 
nature of ovarian cancers expressing EGFRvIII. 

 While  β 1 integrins link the EGFR to the actin cytoskeleton,  α 6 β 4 binds laminin 5 and 
links extracellular signals to the keratin cytoskeleton ( 19 ,  31 ).  β 4 has a uniquely large cyto-
plasmic domain allowing it to recruit multiple cytoplasmic signal transducers.  α 6 β 4 integrin 
is localized in the hemidesmosome junctions, which maintain stable adhesion between 
epithelial cells. The loss of hemidesmosomes ( 32 ) and overexpression of both EGFR and 
integrin  α 6 β 4 ( 31 ) have independently been linked with the invasive propensity of squamous 
cell carcinomas (SCC). EGFR associates with  α 6 β 4 in tumor cells and induces tyrosine 
phosphorylation of the  β 4 cytoplasmic domain via the SRC family kinase FYN, resulting 
in the disassembly of hemidesmosomes, an essential precursor for SCC invasion. Mariotti 
and colleagues also exogenously expressed a dominant-negative form of FYN to suppress 
in vitro and in vivo invasion, demonstrating the essential role of FYN in mediating EGFR-
 α 6 β 4 integrin-mediated tumor progression. 

 A novel mechanism for the coordinated function of EGFR and integrins in tumor metasta-
sis has recently been proposed by Yan and Shao ( 33 ). Periostin, a secretory protein normally 
found in osteoblasts, binds to  α V β 5 and is required for the interaction of this integrin with 
EGFR to promote tumor cell migration and invasion. The authors demonstrated that the 
periostin-induced association of  α V β 5 and EGFR results in increased expression of matrix 
metalloproteinase (MMP)-9, vimentin and fibronectin and that this is responsible for the 
invasive phenotype in EGFR and periostin co-overexpressing tumor cells.  

  2.1.2. E-cadherin and Cell-cell Interactions 
 EGFR activation results not only in the break-up of tumor cell-extracellular matrix interactions 

but also in the disruption of cell-cell junctions, facilitating epithelial-to-mesenchymal 
transition and tumor cell migration. The rapid dissolution of intercellular adhesions is an 
early step in metastasis involving loss of cadherin function. Cadherins mediate homophilic 
adhesion interactions between cells ( 34 ). Loss of E-cadherin has been observed in highly 
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invasive human tumor cells ( 35  –  38 ) and its re-expression can reverse the invasive phenotype 
( 39 ,  40 ) and restore epithelial morphology ( 41 ,  42 ). 

 The down-regulation of E-cadherin in invasive tumors is regulated by the phosphoryla-
tion and dephosphorylation of catenins.  β -catenin,  γ -catenin (plakoglobin) and p120 CAS  each 
associate with the cytoplasmic tail of E-cadherin and are regulated by RTK-mediated phos-
phorylation.  β - and  γ -catenin also link cadherins to the actin cytoskeleton via  α -catenin thus 
furnishing a role for cadherins in both adhesive and migratory aspects of tumor cell invasion. 
Stimulation with EGF or overexpression of EGFR in cancer cells causes down-regulation of 
E-cadherin-mediated adhesion correlating with the increased phosphorylation of  β -catenin 
( 43 ). This impairment of E-cadherin-dependent adhesion can occur via alternative mecha-
nisms depending on the duration of the EGF signal. First, caveolin-mediates the endocytosis 
of E-cadherin and  β -catenin resulting in the redistribution rather than degradation of 
E-cadherin following transient exposure (hours) to EGF. Secondly, there is a down-regulation 
of E-cadherin expression at the transcriptional level possibly through the induction of the 
transcriptional repressor SNAIL following chronic exposure (days) to EGF ( 44 ). For further 
discussion on the cross-talk between E-cadherin and EGFR refer to Chapter 10.   

  2.2. Motility 
 It has been proposed that tumor invasion reflects a dysregulation of cell motility ( 45 ,  46 ). A 

role for EGFR in driving motogenic pathways in normal cells and cancer cells has been well 
defined ( 47  –  51 ). Indeed, transfection of the constitutively active mutant, EGFRvIII, into fibrob-
lasts increased their motility. This observation reinforces the importance of EGFR-driven motil-
ity in tumor progression ( 52 ). It was initially suggested that the motility and mitogenic signaling 
pathways downstream of EGFR were separable ( 49 ). There is clearly overlap and cross-talk 
between the various pathways ( 52 ,  53 ), however. Some of the key players acting downstream of 
EGFR to regulate migration and thus invasion of cancer cells are described below. 

  2.2.1. Phospholipase C gamma1 (PLC γ 1) 
 Autophosphorylation of EGFR is essential for the generation of a motile phenotype as it 

allows for recruitment of PLC γ 1 ( 54 ). Both pharmacological and genetic approaches have 
demonstrated that PLC γ 1 activity is essential for EGFR-mediated cell motility ( 49 ) and 
tumor invasion in vitro and in vivo ( 55  –  58 ). 

 PLC γ 1 has been implicated in regulation of the early stages of cell motility ( 59 ). Direct visu-
alization of events following EGF stimulation revealed that phosphoinositol 4,5-bisphosphate 
(PIP 

2
 ) hydrolysis occurs predominantly at the leading edge of cells, which results in the redistri-

bution of the PIP 
2
 -binding, actin regulatory proteins, cofilin and gelsolin to the submembranous 

cytoskeleton where initial actin polymerization gives rise to lamellipod extension ( 60 ,  61 ). Other 
actin-modifying proteins that may become activated following PIP 

2
  hydrolysis include vinculin, 

talin and  α -actinin ( 62 ,  63 ). Proteins activated further down the PLC γ 1 signaling cascade, for 
example protein kinase C (PKC) enzymes, may also contribute to the motility response ( 64 ).  

  2.2.2. Mitogen-activated Protein Kinase (MAPK) 
 Early work indicated that MAPK activity alone was insufficient for EGF-stimulated 

cell migration ( 49 ). Subsequent studies, however, demonstrated that MAPK contributes to 
growth factor-induced motility of tumor cells ( 65 ,  66 ). The magnitude and duration of MAPK 
activation, partially influenced by the level of EGFR expression, is thought to determine the 
involvement of MAPK (ERK1/2) in early and late stages of cell migration ( 53 ). MAPK can 
interact with the cytoskeletal machinery by phosphorylating myosin light chain kinase that, 
in turn, phosphorylates myosin light chains to generate the tractional force required to move 
the cell forward ( 67 ).  
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  2.2.3. Phosphoinositide 3-kinase (PI3K) 
 PI3Ks have a long-established role in the regulation of cell motility based on extensive stud-

ies monitoring leukocyte and  Dictyostelium  chemotaxis ( 68 ). PI3Ks also regulate EGF-driven 
motility and invasion of glioma, breast, and bladder cancer cell lines in vitro ( 69  –  73 ). 

 Rapid localized accumulation of phosphoinositol 3,4,5-trisphosphate (PIP 
3
 ), a product of 

class I PI3Ks, at the leading edge of motile cells forms part of the asymmetry required for 
directional movement ( 74 ). This is consistent with the role of the p85-p110 α  PI3K isoform 
in orchestrating the localized actin polymerization and lamellipod extension in response to 
EGF ( 75 ). The phosphatase PTEN antagonizes the action of PI3K by locally depleting levels 
of PIP 

3
  ( 74 ). PTEN is a major tumor suppressor whose loss frequently correlates with more 

aggressive phenotypes, indicating that it contributes to tumor cell invasion ( 76 ,  77 ). Consist-
ent with this , restoration of wild-type PTEN expression in thyroid carcinoma and glioma 
cells was found to inhibit EGFR driven migration and invasion ( 78 ,  79 ).  

  2.2.4. RHO Family GTPases 
 RHO family GTPases provide one link between PI3K activity and the cytoskeleton as RHO 

family GEFs (guanine nucleotide exchange factors) can bind to PI3K lipid products via their 
PH domains ( 80 ). VAV2, a ubiquitously expressed GEF, is activated downstream of EGFR lead-
ing to the activation of RHO GTPases: RAC, CDC42 and RHO-A ( 81  –  83 ). RAC and CDC42 
act at the front of migrating cells to coordinate actin polymerization necessary for lamellipo-
dia and filopodia extension respectively ( 84 ,  85 ). A positive feedback loop exists between 
RAC and PI3K to reinforce the production of further PIP 

3
  ( 86 ). In addition, the EGF-mediated 

association between CDC42 and PLC γ 1 is thought to facilitate PLC γ 1’s role in establishing 
cell polarity and directional movement ( 87 ). RHO promotes contractile actin:myosin filament 
assembly within the cell body necessary to translocate the cell forward ( 85 ). 

 Aberrant regulation of RHO family proteins is found in several cancers supporting the 
notion that they contribute to tumor cell motility and invasion ( 88 ). In addition, activation of 
RHO and CDC42 can feed back at the level of the EGFR to regulate cell motility responses 
as demonstrated in breast cancer cells ( 89 ,  90 ).  

  2.2.5. Cytoskeletal Regulators 
 Active RHO GTPases couple to downstream effectors, including p160 ROCK, p65 PAK, 

LIM kinase, and the WASP/SCAR/WAVE family of proteins that ultimately converge on 
the machinery that orchestrates cell movement. Two key actin regulators, cofilin and the 
ARP2/3 complex, function synergistically at the cytoskeleton to coordinate the remodeling 
activity necessary for cell locomotion ( 91 ,  92 ). Both are recruited to the cell’s leading edge 
in response to EGF stimulation where they cause localized actin polymerization through 
their actin-severing and nucleating activities, respectively ( 93  –  95 ). 

 Cofilin, ARP2/3 and their upstream regulators LIM kinase and the WASP family are 
overexpressed in a variety of cancers and in an invasive subpopulation of breast cancer 
cells, highlighting their role in the regulation of cancer cell migration and invasion ( 96 ,  97 ). 
In addition, inhibition of N-WASP, ARP2/3 or cofilin prevents the EGF-driven formation of 
functional invadopodia (specialized membrane protrusions with extracellular protease activity) 
and invasion of metastatic cancer cells in vitro ( 98 ).  

  2.2.6. Transcriptional Regulators 
 In addition to direct cytoskeletal regulation, signals from EGFR may act at the level of 

gene expression to effect tumor invasion responses, since inhibition of transcriptional regu-
lators such as c-JUN and STAT3 downstream of EGFR blocks migration and invasion of 
cancer cells  in vitro  ( 65 ,  99 ,  100 ). In particular, EGFR regulation of proteases required for 
ECM degradation occurs at the transcriptional level ( 101 ,  102 ).   
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  2.3. Proteolysis 
 Proteolysis forms an integral part of tumor cell invasion at several levels. It is required for 

destruction of physical ECM components that act as barriers to invasion including collagens, 
laminins, and fibronectin. It also leads to remodeling of intercellular or cell-ECM adhesive 
interactions, for example through cleavage of E-cadherin and CD44 ( 103 ,  104 ). Two major 
systems orchestrate tumor-associated proteolysis: the MMP/ADAMALYSIN family and the 
urokinase plasminogen activator (uPA) system. Two-way regulation occurs between EGFR 
and both these types of protease activity in the context of tumor invasion. 

  2.3.1. Matrix Metallo Proteinases (MMPs) 
 Robust experimental and clinical data support a role for MMPs in the promotion of tumor 

invasion and metastasis ( 105 ). Consistent with a role for EGFR in regulating MMPs, strong 
correlations exist between EGFR overexpression, MMP levels/activity and enhanced tumor 
invasion in vitro and in vivo ( 106 ,  107 ). In addition, MMP inhibitors block EGF-driven invasion 
of carcinoma cell lines ( 108 ). 

 EGFR signaling up-regulates transcription of several members of the MMP family (MMP-1, 
MMP-7, MMP-9, MMP-10, MMP-13, and MMP-14) in a variety of tumor types, including 
glioma, SCCHN, pancreatic, and bladder cancers ( 101 ,  106 ,  109  –  111 ). EGFR inhibition 
strategies that block MMP expression also reduce cell invasion in vitro indicating that MMP 
production is an active mechanism by which EGFR drives tumor invasion ( 106 ,  111 ). EGFR 
ligands, including EGF, TGF  α , amphiregulin and betacellulin regulate MMP expression 
differently by utilizing signaling intermediates such as PI3K, described above in the context 
of tumor cell migration ( 106 ,  112 ,  113 ). EGFR regulation of MMP activity can also occur 
through enzyme localization to the plasma membrane; for example, enhanced association 
of MMP-9 with the cell surface in response to EGF stimulation is associated with ovarian 
cancer cell invasion ( 114 ). 

 EGFR-mediated release of interleukins, interferons and growth factors from tumor cells 
may enhance tumor associated MMP activity in a more indirect way through the recruitment 
of inflammatory cells, a major source of MMPs ( 14 ). MMPs can also feed back at the level 
of EGFR signaling as their proteolytic activity can release and activate matrix- or mem-
brane-bound precursor forms of EGF-like ligands ( 115 ).  

  2.3.2. Urokinase Plasminogen Activator (uPA) 
 uPA is a well-characterized tumor-associated protease that displays enhanced proteolytic 

activity when bound to its cell surface receptor uPAR. Overexpression of uPA and uPAR 
correlates positively with invasive potential in a variety of cancers ( 116 ). 

 Microarray analyses have revealed that EGFR signaling induces uPAR transcription ( 102 , 
 117 ). Consistent with this finding, increased levels of cell-associated uPAR and release of uPA 
into conditioned medium have been reported in EGF-treated tumor cells ( 118 ,  119 ). A role for 
uPAR:uPA in driving EGFR-mediated invasion is supported by the fact that expression of a 
uPAR antisense construct significantly inhibited in vitro invasion of prostate cancer cells and 
reduced the aggressiveness of tumor xenografts ( 102 ). As for MMPs, regulation can also occur 
at the level of cell surface expression and increased expression of uPAR in response to EGF 
stimulation is enhanced through decreased internalization and degradation of the uPA:uPAR 
complex ( 119 ). 

 Further cross-talk exists between EGFR and uPAR as intracellular signaling downstream 
of uPAR ligation occurs, in part, via EGFR transactivation ( 120 ). In support of this, EGFR 
inhibition blocks uPAR-associated migration, invasion and growth of tumors in mice ( 121  –
  123 ). It has recently been suggested that uPAR and EGFR are engaged in the same multi-
protein assembly on the cell surface thought to include integrins, such as  α 5 β 1, involved in 
EGFR activation by uPAR stimulation ( 119 ,  122 ).   
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  2.4. COX-2 and Prostaglandins 
 The interaction of cyclooxygenase-2 (COX-2) with the EGFR is discussed in detail in 

Chapter 21 and we therefore include only a brief description of this relationship in the con-
text of invasion here. 

 COX-2 catalyses the synthesis of prostaglandins, such as prostaglandin E 
2
  (PGE 

2
 ), 

 mediators of inflammation which can also affect several aspects of tumorigenesis, including 
apoptosis/cell survival, angiogenesis, and invasion. The overexpression of COX-2 has been 
found to increase the metastatic potential of colorectal carcinoma cells through the increased 
activation of MMP-2 and the increased expression of membrane-type MMP-1 ( 124 ). The 
 invasive phenotype of non-small cell lung cancer (NSCLC) cell lines was found to be due to 
COX-2-mediated up-regulation of CD44, an adhesive receptor for the extracellular matrix 
component hyaluronate ( 125 ). 

 Activation of EGFR up-regulates COX-2 expression in certain human tumor cells, most 
notably in SCCHN where overexpression of the EGFR is associated with a highly invasive 
phenotype. A reciprocal relationship exists as COX-2 can induce the expression and/or activa-
tion of EGFR via the production of PGE 

2
  ( 126 ). Treatment of colon cancer cells with a small 

molecule inhibitor of SRC blocked PGE 
2
 -induced phosphorylation of EGFR and attenuated 

migration and invasion, implicating SRC as a key mediator of EGFR-COX-2 crosstalk. 
 One mechanism that might explain the synergistic effect of EGFR and COX-2 on tumor 

invasion has been proposed by Mann and colleagues ( 127 ). Once synthesized by COX-2, 
PGE 

2
  is inactivated by the enzyme PGDH (prostaglandin dehydrogenase). The authors dem-

onstrate that EGF induces the transcriptional repressor SNAIL via activation of the RAS/
MAPK pathway. SNAIL then binds to the promoter of PGDH and represses its expression 
so promoting PGE 

2
  activity and tumor progression. In concordance with this, treatment of 

tumor cell lines with the EGFR inhibitor erlotinib reversed this effect of EGF. Additional 
evidence arises from APC min  mice, which spontaneously develop preinvasive adenomas sim-
ilar to the human familial adenomatous polyposis coli syndrome. The tumors lack PGDH 
expression and have elevated levels of EGFR. Treatment of mice with erlotinib induced 
PGDH production and reduced SNAIL, PGE 

2
 , and COX-2 levels. It remains to be shown if 

this mechanism exists in human tumors, although PGDH and SNAIL expression analyzed 
by immunohistochemistry correlated inversely in matched pairs of normal tissue and color-
ectal carcinoma ( 127 ).   

  3. ANGIOGENESIS AND LYMPHANGIOGENESIS  

 The development of a blood supply is essential to sustain growing tumors and also acts 
as a conduit for hematogenous dissemination and metastasis. What is more, there is increas-
ing evidence that a parallel process, lymphangiogenesis, may in some cancers contribute 
to spread via the lymphatics ( 128 ). However, clear evidence for intratumoral lymphatics is 
limited to certain tumor types (e.g., SCCHN, gastric cancer, and melanoma ( 129  –  131 )) and 
it may be that tumor-derived lymphangiogenic cytokines serve rather to stimulate expansion 
of peritumoral vessels and thus facilitate access of motile tumor cells. 

  3.1. EGFR-mediated Regulation of Angiogenic Cytokines  
 In experimental systems, overexpression or activation of EGFR (and other ERB-B recep-

tors) has been shown to regulate the transcription of genes encoding key angiogenic (VEGF-A, 
bFGF, IL-8) and lymphangiogenic (VEGF-C or, less frequently, VEGF-D) cytokines in 
many tumor cell types. For example, stimulation of SCCHN cells in vitro with EGF, heregu-
lin or betacellulin up-regulated VEGF-C and VEGF-A secretion and this was blocked by 
treatment with anti-EGFR antibody (ICR62) ( 132 ). Similar observations have been made in 
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glioma ( 133 ), prostate ( 134 ), gastric ( 135 ) and breast carcinoma cells ( 136 ). These studies 
have used a variety of stimulatory ligands (EGF, TGF α , HB-EGF) and EGFR antagonists. 
The latter included antibodies such as C225 (the forerunner of cetuximab) ( 136 ), small mol-
ecule inhibitors gefitinib ( 137 ) or erlotinib ( 138 ) and ERRP, a naturally occurring negative 
regulator of EGFR, which also prevented HCT116 colon carcinoma cell invasion via inhibition 
of FAK, MEK, and RAC activation ( 139 ). 

 The signaling pathways by which activated EGFR induces angiogenic cytokine 
 expression (see Fig.  18.2  for summary) have been explored in several tumor cell systems. 

  Fig. 18.2.      EGFR signaling in tumor cells promotes tumor – associated angiogenesis and lymphangio-
genesis by increasing the expression of a variety of angiogenic and lymphangiogenic cytokines. In 
addition, EGFR signaling can up-regulate HIF-1 and potentiate the effects of hypoxia on production 
of angiogenic factors. EGF is itself an angiogenic growth factor that can bind directly to EGFR on 
endothelial cells and promote angiogenesis.       
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It is generally accepted that the RAS-MAPK and/or PI3K-AKT pathways are central to 
EGFR-mediated VEGF-A up-regulation in most cell types, but only the former has been 
consistently linked with VEGF-C induction. P38 MAPK seems to participate in VEGF-A 
or VEGF-C regulation in some cell types ( 135 ). In glioma cells (and others in which the 
tumor suppressor PTEN is inactivated), the resulting hyperactivation of the PI3K path-
way can cooperate with EGFR activation by transcriptionally up-regulating the proximal 
VEGF-A promoter; introduction of functional PTEN, or dominant negative AKT reduced 
VEGF-A transcription ( 140 ).  

 EGFR also cooperates with other RTKs (such as IGF-1R) and also receptors for pros-
tanoids to up-regulate angiogenic cytokines. For example, both prostaglandin F 

2 
α

 
  via 

the FP receptor and prostacyclin via the IP receptor transphosphorylate EGFR and thus 
induce VEGF-A, bFGF and angiopoietins via ERK/MEK activation in endometrial car-
cinoma cells ( 141 ,  142 ) and gastric carcinoma cells ( 143 ). PGE 

2
  has also been shown to 

stimulate VEGF expression in endothelial cells (EC) via ERK2/JNK1 signaling path-
ways ( 144 ). 

 Hypoxia is also a key regulator of VEGF-A via the transcription factor hypoxia inducible 
factor (HIF), which binds to hypoxia response elements (HRE) in the VEGF-A promoter. 
EGFR can up-regulate VEGF-A via both HIF-dependent and independent mechanisms and 
may well cooperate with hypoxia to induce angiogenesis in vivo. Inhibition of EGFR or 
PI3K did not completely abolish VEGF-A induction by hypoxia in glioma cells and EGF 
was still able to activate VEGF-A transcription in constructs lacking HREs ( 145 ). Both 
pathways were partially dependent on PI3K activity, but other signaling mechanisms were 
also implicated. A reciprocal relationship between tumor hypoxia and EGFR has been sug-
gested in NSCLC, since hypoxia may induce expression of EGFR and its ligands, whereas 
EGFR activation up-regulates HIF-1 which acts as a survival factor for hypoxic cells ( 146 ). 
These relationships may also be important in UVB irradiated skin carcinogenesis, since 
EGFR activation, HIF-1 α  /VEGF expression and the PI3K pathway are again tightly linked 
( 147 ). Interestingly, in transfected 3T3 fibroblasts, mutant EGFRvIII, while inducing the 
same levels of secreted VEGF-A as wild-type EGFR under normoxic conditions, generated 
much higher levels of VEGF-A in hypoxia. This hypoxic enhancement was PI3K-dependent 
( 148 ). 

 EGFR activation in ovarian carcinoma cells has been shown to increase reactive oxy-
gen species (ROS; e.g., H 

2
 O 

2
 ), leading to activation of the AKT/p70S6K pathway and thus 

VEGF-A transcription. In this system, EGF-induced VEGF expression was prevented by 
catalase (an H 

2
 O 

2
  scavenger) and rapamycin (an mTOR inhibitor) and involved HIF-1 α  

induction ( 11 ).  

  3.2. EGFR Signaling in Endothelial Cells (EC)  
 EGFR is also expressed on endothelial cells and can be directly influenced by lig-

ands produced in the tumor environment and by inhibitors designed primarily to tar-
get tumor cells (Fig.  18.2 ). EC in xenograft tumors producing high levels of EGF or 
TGF α  expressed activated EGFR and were particularly sensitive to apoptosis induced 
by EGFR inhibitors ( 149 ). In hepatocellular carcinoma, betacellulin was predominantly 
expressed by the tumor cells, but EGFR was localized to sinusoidal EC, again offering 
opportunities for paracrine stimulation ( 150 ). HB-EGF and EGF activated EGFR and 
thus the plasminogen activator system and tubulogenesis in human microvascular EC
in vitro ( 151 ). Both glioma cells and cerebral microvascular endothelial cells responded 
chemotactically to several tumor-derived ligands, including EGF and TGF α  ( 152 ). Also, 
IL-8 mediated EC migration was shown to depend on transactivation of EGFR by the 
IL-8 receptor, CXCR2 ( 153 ).   
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  4. METASTASIS  

 EGFR may contribute to metastasis, as indicated in the above sections, by up-regulation 
of tumor cell motility and expression of several families of proteases, thus potentiating inva-
sion of surrounding tissues and access to vascular channels. EGFR-induced angiogenic and 
lymphangiogenic cytokines may also increase the number of vessels in and around tumors 
and enhance their permeability. All of these mechanisms combine to increase the probability 
of dissemination to lymph nodes and distant organs. There is also the possibility that EGFR 
may contribute to patterns of metastasis by tumor cells responding to high local ligand con-
centrations by chemomigration or enhanced survival in specific sites. For example, it has 
been suggested that tumor cells overexpressing EGFR have a predilection for metastasis to 
liver, where there are high concentrations of TGF α  ( 154 ). Similarly, EGFR overexpression 
is associated with increased risk of breast cancer metastasis to brain ( 155 ), and high grade 
gliomas also express high levels of EGFR and one or more ligands ( 156 ). Thus, in the brain 
there may be opportunities for autocrine, juxtacrine, and paracrine EGFR activation, which 
could become ligand-independent in the case of expression of the EGFRvIII mutant. A fur-
ther example is advanced ovarian carcinoma, where high HB-EGF expression is correlated 
with ADAM-17 (the protease which releases it from sequestration) and this may be linked to 
LPA-mediated EGFR transactivation in this disease ( 157 ).  

  5. CLINICAL OBSERVATIONS  

 EGFR expression is reportedly strongly associated with tumor cell invasion, lymph node 
metastasis and hence more advanced tumor stage in multiple tumor types. 

 An inverse relationship between EGFR expression and intercellular adhesion has been 
found to correlate with metastasis in clinical samples. The loss of membrane-bound E-
cadherin was found to coincide with increased EGFR immunohistochemical staining and 
the presence of lymph node metastasis in breast cancer ( 158 ). Similarly, a reduction in mem-
brane expression of the E-cadherin regulator  β -catenin was found to associate with EGFR 
expression and a more invasive phenotype in oral cancer ( 159 ). 

 Up-regulation of EGFR and/or other ERB-B family members is associated with higher 
levels of MMPs, which are fundamental to tumor progression and invasion ( 160  –  163 ). Also, 
EGFR levels correlate with VEGF-A and/or VEGF-C expression ( 164 ) and in some cases with 
intratumoral microvessel density (MVD) ( 9 ,  165 ). HIF-1 was positively associated with EGFR 
levels, MVD and levels of angiogenic cytokines bFGF and PDGF-BB in invasive breast can-
cer ( 166 ). Correlative studies have clearly illustrated the clinical significance of these observa-
tions. For example, in colorectal carcinoma, increased expression of VEGF-A was associated 
with lymphatic metastases ( 167 ) and in NSCLC with early tumor relapse and shorter patient 
survival ( 168 ,  169 ). Higher levels of other EGFR-regulated angiogenic growth factors (e.g., 
bFGF and IL-8) correlated significantly with a shorter time to local relapse in SCCHN ( 170 ), 
and poor patient survival in breast ( 171 ) and ovarian cancers ( 172 ), respectively.  

  6. THERAPEUTIC OPPORTUNITIES  

 Clear evidence of anti-angiogenic effects of EGFR antagonists has been observed in 
preclinical xenograft models ( 173 ) and reviewed in ( 174 ) . Gefitinib has been shown to exert 
both indirect anti-angiogenic effects (by down-regulation of angiogenic cytokines such as 
VEGF, IL-8, bFGF and COX-2) and direct effects by targeting EGFR expressing EC ( 137 ). 

 With the relatively recent development of small molecule inhibitors of both COX-2 and the 
EGFR, this close relationship in regulating carcinoma invasion is beginning to be exploited 
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for therapeutic purposes. Based upon the functions of COX-2 and EGFR in regulating tumor 
cell invasion, clinical trials are planned with combined drugs as chemopreventative agents to 
stem the malignant progression of early stage lesions ( 126 ). 

 In several experimental models acquired resistance to anti-EGFR antibodies was related 
to up-regulated VEGF (and in one case also COX-2 and activated MAPK) resulting in 
enhanced angiogenesis ( 175 ,  176 ). It has thus been suggested that simultaneous inhibition 
of EGFR and VEGFR signaling pathways may offer therapeutic advantages ( 177  –  179 ). 
This has been achieved by a combination of blocking antibodies, pharmacological agents 
(erlotinib, gefitinib, sorafenib) or, more recently, by dual specificity kinase inhibitors such 
as ZD6474 (AstraZeneca) and AEE788 (Novartis). ZD6474 prevented (and reversed) the 
resistance seen in erbitux or gefitinib treated colon carcinoma xenografts ( 175 ). Early clini-
cal trials have also combined erlotinib with an anti-VEGF antibody, bevacizumab ( 180 ). 

 Other potentially interesting combinations include gefitinib plus camptothecin (a topoisomer-
ase 1 inhibitor) in gastric carcinomas. SN38 (the active metabolite of camptothecin) activates 
EGFR and induces expression of HB-EGF, amphiregulin, TGF α  and IL-8 via ROS and PKC, fol-
lowed by MMP activation and release of ligands, which potentially stimulate tumor cells and EC 
via autocrine and paracrine mechanisms. It has been suggested that gefitinib could overcome all 
of these undesirable potential resistance mechanisms induced by camptothecin ( 181 ) or similar 
EGFR-dependent MAPK activation induced in tumor cells and EC by irradiation ( 182 ). 

 In summary, this chapter focuses on the central role played by the EGFR in promoting 
tumor invasion and metastasis. EGFR regulation of processes including cell adhesion, motil-
ity, proteolysis, and angiogenesis relies on its interaction with a plethora of key molecular 
players detailed above. Our understanding of EGFR biology in cancer progression raises 
the possibility that EGFR antagonists will be effective against advanced stage disease and 
highlights the potential for exploiting key molecular interactions in the development of more 
effective combinatorial therapeutic strategies.    
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  Abstract 
 The pathways of signal transduction utilized by EGFRwt are briefly reviewed, and those used 

by EGFRvIII compared and contrasted to them, in an effort to elucidate the correlation between 
expression of EGFRwt and/or EGFRvIII and tumor growth. We expect that effective targeting of the 
EGFR-mediated growth advantage in gliomas will require inhibition of both EGFRwt and EGFRvIII 
signaling pathways, as the majority of glioblastomas will express both. Successful targeting of this 
signaling cascade will be a valuable adjunct to the other specific receptor targeting mechanisms (Mab 
constructs, ligand bullets) available and demonstrably effective against EGFRwt- and EGFRvIII-
expressing tumor cells.  

  Key Words:   gene amplification ,  immunotherapy ,  mutation ,  nervous system neoplasms ,  signal 
transduction.     

  1. INTRODUCTION  

 The involvement of increased and/or aberrant EGFR activity in human cancers, including 
breast ( 1 ) and ovarian ( 2 ) cancers, non-small cell lung carcinomas ( 3 ), and head and neck 
tumors ( 4  –  6 ), has been well documented ( 7 ,  8 ), and the observation that tumors express 
 “ elevated, ”  as opposed to normal, levels of EGFRwt ( 5 ,  8  –  10 ) has led to attempts to correlate 
aberrant  “ overexpression ”  (never strictly defined) with overall or disease-free survival in 
patients ( 6 ,  11 ). In general, increased EGFR expression was reported to correlate with a poorer 
clinical outcome in several malignancies, including bladder, breast, lung, and head and neck 
cancers ( 6 ,  12 ,  13 ). It was originally postulated that EGFR expression and/or gene amplifica-
tion promoted tumor development by increasing ligand-activated signaling through EGFRwt 
kinase activity ( 12 ,  14 ). The increased receptor expression was reported to be associated 
with increased production of ligands, such as TGF- α , by the same tumor cells, which raised 
the possibility of receptor activation by autocrine pathways ( 3 ,  6 ,  10 ). 

From: Cancer Drug Discovery and Development: EGFR Signaling Networks in Cancer Therapy
Edited by: J. D. Haley and W. J. Gullick, DOI: 10.1007/978-1-59745-356-1_19

 © 2008 Humana Press, a part of Springer Science + Business Media, LLC

277



278 Wikstrand and Bigner

 Gliomas were one of the first tumor types to be reported to express EGFRwt ( 15 ), and it 
was suggested that amplification of the  EGFRwt  gene in these tumors could result in pos-
sible rearrangement and production of variant EGFR molecules ( 16 ). This effect was further 
supported by Wong et al. ( 17 ), who reported that the increased expression of EGFRwt in 
gliomas was almost invariably associated with gene amplification. With fluorescence in situ 
hybridization, it was demonstrated that in the majority of malignant gliomas (or xenografts 
derived from them) exhibiting amplification of the  EGFR  gene, the amplicon was contained 
within double minute (dmin) chromosomes ( 18 ,  19 ). Gene amplification is primarily associ-
ated with GBM and not with astrocytomas of grades II/III or pilocytic astrocytomas ( 20  –  24 ), 
as estimates of the frequency of  EGFR  gene amplification by genetic analyses in human 
tumors range from 36 %  to 60 %  for GBM and 10 %  to 22 %  for AA ( 25  –  31 ). Within primary, 
or  de novo  GBM,  EGFR  gene amplification or EGFRwt protein expression was quite com-
mon ( > 63 % ), but rare in secondary, or progressive GBM ( < 0 % ) ( 32  –  34 ) 

 Amplification of the  EGFRwt  gene in gliomas is frequently accompanied by rearrange-
ment ( 35 ,  36 ) and mutations (summarized in Kuan et al. [ 37 ]), leading to co-expression of 
wild-type and variant EGFR on the glioma cell surface ( 16 ,  22 ,  28 ,  38 ). Several genomic 
variants have been described ( 36 ), the most frequently detected variant being EGFRvIII (or 
de2 - 7,  ∆ 2-  7), which has been found in 41 – 54 %  of GBM cases exhibiting  EGFRwt  gene 
amplification ( 25 ,  27 ,  32 ). The EGFRvIII rearrangement and protein expression, however, 
can be found in both GBM (4   – 8 % ) and AA (1 – 12 % ) that do not exhibit amplification ( 23 ,  25 , 
Wikstrand et al., unpublished data). The EGFRvIII receptor contains an in-frame deletion 
of exons 2 – 7 from the extracellular region, does not bind ligand, and is constitutively acti-
vated ( 9 ,  13 ,  35 ,  37 ) (Fig.  19.1 ). While EGFRvIII has also been described in head and neck 
squamous cell carcinoma ( 4 ), non-small cell lung cancer ( 39 ), and breast cancer ( 8 ,  40 ), 
gene amplification is far less common (10 %  in head and neck cancers [ 4 ]) and appears 
to be primarily characteristic of astrocytic lineage tumors ( 12 ). Another significant differ-
ence between gliomas and EGFR-expressing lung adenocarcinomas is the occurrence of 
mutations in the kinase domain of EGFRwt; in a comprehensive study of over 566 human 
tumors, Sihto et al. ( 41 ) reported that almost 90 %  of all EGFR kinase domain deletions in 
lung cancer were either deletions in exon 19 or missense mutations in exon 21. Analysis for 
the presence for such mutations in 95 gliomas revealed none, suggesting that the biology of 
EGFR expression in gliomas is quite different from that in lung cancer ( 42 ).  

 The correlation between expression of EGFRwt and/or EGFRvIII and tumor growth 
has been investigated extensively in both retrospective analyses of human tumors and 
model systems involving transfected human tumor cell-derived xenografts. The presence of 
EGFRwt has been reported to be associated with a poorer clinical outcome in a number of 
malignancies, including bladder, breast, lung, and head and neck cancers ( 6 ,  12 ,  13 ). Within 
gliomas, however, attempts to correlate  EGFR  amplification alone with outcome in GBM 
or AA patients have to date provided inconclusive or contradictory results (reviewed in Liu 
et al. [ 23 ]). The most recent analyses with large patient cohorts have shown no evidence of 
 EGFRwt  gene amplification as an independent prognosticator of survival ( 23 ,  43 ). Several 
groups have noted, however, that in multivariate analyses there is a trend for  EGFRwt  gene 
amplification to be associated with better prognosis in older patients and worse prognosis 
in younger patients ( 26 ,  44 ). As younger patients more often develop secondary GBMs 
and older patients primary GBMs ( 29 ,  32 ,  45 ,  46 ), this association between EGFR and age 
could also be associated with other mechanisms of tumor progression. Although signaling 
via the EGFR pathway has been demonstrated to contribute to radiation resistance in many 
tumor types, including glioma ( 32 ,  47 ), more recent studies found no association between 
EGFR amplification and response to radiation treatment, progression-free survival, or overall 
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 survival in gliomas ( 30 ,  48 ). Finally, the association between responsiveness to tyrosine 
kinase inhibitor (TKI) therapy (gefitinib and erlotinib) and EGFRwt expression has been 
shown in turn to be associated with somatic mutations within exons 19 and 21 ( 41 ,  42 ,  49 ); 
however, as these mutations are not present in gliomas or head and neck squamous adenocar-
cinomas, this genetic variation is not a factor contributing to progression in these tumors. 

 Far fewer studies of EGFRvIII expression as it relates to various parameters of tumor 
behavior have been performed. Liu et al. ( 23 ) have observed a trend toward decreased sur-
vival among AA patients with any EGFR abnormality, while Aldape et al. ( 25 ) reported that 
EGFRvIII expression was strongly associated with reduced survival in AA patients ( P   <  
0.002), although there was no association with survival within the GBM cohort ( P   =  0.84). 
As the AA patients with the worst prognosis also were the eldest, with tumors exhibiting 
a clinical behavior similar to that of GBM, the presence of EGFRvIII in this group might 
identify those AA patients with the worst prognosis. Similarly, Heimberger et al. ( 50 ,  51 ) 
found no correlation between EGFRvIII and overall survival, although a slight trend toward 
negative outcome was noted for patients  < 40 years of age with EGFRvIII +  tumors. Although 
EGFRvIII has been associated with enhanced invasiveness and infiltration in both in vitro 
and in vivo assays ( 52 ,  53 ), presumably by increasing proliferation and reducing apoptosis, 
there has been no significant observed increase in EGFRvIII in patients presenting with 
multifocal disease or gliomatosis cerebri, but a trend toward higher levels of EGFRvIII 
expression has been seen in tumors with ependymal dissemination ( 51 ).  

  Fig. 19.1.       Depiction of the EGFRvIII Protein.       
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  2. SIGNAL TRANSDUCTION VIA EGFRWT: SYNOPSIS  

 Chapters 1 – 15 of this volume provide a comprehensive summary of the established 
mechanisms of EGFRwt ligand binding, receptor dimerization and mobilization, internali-
zation, signaling through various second messenger systems, cross-talk, regulation, and 
inhibition. For the purpose of discussing these components of signaling as mediated by 
glioma cell-associated EGFRvIII, the major pathways of EGFRwt signal transduction are 
presented in Fig.  19.2 .  

 As summarized by Mendelsohn and Baselga ( 12 ) the EGFRwt receptor system is a  “ rich 
multilayered network … which allows for horizontal interactions and permits multiple 
combinatorial responses ” . This network, which can be activated by a number of stimuli that 
do not interact directly with the EGFR itself ( 54 ), and by homodimeric and heterodimeric com-
plexes formed between ErbB family receptors ( 55 ,  56 ), generates a high degree of cross-talk 
and activation of diverse second messenger systems ( 55 ,  57 ). 

  2.1. Cell Membrane Localization 
 A variety of cell surface receptors, including EGFRwt, are naturally associated with lipid 

rafts and specialized plasma membrane vesicular organelles known as caveolae ( 58 ). By 
immunocytochemistry and measurement of in vitro binding to caveolin scaffolding domain 
peptides, Abulrob et al. ( 58 ) have demonstrated association of EGFRwt with caveolin-1 or -3 
via the caveolin-binding motif within the kinase domain of EGFR.  

  Fig. 19.2.       Epidermal Growth Factor Receptor Signaling. The process of ligand-receptor and receptor-
receptor interaction leads to activation of key intracellular-signaling pathways that regulate gene tran-
scription, cell cycle progression, and a variety of cellular responses that promote malignant behaviors 
(Mendelsohn J, Baselga J, J Clin Oncol., 21 14, 2003: 2787 – 2799; reprinted with permission from the 
American Society of Clinical Oncology).       
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  2.2. Ligand Binding, Dimerization, and Autophosphorylation 
 Following binding of EGF or TNF- α  to EGFRwt, the monomeric receptor undergoes 

dimerization, resulting in kinase activation, and autophosphorylation primarily of tyrosine 
residues Tyr 845 , Tyr 992 , Tyr 1045 , Tyr 1068 , Tyr 1086 , Tyr 1148 , and Tyr 1173  ( 54 ,  59 ).  

  2.3. Endosomal Localization 
 While it is the consensus that most mitogenic signaling is generated by activated receptors 

at the plasma membrane ( 60 ), it has been demonstrated that once formed, the receptor-ligand 
complex is released from caveolae, as EGFRwt is no longer associated with caveolin-1, and 
the receptor complex is found in the cytosol ( 58 ). Specifically, following EGF or TNF- α  
stimulation, the former sequestration of non-phosphorylated EGFRwt within caveolae is 
rapidly reversed; phosphorylated EGF-EGFR complexes are internalized in Rab5-positive 
endosomes via coated pit- and coated vesicle-mediated endocytosis. Signaling by the com-
plex can occur from within the endosome ( 61 ), although this is probably not the major 
source of signaling. It is not until the complex progresses to lysosomes that degradation and 
attenuation of receptor signaling occurs via the phosphorylation of c-Cbl, an E3 ubiquitin 
ligase, which directs its degradation ( 56 ,  62 ).  

  2.4. Signaling Pathways 
 Whether from the membrane or endosomes, ligand-EGFRwt complexes utilize a variety 

of pathways, as depicted in Fig.  19.2 . The major pathway that activated ErbB family recep-
tors, including EGFRwt, use is the recruitment of either Grb2-Sos or Shc-Grb2-Sos com-
plexes that activate Ras, which in turn ultimately stimulates phosphorylation of the MAPKs 
Erk 1 and 2 through sequential activation of c-Raf and MEK 1/2 [12]). The ERKs are con-
sidered components of  “ proliferation pathways ”  and are primarily involved in the activation 
of transcription factors involved in mitogenic signaling and cell proliferation, and they may 
promote cell-cycle progression by inducing cyclin D1 ( 60 ,  62 ). EGFRwt also activates  “ anti-
apoptosis ”  pathways primarily through the phosphatidylinositol 3-kinase (PI3K) and the 
downstream protein-serine/threonine kinase Akt ( 12 ,  57 ,  62 ). The probable mechanism is 
by tyrosine phosphorylation of Gab1 (a Grb2-associated binder) by the EGFR kinase; phos-
phorylated Gab1 then recruits SHP-2 (a tyrosine phosphatase with Src homology domain) 
and PI3-kinase, which results in the activation of Akt, which in turn activates NF- κ B, and 
this results in inhibition of factors inducing apoptosis ( 57 ). A third, but minor pathway 
used by EGFRwt is the stress-activated protein kinase pathway involving protein kinase 
C and Jak/Stat transcription factors; this is primarily mediated through the recruitment of 
adapter proteins with SH2 domains, which serve to dock the Src kinases, and this results 
in the triggering of STATs and NF- κ B, among others ( 57 ,  12 ,  60 ). The EGFRwt signaling 
system then uses multiple pathways, with cross-talk at all levels: homodimerization of EGFRwt 
and heterodimerization with other ErbB family receptors, recruitment of adapter molecules, 
and activation of Ras, PI3K, and PKC pathways, resulting in induction of the transcription 
of genes that regulate cell transcription and prevent apoptosis.   

  3. SIGNAL TRANSDUCTION BY EGFRVIII  

 The majority of in vitro studies defining the signaling by EGFRvIII have been performed 
with cell lines engineered to express either EGFRwt, or EGFRvIII, or both. The most widely 
used model is the U87MG cell line, expressing low levels of endogenous EGFRwt ( 63 ), and its trans-
fected derivatives U87MG

  wtEGFR   ,  expressing enhanced levels of EGFRwt, and U87MG 
 
 ∆ EGFR 

 , 
expressing enhanced levels of EGFRvIII and low levels of endogenous EGFRwt ( 9 ,  64 ,  65 ). 
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Multiple groups have examined this system with consistent results; it is proposed that the 
U87MG

   ∆ EGFR 
  cell line, co-expressing EGFRvIII and endogenous EGFRwt, represents a close 

approximation of a particularly aggressive subset of human glioblastomas —  “ those tumors in 
which p16 deletion, allelic loss on chromosome 10q, and EGFR activation occur, while p53 is 
nonmutated ”  ( 65 ). 

  3.1. Cell Membrane Localization 
 EGFRvIII, like EGFRwt, is expressed on the cell surface, frequently at densities  > 10 6  mol-

ecules per cell, as detected by specific monoclonal antibody (Mab L8A4) in FACs analysis 
under conditions preventing internalization ( 38 ,  59 ) (Fig.  19.3 ). While EGFRwt colocalizes 
with caveolin-1 and lipid rafts, and binding of ligand results in the release of EGFRwt from 
caveolae ( 58 ), EGFRvIII does not colocalize with caveolin-1 or rafts ( 58 ). Indeed, the preven-
tion of constitutive autophosphorylation of EGFRvIII by kinase inhibitor AG1478 results in an 
increased association of EGFRvIII with caveolin-1, suggesting that phosphorylation regulates 
the degree of ligand-induced or constitutive signaling by regulating release from caveolae.   

  3.2 Ligand Binding, Dimerization and Autophosphorylation 
 There is no evidence for regulation of EGFRvIII by EGF or TGF- α ; EGFRvIII is con-

stitutively activated ( 37 ). Although earlier studies reported that EGFRvIII homodimeriza-
tion or heterodimerization with EGFRwt or other ErbB family members was undetectable 
or insignificant ( 66  –  68 ), it has since been established that not only does homodimeriza-
tion of EGFRvIII occur ( 69 ,  70 ), but it is highly dependent upon a conformation induced 
by N-linked core glycosylation ( 62 ,  71 ). The degree of autophosphorylation of EGFRvIII 
had been described as significantly less than that induced by ligand binding to EGFRwt 
( 59 ,  67 ,  69 ). Recent studies, however, have established that the degree of autophospho-
rylation and kinase activity per molecule of dimeric EGFRvIII is comparable to that of the EGF-
stimulated EGFRwt ( 58 ,  62 ,  71) . Furthermore, the phosphorylation pattern of EGFRvIII is 
identical to that obtained following EGF-EGFRwt interaction as determined by phosphopeptide 
analysis ( 71 ). In addition, these authors have demonstrated that the conformation-specific anti-

  Fig. 19.3.      EGFRvIII Mab L8A4, noninternalizing conditions. Cell surface expression of EGFRvIII on 
U87MG-EGFRvIII cells. The extensive display shown in panel A is demonstrated at higher magnification 
(panel B) to be due to multiple discrete patches of labeling.       
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body P2, which recognizes an epitope in the EGFRwt intracellular domain that is unmasked 
only upon phosphorylation of tyrosines 992, 1068, and 1086, also recognizes constitutively 
phosphorylated EGFRvIII, which suggests that there is a similar phosphorylation-induced 
conformational change in both receptors ( 71 ). Thus, it would appear that the ligand-induced 
and EGFRvIII constitutive phosphorylation patterns are highly similar, if not identical. The 
crucial observation is that constitutively activated EGFRvIII receptor trafficking is different 
from that of EGFRwt; it has been reported to be slower than that of ligand- activated EGFRwt, 
and to resemble the random entrapment kinetics of non-activated EGFRwt ( 59 ). Mab L8A4-
EGFRvIII complexes formed at the cell surface are readily and rapidly internalized, how-
ever, resulting in detectable cytoplasmic, perinuclear vesicular localization corresponding to 
endosomes and lysosomes within five minutes ( 72 ). More definitively, Abulrob et al. ( 58 ) 
have demonstrated that EGFRvIII, unassociated with caveolae, is endocytosed and remains 
in the endosomal compartment, where the truncated receptor sustains its phosphorylated, 
activated state; Liu et al. ( 62 ) have demonstrated that EGFRvIII is quite proficient at signal-
ing from within endosomes. Thus, despite the differences between EGFRwt and EGFRvIII 
in caveolar localization, speed of endocytosis, and lysosomal sorting, ultimately, activated 
EGFRvIII ends up in the endosomal compartment, quite capable of sustained signaling.  

  3.3. Signaling Pathways 
 The signaling pathways used by EGFRvIII are, not surprisingly, those primarily used 

by EGFRwt. Early studies readily identified the association between EGFRvIII and Grb2, 
with or without involvement of the adapter protein Shc, culminating in the recruitment of 
Ras-GTP ( 66  –  68 ,  73 ). Prigent et al. ( 67 ), using derivatives of EGFRvIII containing single or 
multiple mutations at critical autophosphorylation sites in the U87MG transfectant system, 
demonstrated that EGFRvIII constitutively associates with the adapter protein Shc and Grb2 
via specific phosphorylation sites, Shc recruiting Ras through phosphorylated Tyr-1148, and 
Grb2 primarily through Tyr-1068. The centrality of the Shc-Grb2- or Grb2-Ras pathway to 
EGFRvIII signaling has been demonstrated by many groups. Klingler-Hoffman et al. ( 69 ,  70 )
demonstrated that the activation of ERK1/2 via EGFRvIII-to-Ras-to-MAPK was essential for 
the proliferation of U87MG-EGFRvIII expressing cells both in vitro and in tumor xenografts, 
a general observation supported by other studies ( 66 ,  74  –  76 ). Recently, Zhan and O’Rourke 
( 76 ) reported that the tyrosine phosphatase SHP-2 modulates the MAPK kinase MEK-mediated 
signaling pathway via recruitment of SHP-2 to Gab-1; dephosphorylation of components 
of the MAPK pathway by SHP-2 thereby modulates EGFRvIII tyrosine phosphorylation, 
decreasing proliferation. This is in contrast to the observation of the action of SHP-2 in regu-
lation of EGFRwt-mediated pathways; there the primary effect of SHP-2 was reported to be 
downregulation of the Gab1/PI3 kinase/Akt pathway ( 55 ,  76 ). These observed effects on the 
two major pathways involved in EGFR stimulation provide the first clue to differential regula-
tion of maintained signaling and downstream activation effects of EGFRwt and EGFRvIII. 

 The use of the PI3K-Akt pathway by EGFRvIII was similarly established quite early and 
subsequently verified by many groups ( 47 ,  77  –  81 ). Klingler-Hoffman et al. ( 70 ) established 
that EGFRvIII autophosphorylation allows for recruitment of the PI3K p85 regulatory subu-
nit, consequently activating the catalytic subunit of PI3K, and contributing to the growth 
advantage in vitro mediated by the MAPK-pathway seen in the U87MG transfectant system. 
In addition, the EGFRvIII-mediated activation of PI3K results in the activation of c-Jun 
N-terminal kinase (JNK;  82 ), an interaction not seen in EGFRwt-expressing cells. 

 However, the clearest dissection of the contributions of the various pathways in EGFRvIII-
mediated signaling is obtained only with specific inhibition of one pathway versus another, 
or suppression/inactivation of one receptor versus the other in the U87MG cell system, where 
EGFRvIII expression is coincident with low levels of endogenous EGFRwt. Several studies 
have been performed to isolate the effects of each pathway. 
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  3.3.1. MAPK Pathway Inhibition 
 The tyrosine kinase AG1478 competes with adenosine triphosphate and effects greater 

inhibition of EGFRvIII than EGFRwt by reducing ERK1/2 activation ( 78 ). By decreasing 
EGFRvIII autophosphorylation, it causes a downregulation of Bcl-X 

L
  expression, although 

this is not sufficient to induce apoptosis in vitro or inhibit growth of EGFRvIII-expressing 
tumors in vivo ( 64 ). Similarly, treatment of U87MG-EGFRvIII cells with the MEK inhibitor 
PD98059 also results in no ERK1/2 activation and decreased cell proliferation ( 69 ). Treat-
ment with either AG1478 or PD98059 renders U87MG-EGFRvIII cells, but not U87MGwt 
cells, susceptible to apoptosis following exposure to cisplatin (CDDP), which indicates that 
for EGFRvIII, the MAPK pathway is involved in regulating cell survival through inhibition 
of EGFRvIII tyrosine phosphorylation (p Tyr). As EGFRvIII p Tyr is modulated by SHP-2-
dependent MAPK pathway activation and EGFRwt p Tyr is modulated by PI3K signaling 
events ( 76 ), this provides a targetable separation of pathways.  

  3.3.2. PI3K Pathway Inhibition 
 In a similar fashion, two inhibitors of the PI3K pathway, LY294002 and wortmannin, 

have been studied for their effects on EGFRvIII signaling. Klingler-Hoffman et al. ( 70 ) 
demonstrated that while PI3K signaling (as demonstrated by inhibition with wortmannin) 
was necessary to maintain the growth advantage conferred by EGFRvIII, suppression of 
PI3K signaling was not sufficient to inhibit anchorage independence in U87MG-EGFRvIII 
cells. Treatment of EGFRvIII-positive cell lines with LY294002 or wortmannin, as reported 
by Kuan et al. ( 37 ),  “ decreased JNK activity and induced the loss of transformed cell proper-
ties (anchorage independent growth, growth in low-serum medium), which suggests that the 
transforming activity of EGFRvIII involves the constitutive activation of both PI3K and JNK 
activity ”  ( 37 ,  66 ,  70 ,  82 ). Klingler-Hoffmann et al. ( 68 ) were able to elucidate the different 
downstream effects of the PI3K versus MAPK pathways by using variants of the TCPTP 
tyrosine phosphatase. TC45, which inhibits MAPK ERK2 and PI3K signaling, inhibited 
both the proliferation and anchorage-independent growth of U87MG-EGFRvIII. However, 
the variant TC45-D182A, which suppresses activation of only ERK2, but not PI3K, only 
inhibited cell proliferation, which suggests that one of the cardinal diagnostic features of 
neoplastic progression, anchorage-independent growth in vitro, is attributable to the PI3K 
pathway, as earlier suggested by Moscatello et al. ( 66 ) for glioblastoma cells, and by Li 
et al. ( 80 ) for EGFRvIII-transfected NIH3T3 cells. In addition, Narita et al. ( 77 ) have shown 
that treatment of U87MG-EGFRvIII cells with LY294002 not only reduced levels of P-Akt, 
as expected, but concomitantly up-regulated p27 (the cyclin-dependent kinase inhibitor). 
As U87MG-EGFRvIII normally exhibits low levels of p27 and high levels of P-Akt, the 
effects of the PI3K inhibitor were to increase p27 levels and to downregulate tumorigenicity 
in vivo. Therefore, it is apparent that the constitutively active EGFRvIII acts to increase cell 
proliferation by decreasing the expression of p27 via activation of the PI3K-Akt pathway. 

 Finally, the effects of  “ natural ”  inhibitors of EGFRvIII signaling have revealed some further 
information. As noted in the introduction, the presence of EGFRvIII and PTEN in the same 
tumor appears to be antagonistic; the mechanism for this antagonism has been proposed to 
be via the PI3K pathway. The normal PTEN gene product inhibits PI3K signaling by dephos-
phorylation of the lipid products of PI3K signaling (PIP3), thus impeding the phosphoryla-
tion of Akt ( 77 ). Inactivation of PTEN, however, results in the prolongation of the lifespan of 
EGFRvIII-induced PI3K lipid products, resulting in high levels of PI3K signaling and therefore 
growth advantage ( 70 ); thus the presence of EGFRvIII in the absence of normal PTEN expres-
sion will lead to cell proliferation. Herstatin, a naturally occurring product of the  HER-2  gene, 
which inhibits EGFRwt by binding to its extracellular domain and blocking dimerization ( 83 ), is 
capable of preventing tumor formation by U87MG cells in vivo. Staverosky et al. ( 84 ) found that 
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although herstatin bound to EGFRvIII, the variant receptor still dimerized and was capable of 
signaling through both MAPK and PI3K pathways, while EGFRwt exposed to herstatin could 
use only the MAPK pathway. Thus, a powerful inhibitor of EGFRwt-driven growth in vitro and 
in vivo is ineffective versus EGFRvIII at the level of receptor dimerization.    

  4. CONSEQUENCES OF GLIOMA-ASSOCIATED EGFRvIII
SIGNALING FOR THERAPEUTIC TARGETING  

 In a review of EGFRvIII as an immunotherapeutic target, in 2000, we stated:  “ In addition 
to the capacity to localize putative effectors, a tumor-cell distinctive molecule which medi-
ates biologic function central to cell growth advantage, metabolism, adhesiveness/motility, 
or drug resistance, would have a great therapeutic targeting potential ”  ( 35 ). This introduc-
tory statement is still applicable. Currently, a number of strategies for targeting EGFRwt 
or EGFRvIII — either as localizing targets for the delivery of cytocidal Mab-isotope, Mab-
drug, Mab-toxin agents, or tumor vaccines, or as inhibition mediators of cell proliferation by 
TKIs, antisense oligonucleotides or constructs — are being explored. 

  4.1. EGFRvIII as Localizing Target 
 As has been extensively summarized elsewhere ( 37 ) EGFRwt has been targeted on tumor 

cells, notably by the chimerized/human Mabs IMC-C225 (cetuximab) and E7.6.3, both of 
which presumably block the binding of ligand to EGFR, but cause receptor-mediated inter-
nalization, preventing downstream signaling and abolishing cell proliferation, EGFR tyro-
sine phosphorylation, and ultimately resulting in apoptosis. While this approach, especially 
in combination with chemotherapy or radiation, has resulted in impressive responses in some 
tumor systems, the widespread normal tissue distribution of EGFRwt limits approaches by 
this route. Conversely, EGFRvIII is an excellent target for specific Mab delivery of a variety 
of payloads, as to date its expression appears confined to tumor cells, and immunoreagents 
specific for its extracellular domain have been extensively characterized ( 37 ,  85 ,  86 ). As was 
shown for the fully human anti-EGFRwt Mab E7.6.3 ( 87 ), unarmed anti-EGFRvIII-specific 
Mab Y10 is capable of inhibiting DNA synthesis and cellular proliferation of EGFRvIII-
expressing cells in vitro, presumably by receptor internalization and inhibition of down-
stream signaling, and of producing an average 286 %  increase in survival, with 25 %  cures, 
in animals bearing EGFRvIII-expressing intracranial xenografts ( 88 ). Mab Y10 (murine 
IgG2a) was demonstrated to mediate cell death of EGFRvIII-positive tumor cells by both 
complement-mediated and Fc-receptor-bearing effector cells in a murine homologue model 
system, which suggests that its cytocidal effects in vivo could be the result of both inhibitory 
induction of apoptosis and direct, cytotoxic killing pathways. 

 Of more interest therapeutically, however, is the exploitation of the demonstrable rapid 
internalization of specific Mab-EGFRvIII complexes ( 72 ,  89 ). As previously summarized, 
Zalutsky ( 91 ) has developed labeling strategies designed to maximize stability and minimize 
lysosomal degradation and dehalogenation of labeled Mabs, scFv, F(ab’) 

2
 , or other con-

structs for delivering isotope (either  α - or  γ -emitters) by receptor-mediated internalization to 
the cytoplasm of EGFRvIII-expressing cells ( 72 ,  89  –  92 ). Similarly, delivery of toxin, rather 
than isotope, can be achieved by the same targeting Mabs, and this has been an active area 
of research, with  Pseudomonas  exotoxin A – antibody constructs exhibiting significant long-
term survival in rodent intracranial models of EGFRvIII-expressing gliomas ( 37 ,  93 ). These 
approaches are predicated upon the tumor-specific localizing attribute of the EGFRvIII 
extracellular domain, however, and exploit the rapid internalization capacity of this non-
caveolin bound receptor, not the downstream signaling activities of the molecule.  
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  4.2. EGFRvIII Peptide as a Tumor Vaccine 
 Both animal and human clinical studies have shown promise in vaccination trials with 

malignant gliomas utilizing the EGFRvIII 14 amino acid peptide (PEP3) shown in Fig.  19.1 , 
which contains the new glycine inserted at the fusion junction of the EGFRvIII receptor 
protein. Because the glycine at the mutant protein fusion junction is not present in the wild-
type EGFR protein, PEP3 contains true tumor-specific epitopes. Both cell-mediated and 
antibody mechanisms are thought to have played a role in the successful vaccine trials in 
animals and humans. The first trial conducted at Duke by Sampson and Bigner utilized 
pulsing of autologous dendritic cells with KLH-PEP3. The pulsed dendritic cells were then 
readministered to the patients. No significant toxicities were observed, and promising sur-
vival increases relative to historical controls were seen. The second clinical vaccine trials 
were done in multi-institutional studies conducted at Duke and at M.D. Anderson. They also 
showed promising increases in survival in malignant glioma patients compared to historical 
controls. In the latter trials, KLH-PEP3 was simply administered systematically, simultane-
ously with GMCSF. The EGFRvIII PEP-3 peptide vaccine approach has now been licensed 
by a biotechnology company, and multi-institutional, randomized, pivotal trials are being 
planned. This vaccine approach should be promising also in head and neck squamous cell 
carcinoma, as well as in malignant gliomas ( 94  –  97 ).  

  4.3. EGFRvIII as Signaling Target 
 The consensus of investigators of normal EGFRwt and variant EGFRvIII signal-

ing mechanisms is that given the usual coincident expression of both receptors ( > 90 %  of 
EGFRvIII +  gliomas express EGFRwt [ 23 ,  35 ]) efforts that target both the wild-type and vIII 
receptors would be optimal ( 12 ,  23 ,  27 ). The excessive cross-talk between these receptors 
and other family receptors, primarily through the PI3K/Akt and MAPK (p44/p42) pathways, 
however, creates some conundrums: (a) While it has been conventionally accepted that the 
RAS/RAF/MAPK cascade can be activated by EGFR family receptors, it is now evident 
that RAS may well activate the PI3K-AKT pathway as well, and in this guise, be a more 
potent suppressor of radiation-induced apoptosis ( 47 ); and (b) both of these pathways are 
also essential survival pathways for normal astrocytes and neurons, as well as for glioma 
cells (summarized in Chakravarti et al. [ 47 ]). Therefore, the general blockade of such path-
ways must be considered with caution to avoid bystander death of normal cells. Targeting 
of potential upstream tumor-specific activators or mediators associated with these pathways, 
such as RTKs and RAS, would therefore be optimal. In addition, for particularly aggressive 
or resistant cell populations such as those emerging in therapy-refractory GBM, inhibition of 
a single pathway is not likely to be successful; experimental evidence has indeed indicated 
that a two-point blockade (for example, HER1/EGFR and PI3K) in animal models of glioma 
was synergistic using sub-optimal doses of the single agents ( 98 ). Currently, with the excep-
tion of the use of radiolabeled or toxin-conjugated ligands (EGFRwt) or Mabs (EGFRwt 
and EGFRvIII) to block downstream signaling, the major approaches include specific kinase 
inhibitors of various steps of the signal transduction pathways, antisense oligonucleotides 
and or ribozymes to reduce or impede receptor function.  

  4.4. TKIs 
 Although in many tumor types the observed clinical response to TKIs has failed to correlate 

with the promising effects demonstrated in preclinical studies (summarized in Sok et al. [ 4 ]), 
approaches using various TKIs are being actively investigated. Many investigators, assuming 
that EGFRwt and EGFRvIII  “ selectively ”  or  “ preferentially ”  activate the PI3K-Akt pathway, 
have concentrated on inhibition of this pathway ( 56 ,  77 ,  99 ). The Thomas and Narita groups 
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both used the PI3K inhibitor LY294002 to investigate the effects of reduced levels of phospho-
rylated Akt in EGFRwt- and EGFRvIII-expressing cells, respectively. It was rapidly apparent 
that the loss of PTEN, a tumor-suppressor protein that inhibits the PI3K signaling pathway, 
was associated with resistance to EGFR kinase inhibitors targeting PI3K in gliomas ( 56 ,  77 , 
 99 ). These data corroborated those of Klingler-Hoffmann et al. ( 70 ), who demonstrated that 
EGFRvIII expression and signaling and PTEN inactivation cooperated to produce high levels of 
PI3K signaling in GBM cells, but that inhibition of EGFRvIII-mediated PI3K activation alone 
did not appreciably suppress tumorigenicity in vivo ( 69 ). As PTEN losses/mutations have been 
variably reported to occur in 30 % -50 %  of GBM (summarized in Narita et al. ( 77 ), the effects 
of this targeting could be expected to be mixed, depending upon the PTEN status of a targeted 
tumor. In addition, Chakravarti et al. ( 100 ) have demonstrated for EGFRwt, and presumably 
for EGFRvIII, that the targeting of this growth factor by the TKI AG1478 could result in the 
up-regulation of insulin-like growth factor receptor 1 (IGFR-1), resulting in sustained signaling 
through the PI3K pathway, effectively negating the suppression of EGFR-mediated PI3K path-
ways and thus providing a mechanism of resistance to anti-EGFR therapeutic approaches. 

 In addition to cross-talk mediated by Ras between the PI3K/Akt and MAPK pathways 
( 47 ), the MAPK pathway has recently been stressed as a major route for EGFRwt and 
EGFRvIII signaling ( 67 ,  69 ,  72 ,  76 ). Therefore, as suggested by Biernat et al. ( 27 ), and in 
accord with the caution of Chakravarti et al. ( 47 ) concerning inhibition of pathways used by 
normal cells, a very feasible approach would be to simultaneously target the EGFRwt and 
EGFRvIII pathways in glioma cells by inhibiting SHP-2, which mediates the phosphoryla-
tion of Akt and EGFRwt via PI3K ( 55 ,  57 ,  76 ), and of EGFRvIII via MAPK. Similarly, the 
small molecule irreversible EGFR/ERB2 inhibitor HKI-272, which has been shown to have 
a greater inhibitory effect than gefitinib or erlotinib on the growth of EGFRvIII +  tumors in 
in vivo model systems, has been demonstrated to reduce levels of phospho-EGFR, phospho-
Akt, and phospho-ERK1/2 ( 101 ), thereby providing a dual pathway-targeting reagent. 

 Exploiting the fact that the genetic deletion and resultant fusion event generating EGFRvIII 
is directly upstream of a GTA triplet, which is subsequently transcribed into a ribozyme 
target codon (GUA), Halatsch et al. ( 102 ) have attempted to curtail EGFRvIII gene expres-
sion at the mRNA level by creating an anti-EGFRvIII hairpin ribozyme. Administration of 
the construct via retrovirus to EGFRvIII-expressing target cells in vitro resulted in a  > 90 %  
reduction in EGFRvIII mRNA levels, 69 %  inhibition of proliferation, and  > 95 %  decrease in 
colony formation in agar, suggesting that this approach could selectively and significantly 
inhibit EGFRvIII-mediated growth advantages. Inhibition of EGFRvIII at the protein level 
has been investigated by O’Rourke et al. ( 65 ); they have shown that the p185neu ectodo-
main-derived mutant (carboxyl terminal deletion mutant) forms heterodimers with EGFRvIII 
proteins, reducing the phosphotyrosine content and kinase activity of assayed EGFRvIII mon-
omers. Creation of pharmaceutical agents mimicking the p185 ectodomain could then be 
used to create receptor assemblies that are defective in signaling, effectively silencing the 
growth advantage conferred by EGFRvIII.   

  5. CONCLUSION  

 The effective targeting of EGFR-mediated growth advantage in gliomas will require inhi-
bition of both EGFRwt and EGFRvIII signaling pathways, as the majority of GBMs either 
express both or will eventually express both. In addition to ligand (EGFRwt) or specific Mab 
approaches (both) which abrogate the original induction, or compromise the endogenous 
signaling (EGFRvIII), further targeting of upstream or downstream events used by these 
receptors must recognize that they use the same basic pathways. They may stress different 
pathways, and be differentially inhibited by small molecule TKIs, but they use mechanisms 
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crucial to bystander normal cells. Thus the approaches outlined above that do not inactivate 
all RAS, or all PI3K pathways, but target upstream (Shc, Grb2) steps would be optimal. 
The prospects of specific targeting via mRNA transcription or protein-dimerization of these 
family proteins are significant in providing the specific blockade required. Successful imple-
mentation of signaling cascade targeting will be a valuable adjunct to the other specific 
receptor targeting mechanisms (Mab constructs, ligand bullets) available and demonstrably 
effective against EGFRwt- and EGFRvIII-expressing tumor cells.    
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  Abstract 
 Clinical response to EGFR inhibitors has varied considerably from patient to patient. In this chapter, 

the molecular, pathological and clinical correlates of therapeutic response and survival outcome are 
examined.  

         20     EGFR Mutations, Other Molecular 
Alterations Related to Sensitivity 
to EGFR Inhibitors, and Molecular 
Testing for EGFR-Targeted Therapies 
in Non-Small Cell Lung Cancer 
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  1. INTRODUCTION  

  “ From bench to bedside ” : the vision of rational molecular mechanism-based drug devel-
opment and patient management has progressed into a new era of reality in oncology thera-
peutics. Scientific discovery does not end at the bedside, however, as the clinical testing and 
use of molecularly targeted therapeutics continues to reveal new insights into the mecha-
nisms of cancer and human biology, which were not anticipated from experimental systems 
and disease models. Clinical observations with targeted therapies can point toward new 
directions for basic research, which greatly deepen our understanding of the mechanisms of 
human diseases and facilitate the development of more relevant disease models, closing the 
loop of bench to bedside, then back again. 

 Clinical experience with targeted therapeutics in oncology has provided several exam-
ples where tumor types or subsets having molecular genetic alterations of a proto-oncogene 
which activate its function are remarkably responsive to inhibitors of that molecule, reveal-
ing a strong dependence of the tumor on the genetically altered molecule and its signaling 
pathways. Examples of this  include KIT mutations in gastrointestinal stromal tumors, BCR-
ABL fusion in chronic myelogenous leukemia, and PDFGR mutations in dermatofibrosar-
coma protuberans which are related to imatinib sensitivity, as well as HER2 amplification 
and response to trastazumab in breast cancer. The concept that tumors may be  “ addicted ”  
to a particular oncogene is strengthened by observations that activating mutations may 
be accompanied by gene amplification and protein overexpression, strengthening signal-
ing through the oncogenic pathway. Remarkably, when tumors with oncogene mutations 
become resistant to inhibitors of the oncogene, they may not lose their dependence on the 
original oncogenic signaling pathway. Imatinib resistance results from mutations in c-kit 
or bcr-abl, which prevent the drug from binding to its target region in their tyrosine kinase 
domains. HER2-positive breast cancers which become resistant to trastuzumab can still be 
responsive to other HER2-directed therapies such as the tyrosine kinase inhibitor (TKI), 
lapatinib, or the HER2 heterodimerization inhibitor, pertuzumab. Thus, oncogene addic-
tion can represent an  “ Achilles ’  heel ”  for some tumor types on which to focus further drug 
development. We must be careful, however, not to assume that if tumors that have oncogene 
mutations or activation are very sensitive to oncogene inhibitors, then tumors that do not dis-
play the same genetic alterations will not be sensitive to inhibitors. Ultimately, activation of 
signaling through the oncogenic pathway, rather than any one specific molecular alteration 
in a signaling molecule, may be the most important indicator of tumor dependence on the 
pathway and the potential degree of clinical benefit derived from inhibition of the pathway. 
This concept has been supported by investigations of HER2 activation in ovarian cancers 
treated with pertuzumab ( 1 ). 

 The epidermal growth factor receptor (EGFR; HER1; ErbB1) family of receptor tyro-
sine kinases (HER1-4; ErbB1-4) is one of the longest-known and best-studied groups of 
molecules in the field of tumor biology. Nonclinical evidence for their role in oncogenesis 
includes a viral oncogene homolog (v-ErbB), the induction of transformation and tumor 
formation in cell and animal models, and the inhibition of tumor initiation and growth when 
their activities are neutralized experimentally. Prior to 2004, the genetic evidence implicat-
ing the EGFR in human cancers was limited to the frequent amplification and rearrange-
ment of EGFR in a subset of glioblastomas. The activity of trastuzumab in the treatment 
of a subset of breast cancers which exhibit gene amplification of EGFR’s sister molecule, 
HER2, added to the optimism that targeting the EGFR would yield further clinical successes. 
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However, the extensive efforts behind the development of EGFR tyrosine kinase inhibitors 
(TKIs) and anti-EGFR antibodies were fueled by beliefs that these drugs would be active in 
a wide range of tumors beyond glioblastomas, including the most common and most lethal 
tumor types, such as lung cancer, colorectal cancer, and pancreatic cancer. 

 The initial clinical evidence suggesting a prominent role of the EGFR in non-small cell 
lung cancer (NSCLC) and several other epithelial tumor types were demonstrations that the 
EGFR and/or its activating ligands were  “ overexpressed ”  in tumor samples from a significant 
number of patients ( 2 ,  3 ). Many reports have justified the significance of  “ overexpression ”  
of these molecules by implicit analogy with the pathological levels of HER2 overexpression 
which result from gene amplification in breast cancer. However, in the clinical experience 
of EGFR TKIs in NSCLC and the anti-EGFR monoclonal antibody cetuximab in colorectal 
cancer, the concept of EGFR  “ overexpression ”  has shown limited usefulness in terms of 
identifying patients who are most likely to respond to and benefit from these therapies, and 
it has become apparent that the molecular pathology of EGFR in various tumor types is sub-
stantially different from that of HER2 in breast cancer. This experience has given us many 
lessons regarding the complexity and interrelations between tumor and patient genetics, phe-
notypes and molecular therapies, and the challenges in applying molecular testing of clinical 
solid tumor samples to patient selection and decision making in these diseases. 

 During phase II trials of the EGFR TKIs, gefitinib, and erlotinib, in NSCLC it was recog-
nized that there were a number of patient and tumor characteristics that were associated with a 
higher likelihood of tumor responses to EGFR TKI monotherapy, including a history of mini-
mal or never smoking, Asian ethnicity, female gender, and adenocarcinoma pathologic diagno-
sis, particularly tumors with histologic features of bronchioloalveolar carcinoma (BAC)( 4  –  7 ). 
Prospectively defined subgroup analyses in controlled phase III studies confirmed the relation-
ship between some of these features, particularly never-smoking, with increased survival ben-
efit from EGFR TKI treatment ( 8  –  11 ). The clinicopathologic features of never-smoking status, 
female gender and adenocarcinoma tumor type are known to be co-associated in NSCLC 
(reviewed by ( 12 )), and are also favorable prognostic variables in the absence of EGFR TKI 
therapy, although the prognostic significance of histologic type differs between studies and 
may be related to stage or treatment ( 13  –  18 ). Therefore, it appears that some lung adeno-
carcinomas that tend to arise in non-smoking females may exemplify a biologically distinct 
entity that especially benefits from EGFR TKI treatment. Some NSCLC patients treated with 
gefitinib or erlotinib exhibited dramatic radiographic responses and clinical improvements so 
profound as to be called a  “ Lazarus effect, ”  with patients going from deathbed to tennis court in 
a few weeks. Groups at the Dana-Farber Cancer Institute, Massachusetts General Hospital and 
Memorial Sloan-Kettering Cancer Center correctly suspected that such responses to EGFR 
TKIs might be associated with somatic activating mutations in the tyrosine kinase domain 
(TKD) of the EGFR and confirmed this hunch by retrospectively sequencing the EGFR in 
tumor samples from patients who had responded to gefitinib or erlotinib treatment ( 19  –  21 ). 
The discovery of EGFR TKD mutations and their relationship to response and clinical benefit 
from TKIs has had a major impact in our understanding of the etiology, biology, and classifica-
tion of NSCLC, and it has raised important issues regarding patient selection in the treatment 
of this disease. However, EGFR mutations are not the whole story of molecular relationships 
to response and survival with EGFR TKIs in NSCLC. Evidence that EGFR gene copy number 
may be predictive of EGFR TKI treatment effects in NSCLC was first provided by groups at 
the University of Colorado and Bologna, Italy, and at the University of Toronto. Additional 
studies examining the relationship of EGFR molecular genetics, EGFR signaling pathways, 
and other aspects of NSCLC pathobiology, such as  epithelial-mesenchymal differentiation, to 
the effects of EGFR TKIs have been provided by several groups around the world and these 
continue to be areas of intense investigation. In addition to being a rich scientific field, the 
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work raises important and controversial questions regarding the role and conduct of molecular 
 testing in guiding therapeutic decisions for lung cancer patients. 

 Various aspects of the evolving knowledge and experience regarding the molecular and 
cellular biology of EGFR mutations, their clinicopathologic associations, and their relation-
ship to EGFR TKI treatment in NSCLC have been addressed in several reviews and updates 
over the past three years ( 22  –  31 ) and a collection of review articles ( 32 ). The purpose of 
this chapter is to provide a comprehensive and up-to-date review of the primary literature 
and current knowledge regarding EGFR TKD mutations, their role in NSCLC biology and 
treatment, other molecular characteristics that affect NSCLC responses to EGFR TKIs, and 
considerations regarding the application of molecular tests to clinical samples of NSCLC.  

  2. EGFR TYROSINE KINASE DOMAIN (TKD) MUTATIONS IN NSCLC  

  2.1. Molecular and Mechanistic Aspects of EGFR TKD Mutations 
  2.1.1. Spectrum and Prevalence of EGFR TKD Mutations 

 The prevalence of somatic mutations in the tyrosine kinase domain region, encoded by 
exons 18-21, of the EGFR in NSCLC ranges from about 10-15 %  in the United States and 
Europe to 20-60 %  in East Asian populations ( 22 ,  33 ). The clinical associations of EGFR 
mutations are addressed in more detail in Section  2.2.1 . The majority (85-90 % ) of mutations 
are exon 19 deletions (e19del) involving ELREA residues 746-750 and the substitution (point 
or missense) exon 21 mutation L858R, with the reported frequencies of e19del vs. L858R gen-
erally being about 1:1 to 2:1. Substitutions at G719X, D761Y, T790M and L861X, and exon 
20 insertions, occur much less frequently than the  “ classical ”  e19del and L858R mutations, 
but have been reported by multiple groups. A few dozen other mutations, nearly all single-base 
substitutions, have been reported only once or very rarely. The significance of these novel or 
very rare mutations is open to debate. PCR-based sequencing artifacts can result from formalin 
fixation of tumor tissues or the use of very small tumor samples, and different mutation detec-
tion techniques vary in their sensitivities and their abilities to detect mutations that are present 
in only a small fraction of tumor cells or amplified alleles (see Sections  9.1.3  and  9.2 ). The 
methods used in studies of EGFR mutations in clinical NSCLC samples should be carefully 
considered, especially when the data seem unusual in terms of mutation frequencies or the 
numbers of novel substitution mutations ( 34 ,  35 ). Gu et al. ( 36 ) have created a public database 
of reported somatic EGFR mutations or sequence variations in NSCLC which can be accessed 
at   http://www.cityofhope.org/cmdl/egfr_db    , and authors are encouraged to submit new data 
to that database. The Sanger Institute Cancer Genome Project COSMIC website (  http://www.
sanger.ac.uk/genetics/CGP/cosmic/    ) has a very useful compendium of reported mutations and 
sequence variations in many genes including the EGFR in a variety of cancer types.  

  2.1.2. EGFRvIII in NSCLC 
 The groups who discovered the EGFR TKD mutations in NSCLC began their investigations 

by direct sequencing the coding sequence of the entire gene and focused further investigations 
on the TKD exons after finding mutations in this region. The EGFR variant III extracellular 
domain deletion of exons 2-7, which is well known in glioblastomas, has also been investigated 
recently in NSCLC by several groups using RT-PCR to analyze mRNA transcript sequences. 
Sasaki et al. ( 37 ) detected EGFRvIII in eight of 252 (3 % ) NSCLC cases; seven of the eight 
were in squamous cell carcinomas. These authors showed that EGFR gene copy number was 
higher in EGFRvIII-positive cases than in non-vIII cases, and that the EGFRvIII was exclusive 
of EGFR TKD mutations found in 60 cases. Ji et al. ( 38 ) detected EGFRvIII in none of 123 
lung adenocarcinomas and in three of 56 squamous cell carcinomas. Ohtsuka et al. ( 39 ) found 
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EGFRvIII in zero of 31 squamous cell, zero of four adenosquamous, and in one of seven large 
cell carcinomas. These authors did not find any cases having EGFRvIII in a previous report 
( 40 ). EGFRvIII immunohistochemistry using variant-specific antibodies in earlier studies gave 
somewhat variable results, with reports of EGFRvIII being present in NSCLC and absent in 
normal lung (Sonnweber et al: 42 %  in NSCLC overall ( 41 ); Garcia de Palazzo et al: two of 
13 squamous cell carcinoma, zero of ten adenocarcinomas, three of nine other; 16 %  overall 
( 42 )) and present in both NSCLC (42 %  of squamous cell and 41 %  of adenocarcinomas) and 
in normal lung ( 43 ). In contrast to glioblastomas, which can show the type III  EGFR  gene 
rearrangements, it is very likely that EGFRvIII expression in NSCLC results from alternative 
splicing rather than from actual genetic alterations ( 43 ).  

  2.1.3. Cytogenetics of EGFR TKD Mutations in NSCLC 
 The tumor cytogenetic status associated with EGFR TKD mutations in NSCLC has been 

inferred largely from the analysis of relative peak heights of the wild-type and mutant alle-
les in sequencing chromatograms. These analyses  suggest that most EGFR mutations are 
heterozygous. The accuracy of this interpretation, however, depends on the tumor cell con-
tent of the tumor tissue sample, since non-tumor stromal, vacular, and inflammatory cells 
will contribute wild-type sequence. Furthermore, fluorescence in situ hybridization (FISH) 
cytogenetic studies have demonstrated that about 30-50 %  of NSCLC cases acquire EGFR 
gene copy number gains, and several reports indicate that there is some degree of associa-
tion between NSCLC cases showing EGFR mutation and increased copy number by FISH 
(see Section  5.4 ). Sequencing chromatograms showed only the mutant allele in 33 %  of cases 
( 44 ), and a comparison of peak heights in sequencing chromatograms was interpreted as 
showing amplification of the mutant allele in about 40 %  of cases ( 33 ). The original reports 
describing EGFR mutations included one case with homozygous in-frame deletion at exon 
19 ( 19 ) and two cases with homozygous exon 19 deletions ( 21 ). The absence of wild-type 
sequence in sequencing chromatograms could be due to homozygous mutations, loss of 
a wild-type allele or selective amplification of a mutant allele. In order to more precisely 
define the cytogenetic alterations associated with EGFR mutations, a combination of differ-
ent techniques is necessary. Conde et al. ( 45 ) described a case that was EGFR-amplified by 
FISH and showed only mutated EGFR in the sequence analysis, indicating selective amplifi-
cation of the mutant allele. Ma et al. ( 46 ) provided a detailed examination of a NSCLC case 
in which homozygous EGFR mutation in primary tumor and metastasis occurred through 
a combination of LOH, with deletion of a normal allele resulting in a hemizygous state, 
together with amplification of the mutant allele. These types of changes may not be unusual 
since NSCLC frequently show complex cytogenetic alterations with extensive chromosomal 
gains, losses, and rearrangements ( 47 ,  48 ).  

  2.1.4. Oncogenic Signaling by Mutant EGFRs 
 The effects of the most common EGFR TKD mutations, e19del and L858R, on EGFR 

kinase activity, signaling pathway activation and transforming activity have been studied in 
detail in a variety of experimental systems. The findings from various laboratories are not 
always in agreement. This may reflect, at least in part, differences in experimental models 
such as endogenous receptors vs. transfected receptors in cells vs. purified kinases, or dif-
ferences in the molecular mileu between different cell types such as expression of EGFR 
co-receptors and ligands, endogenous EGFR copy number, and the genetic and activation 
status of other signaling molecules. 

  2.1.4.1 Receptor Activation and Turnover 
 The elegant structural studies of Yun et al. ( 49 ) revealed that mutations activate the kinase 
by disrupting autoinhibitory interactions. Some studies have found that the mutant receptors 
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are constitutively activated in the absence of added ligand ( 50  –  55 ) although the mutant 
receptors retain  ligand dependence for receptor activation ( 20 ,  56  –  58 ). The e19del and 
L858R mutants exhibited enhanced enzymatic properties relative to wild-type EGFR ( 57 , 
 59 ), increased levels of autophosphorylation ( 20 ,  51 ,  59 ,  60 ) and prolonged signaling 
activation ( 20 ,  56 ), although the study of Pao et al. ( 21 ) gave somewhat different findings. 
At least some EGFR mutations may lead to altered kinetics of receptor turnover, which 
could contribute to prolonged receptor signaling. Unlike wild-type EGFR, the L858R and 
e19del mutants are stabilized by interacting with HSP90 and are sensitive to degradation 
following HSP90 inhibition with geldanamycin ( 61 ). Furukawa et al. ( 58 ) found that the 
e19 del-EGFR lacked EGF-induced phosphorylation at the Cbl binding site Tyr 1045, and 
cells exhibited impaired EGF-induced endocytosis, ubiquitination, and downregulation 
of the e19del-mutant EGFR, whereas the L858R mutant exhibited phosphorylation at Tyr 
1045, and its downstream signaling was not prolonged. Chen et al. ( 62 ) found that the 
S768I, L861Q, E709G, and G719S mutants did not undergo ligand-induced ubiquitination 
and had more sustained tyrosine phosphorylation. E709G and G719S also lacked EGF-
induced receptor down-regulation. The several autophosphorylation sites in the activated 
EGFR exhibit differential patterns of phosphorylation in the mutant receptors as compared 
with the wild-type receptor ( 50 ,  57 ,  60 ,  62 ), which may result in the differential activa-
tion of downstream signaling pathways upon which tumor cells are dependent. However, 
Choi et al. ( 52 ) did not observe differences in autophosphorylation patterns in the mutant 
receptors.  

  2.1.4.2. Receptor Signaling Pathways 
 The mutant EGFRs preferentially activate Akt and  STAT signaling pathways which pro-

mote cell survival, whereas the mutant receptors appear to be unlinked to MAP kinase path-
way signaling, which controls proliferation ( 50 ,  53 ,  55 ). Tumor cells expressing mutant 
EGFR undergo apoptosis when receptor signaling is inhibited ( 50 ,  63  –  65 ), demonstrating 
their dependence on survival pathways. The association of EGFR receptor mutations and 
Akt pathway activation has been confirmed in some immunohistochemical studies of human 
NSCLC tumor samples using phospho-specific antibodies ( 45 ,  66 ,  67 ), although other stud-
ies did not find significant associations between EGFR mutations and phospho-Akt IHC 
( 68 ,  69 ). 

 Since the EGFR does not contain tyrosine phosphorylation sites which directly 
engage the p85 regulatory subunit of PI-3-kinase, the coupling of EGFR activation to 
Akt pathway signaling must occur indirectly. One way in which this could occur is 
through heterodimerization of the activated EGFR with Her3, which does contain mul-
tiple p85 binding sites and can strongly activate Akt pathway signaling ( 70 ), and may 
be a key link between EGFR and Akt signaling ( 71 ). Another mechanism could involve 
K-ras activation, which may couple to Akt either via direct binding to the p110 subunit 
of PI-3-kinase resulting in its activation, or through regulating the activity of PDK2, the 
Rictor-mTOR complex ( 72 ).  

  2.1.4.3. Receptor Tumorigenicity 
 The tumorigenicity of the19del and L858R mutations has been demonstrated in trans-

fected cell lines and in animal models. Fibroblasts and lung epithelial cells expressing the 
mutant receptors acquire anchorage-independent growth and the ability to form tumors in 
immunocompromised mice ( 57 ,  73 ) and Ba/F3 cells transform to interleukin 3-independent 
growth ( 52 ,  74 ). Transgenic mice with inducible expression of L858R and e19del in type II 
pneumocytes developed lung adenocarcinomas, which regressed when treated with EGFR 
inhibitors ( 75 ,  76 ).   
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  2.1.5. EGFR TKD Mutations and Sensitivity or Resistance 
to Inhibitors In Vitro 
  2.1.5.1.  “ Classical ”  EGFR TKD Mutations (Exon 19 deletion or L858R) 
and Increased Sensitivity to Gefitinib and Erlotinib 

 In addition to their effects in promoting EGFR oncogenicity through enhanced recep-
tor signaling and activation of AKT and STAT survival pathways, the e19del and L858R 
mutations confer an enhanced sensitivity of the receptor to inhibition by the reversible 
4-anilinoquinazoline EGFR TKIs. Receptor phosphorylation and phosphorylation of down-
stream signaling molecules are inhibited at several-fold lower concentrations of gefitinib 
and erlotinib in cell lines expressing the mutant receptors compared to those with wild-type 
receptors ( 19  –  21 ,  55 ,  62 ). In vitro kinase assays showed that e19del and L858R mutant 
kinases are more sensitive to enzymatic inhibition by gefitinib and erlotinib, reflecting their 
increased drug affinity ( 57 ,  59 ). Higher affinity  was confirmed by direct binding measure-
ments demonstrating that gefitinib bound 20-fold more tightly to the L858R mutant than 
to the wild-type enzyme ( 49 ). Liu et al. ( 77 ) used a computational structural and energetic 
modeling approach to show that L858R caused gefitinib move closer to the hinge region in 
the TK domain. However, different EGFR TKD mutants may differ in their relative sensi-
tivies to TKIs. Carey et al. ( 57 ) performed enzyme kinetic analyses of the purified kinases, 
which indicated that EGFR exon 19 del(746 – 752) was more sensitive to erlotinib inhibition 
than the EGFR L858R mutant, and confirmed this differential sensitivity between mutants 
in growth inhibition studies of transfected cell lines (although both mutants were more sen-
sitive than the wild-type EGFR). The higher sensitivities of the common mutant vs. wild-
type receptors to inhibition by EGFR TKIs may result in different pharmacokinetic profiles 
related to drug efficacy and toxicity in treating tumors in vivo. In mouse allografts of NR6 
cells transfected with mutant and wild-type EGFRs, Carey et al. ( 57 ) found that significant 
growth inhibition of tumors with wild-type EGFR receptors was only observed at doses of 
erlotinib approaching the maximum tolerated dose for the mouse, whereas the growth of 
e19del and L858R mutant tumors was inhibited by erlotinib treatment at approximately 
one-third the maximum tolerated dose. These preclinical observations raise an important 
question as to whether the doses of EGFR TKIs used clinically are sufficient to inhibit both 
wild-type receptors and mutant receptors in patients. Pharmacodynamic biomarker studies 
in humans have shown that clinical doses of gefitinib or erlotinib indeed can inhibit wild-
type EGFR activation and signaling in normal cells and tumor cells ( 78  –  82 ).  

  2.1.5.2. EGFR TKD Mutations Causing Resistance to Gefitinib and Erlotinib 
 The e19del and L858R mutations were initially discovered by their association with gefit-

inib and erlotinib sensitivity in NSCLC patients, which was subsequently confirmed by in 
vitro experiments. Another mutation, T790M, was subsequently discovered as an acquired 
secondary resistance mutation occurring in NSCLC patients with tumors which had primary 
sensitivity mutations (L858R or e19del) but which subsequently progressed after initiation of 
EGFR TKI therapy. The ability of the secondary T790M mutation to convert drug- sensitive 
EGFR mutants (e19del and L858R) into drug-resistant receptors was then directly dem-
onstrated by expressing the various EGFR mutant constructs in transfected cells ( 83 ,  84 ). 
Notably, an established NSCLC cell line, H1975, was then also found to have the T790M 
mutation, in addition to the L858R mutation which had been previously reported in this cell 
line ( 83 ). Engelman et al. ( 85 ) modeled acquired resistance in vitro by passaging H3255 
NSCLC cells, which carry the EGFR L858R mutation and are EGFR gene-amplified, in the 
presence of gefitinib. Drug-resistant cells acquired T790M in a small fraction of amplified 
alleles, and this second mutation conferred resistance when it occurred in  cis  to the activating 
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mutation. Structural analyses indicate that the T790M mutation impairs the interaction of 
the inhibitor with the binding pocket in the kinase domain ( 84 ,  86 ). The EGFR resistance 
mutation is analogous to imatinib resistance mutations that evolve in ABL kinase ( 87 ) and 
KIT ( 88 ,  89 ) during treatment of CML and GIST, respectively, with imatinib. This common 
mutation site in all three kinases is a highly conserved  “ gatekeeper ”  threonine residue near 
the kinase active site. In addition to its role in conferring secondary resistance to anilino-
quinazoline EGFR TKIs, the T790M mutation also contributes to enhanced receptor kinase 
activity in concert with primary drug-sensitive activating mutations such as L858R and may, 
therefore, be pro-oncogenic ( 55 ,  59 ,  90 ). 

 Another rare mutation, D761Y, has been found clinically as a secondary mutation associ-
ated with acquired resistance ( 91 ). In cell transfection experiments, adding the D761Y muta-
tion did not noticeably change the apparent kinase activity of L858R EGFR. The D761Y 
mutation decreased the gefitinib sensitivity of the L858R receptor in phosphorylation and 
cell survival assays, although the degree of resistance conferred by D761Y was considerably 
less than that of T790M ( 91 ). 

 Exon 20 insertions have been found as uncommon primary mutations in NSCLC series. 
Greulich et al. ( 73 ) found that while transformation of fibroblasts and lung epithelial cells by 
the  “ classical ”  EGFR TKD mutants conferred sensitivity to erlotinib and gefitinib, transfor-
mation by an exon 20 insertion made cells resistant to these inhibitors. Patients with tumors 
bearing exon 20 do not appear to respond to gefitinib ( 92 ).  

  2.1.5.3. In Vitro Sensitivity of Uncommon EGFR TKD Mutations 
to Erlotinib or Gefitinib 

 Comparing the effect of gefitinib on the common e19del and L858R mutants to some 
of the more rare primary TKD mutations, Chen et al. ( 62 ) reported that while gefitinib 
suppressed the tyrosine phosphorylation of most EGFR mutants better than the wild-type 
receptor, the drug had more variable effects on growth suppression in 32D cells transfected 
with different EGFR mutants (relative inhibition: L858R, E746-A750 del, G719S  >  L861Q 
 >  wt  >  S768I, E709G). However, Jiang et al. ( 74 ) found that Ba/F3 cells expressing the 
L858R mutant were much more sensitive to gefitinib than were cells expressing the less 
common G719S mutant. Examining the kinetic properties of purified enzymes, Carey et al. 
( 57 ) determined that L861Q was much less sensitive to inhibition by erlotinib than del746-
750 or L858R. Using computational modeling approaches based on structures and molecular 
dynamics, Liu et al. ( 77 ) developed an algorithm to predict the functional effect of EGFR 
TKD mutations, which was successfully applied to several clinically relevant mutations 
(T790M, L858R, G719C, L861Q, T790M  +  L858R double mutant, and exon 19 delL747-
P753insS). Such modeling approaches might be used to rationally design optimal inhibitors 
for the various mutations as well as to predict their oncogenicities.  

  2.1.5.4. Differential Sensitivity or Resistance of EGFR TKD Mutations 
to Various Classes of EGFR Inhibitors 

 Several laboratories have examined the relative efficacies of different classes of 
EGFR inhibitors against EGFR receptors bearing the variety of mutations discovered in 
clinical samples. Importantly, the drug sensitivity or resistance associated with various 
mutations is drug class-specific, so that mutations that confer resistance to the anilino-
quinazolines (erlotinib and gefitinib) may not be resistant to irreversible inhibitors of 
the EGFR kinase. Carter et al. ( 93 ) showed EKB-569 and CI-1033, but not GW-572016 
and ZD-6474, potently inhibited the gefitinib- and erlotinib-resistant EGFR (L858R/
T790M) kinase. Kwak et al. ( 94 ) demonstrated that HK-272, HK-356 and EKB-569 
effectively signaling of the EGFR (L8585R/T790M). Kobayashi et al. ( 84 ) noted that 
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the T790M mutation in the context of e19 del747-S752 could be inhibited by CL-
387,785. By contrast, L858R EGFR with the D761Y  “ resistance ”  mutation was less 
sensitive to HKI-272 than to gefitinib ( 91 ). Greulich et al. ( 73 ) found that fibroblasts 
and lung epithelial cells transformed by an exon 20 insertion were resistant to erlotinib 
or gefitinib but were more sensitive to the irreversible inhibitor CL-387,785. Yuza et 
al. ( 95 ) compared erlotinib and HKI-272 across a series of EGFR mutants expressed in 
Ba/F3 cells. Erlotinib was a more potent inhibitor of the common e19 deletion mutants 
than was HKI-272, whereas HKI-272 more potently inhibited the L858R, other erlo-
tinib-sensitive mutants, and erlotinib-resistant mutants including T790M and e20ins 
mutants. Kwak et al. ( 94 ) generated gefitinib-resistant NSCLC cells which did not have 
a second resistance mutation in the EGFR but which maintained their dependence on 
EGFR signaling. These cells, which acquired gefitinib resistance through a mechanism 
other than secondary mutations, were still sensitive to irreversible inhibitors, such as 
HK-272. Newer drugs in development with various kinase specificities, such as EXEL-
7647, also have activity against the T790M mutation ( 96 ). 

 The EGFR mutations that confer particular sensitivity (e.g., e19del, L858R) and resist-
ance (e.g., T790M) to erlotinib and gefitinib do not change the sensitivity of the EGFR to 
inhibition by the ECD-directed monoclonal antibody cetuximab ( 64 ,  76 ,  97 ,  98 ). A small 
clinical study of cetuximab in NSCLC showed no evidence of improved response in tumors 
with EGFR TKD mutations ( 99 ,  100 ).    

  2.2.Clinical — Pathological Relationships of EGFR TKD Mutations 
  2.2.1. Demographic Associations 

 After EGFR mutations in EGFR TKI responders were first identified by the Boston 
and New York groups, other investigators in North America, Europe, Japan, South Korea, 
mainland China and Taiwan have reported the incidence and clinical-pathological rela-
tionships of EGFR mutations in NSCLC. EGFR mutations in NSCLC are found more 
frequently in East Asian populations (20-60 % ) than in Western, primarily Caucasion, 
populations (10-17 % ). In both Asians and non-Asians, EGFR mutations occur more fre-
quently in women than in men, are associated with adenocarcinoma histology, and are 
very often present in NSCLC arising in patients with a minimal or never-smoking history 
whereas current or formerly smoking patients have a much lower frequency of EGFR 
mutations ( 26 ,  29 ,  33 ,  40 ,  44 ,  45 ,  101  –  122 ). The statistical significance in univariate and 
multivariate analyses of the associations of EGFR mutations with these various clinical 
and pathologic features ( 33 ,  44 ,  110 ,  114  –  117 ,  120 ) may depend upon the sample sizes 
of the patient subgroups being compared, the demographic background of the popula-
tion under study, and the accuracy of the mutation detection methodology. For example, 
Marchetti et al ( 116 ) found never smoking, female sex and adenocarcinoma (bronchi-
oloalveolar subtype) were all independently associated with EGFR mutations status in 
multivariate analyses, whereas Chou et al ( 35 ) found no significant association of EGFR 
mutations with gender, smoking status or tumor histology. However, the latter study also 
reported an unusually high number of novel point mutations, which raises the possibility 
that some of the reported sequence alterations might represent technical artifacts rather 
than true tumor mutations (( 123 ); see Section  9.1.3 ). Analysis of the multinational phase 
III study of erlotinib in advanced NSCLC, BR.21, found a significant significant associa-
tion of EGFR TKD mutations with adenocarcinoma histology and Asian ethnicity, but 
not with gender or smoking history ( 34 ). This analysis also reported an unusually high 
number of novel point mutations, with the possibility that some of these might not represent 
true tumor mutations.  
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  2.2.2. Associations of EGFR, KRAS and p53 Mutations With Smoking 
History and With Each Other 

 A history of never or minimal smoking is the strongest clinical predictor of harboring an 
EGFR mutation in NSCLC ( 108 ,  110 ,  114 ). Sequist et al. ( 108 ) found that each pack-year 
of smoking corresponded to a 5 %  decreased likelihood of having an EGFR mutation. The 
groups of Kosaka et al., Tokumo et al. and Mounawar et al. ( 44 ,  120 ,  122 ) also observed that 
increasing smoke exposure was inversely related to EGFR mutation rate. Pham et al. ( 124 ) 
found that mutations were less common in people who smoked for more than 15 pack-years 
or who stopped smoking cigarettes less than 25 years ago, and Sugio et al. ( 114 ) observed 
EGFR mutations more frequently in patients who smoked  < or = 20 pack-year, and in patients 
who quit at least 20 years before the date of diagnosis for lung cancer. It is important to 
recognize that this does not mean that EGFR mutations do not occur in patients who have 
smoked; for example, in the NSCLC case series examined by Yang et al. ( 125 ), 50 %  of 
EGFR mutations occurred in current or past smokers, and in the phase III TRIBUTE clinical 
trial of erlotinib and chemotherapy in NSCLC, 83 %  of the cases with EGFR mutations had a 
history of smoking ( 126 ). Rather, in NSCLC tumors arising in patients with a never- or mini-
mal-smoking history, EGFR mutations are present much more commonly than in the tumors 
arising in patients who smoked. EGFR mutations in smokers do not carry the characteristic 
signatures of mutagens in cigarette smoke ( 36 ) suggesting that these mutations arise from 
a causative mechanism independent of smoking. By contrast, mutations in KRAS and p53 
which are associated with clinical smoking history typically reflect alterations, such as G:C 
to T:A transversions and A:T-to G:C transitions, induced by the formation of DNA adducts 
with various reactive mutagens in tobacco smoke ( 12 ,  44 ,  127 ,  128 ). In direct comparisons 
of smoking history to the occurrence of EGFR and KRAS mutations, EGFR mutations were 
more frequent in patients with little or distant smoking history whereas KRAS mutations 
were more often found in smokers than in never smokers ( 33 ,  106 ,  114 ), and more often in 
high-dose smokers than in low-dose smokers ( 114 ). Likewise, in the phase III TRIBUTE 
clinical trial, EGFR mutations occurred in patients who had never smoked, as well as in 
those with a history of smoking, whereas KRAS mutations were found only in smokers 
( 126 ). EGFR and KRAS mutations are nearly always mutually exclusive, that is, NSCLC 
tumors may contain mutations in either gene but not in both ( 33 ,  45 ,  102 ,  105 ,  106 ,  110 , 
 112 ,  114 ,  116 ,  129 ,  130 ) although rare cases of EGFR and KRAS co-mutation have been 
reported ( 92 ,  126 ). The remarkable separation of NSCLC cases with EGFR and KRAS 
mutations probably cannot be explained solely by their different association, or lack thereof, 
with exposure to mutagens in smoke, as EGFR mutations do occur with some frequency in 
patients who have smoked and yet KRAS mutations are very rarely seen in EGFR-mutated 
tumors in smokers. An attractive hypothesis is that there is functional redundancy between 
the two genes so that when the tumor cells already carry one of the mutations, the acquisition 
of the second mutation confers little additional biological advantage and does not undergo 
selection during tumor evolution. 

 A wide spectrum of p53 mutations occur in NSCLC. Some of these result from the G:
C-to-T:A transversions and A:T-to-G:C transitions caused by mutagens produced by tobacco 
smoking, whereas others appear to be unrelated to smoking ( 12 ,  44 ,  122 ,  127 ). In contrast 
to the situation of KRAS and EGFR mutations, p53 mutations are not mutually exclusive 
of EGFR mutations ( 44 ,  106 ,  122 ). However, the spectrum of p53 mutations seen together 
with EGFR mutations is different from that which occurs in the absence of EGFR mutations, 
with the smoking-associated p53 mutations tending to be excluded from cases having EGFR 
mutations ( 44 ). A case of EGFR-mutated NSCLC arising in a patient with Li-Fraumeni syn-
drome, which is caused by germline p53 mutation, has been reported ( 131 ). 
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 Although EGFR mutations in NSCLC are somatic, occurring in the tumor cells but not in 
normal cells from other tissues such as blood, EGFR mutations are detected in histologically 
normal respiratory epithelium from lung cancer patients, suggesting a localized field effect 
phenomenon consistent with exposure to an environmental agent ( 132 ). Environmental or 
occupational agents other than smoking, which have been implicated in lung cancer include 
radon, cooking fumes, asbestos, heavy metals, polyvinyl chloride, human papillomavirus 
infection ( 12 ). A study of 19 NSCLC cases associated with radon exposure found that p53 
mutations were present in 9 (50 % ) tumors but none of these were G:C-to-T:A transversions, 
and KRAS mutations were absent ( 133 ). Thus, the genotoxic effects of radon exposure 
appear to be different from those of tobacco smoke.  

  2.2.3. Ethnicity 
 The association of higher EGFR mutation rates with East Asian ethnicity compared to 

Western populations was introduced in Section  2.2.1  above. Several studies in East Asian, 
U.S. and European centers analyzed both EGFR and KRAS mutations in their patient 
cohorts. EGFR mutation rates are consistently higher, and KRAS mutation rates are lower, 
in NSCLC studied in East Asian populations compared to Western, largely Caucasian, series 
of patients. NSCLC series comparing EGFR and KRAS mutation in series from the United 
States, Europe, and Australia have found mutation rates of 10-15 %  in EGFR and 12-30 %  for 
KRAS whereas series from Japan, China and Korea show mutation rates of 17-42 %  in EGFR 
and 3-13 %  in KRAS ( 33 ,  44 ,  45 ,  102 ,  105 ,  110 ,  112 ,  114 ,  116 ,  126 ,  129 ,  130 ,  134 ,  135 ). 
Since EGFR and KRAS mutations have different associations with smoking history (section 
 2.2.2 ), these data suggest that a higher proportion of NSCLC arising in East Asians may have 
a causative mechanism other than smoking, compared to Western NSCLC patients. It is pos-
sible that there could be an inherited predisposition to developing EGFR mutations in Asian 
peoples, or that in Asian countries or cultures there are particular exposures to environmental 
factors that promote EGFR mutations in the lung. Notably, within a North American patient 
cohort, Riely et al. ( 28 ) found that EGFR mutations were significantly more frequent in 
patients of Asian background. Whether this association persists in ethnic Asians living in 
the West beyond the first generation is presently unknown. Comparing African American 
and Caucasion patients in North America, Yang et al. ( 125 ) found EGFR mutations in 14 %  
of Caucasions but in only one of 41 (2.4 % ) of African Americans, whereas Riely et al. ( 29 ) 
concluded there was no difference in EGFR mutation rate in African Americans compared 
to Caucasians. A study of Saudi Arabian patients found one EGFR mutation in 34 (3 % ) of 
NSCLC cases ( 136 ), suggesting that the mutations might occur less frequently in Middle 
Eastern than in Western and East Asian populations. EGFR mutation rates reported from 
various European centers have been fairly consistent, including Spain, 12-13 %  ( 45 ,  115 ); 
Italy, 10 %  ( 116 ,  134 ); Finland, 10 %  ( 137 ). A study of Greek and Czech patients reported an 
EGFR mutation frequency of 15 %  ( 113 ) but was rather unusual in that several novel EGFR 
mutations were reported, and the KRAS mutation frequency was only 8 % .  

  2.2.4. Histopathologic Types of NSCLC 
 In NSCLC, EGFR mutations are limited largely to adenocarcinomas and are relatively rare 

in squamous cell and large cell carcinomas. Several studies have found that EGFR mutations 
in adenocarcinomas are associated with more differentiated features ( 102 ), including bronchi-
oloalveolar carcinomas (BAC) or adenocarcinoma with BAC features ( 40 ,  44 ,  108 ,  114 ,  116 ) 
and papillary subtype adenocarcinomas ( 40 ,  138 ), although the large series of Shigematsu 
et al. ( 33 ) did not find an association with BAC subtype. KRAS mutations are also strongly 
associated with adenocarcinoma histology and occur in BAC. However, EGFR mutations in 
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BAC are associated with the non-mucinous subtype, whereas KRAS mutations are associated 
with mucinous BAC subtype ( 116 ,  139 ,  140 ). EGFR mutation analysis has contributed to 
the molecular pathologic classification of histologically heterogeneous adenosquamous car-
cinomas. EGFR mutations in these tumors, when present, are detected in both squamous and 
adenocarcinoma components ( 39 ,  141 ,  142 ). These tumors therefore appear to be clonal and 
to genetically resemble adenocarcinomas rather than pure squamous cell carcinomas.    

  3. EGFR TYROSINE KINASE DOMAIN MUTATIONS IN TUMOR 
TYPES OTHER THAN NSCLC  

 After the initial discovery of EGFR TKD mutations in NSCLC and their relationship to 
EGFR TKI response, Lynch et al. ( 20 ) also screened a series of 95 primary tumors and 108 
cancer cell lines representing a variety of other tumor types and did not identify the muta-
tions in their sample set. Sihto et al. ( 137 ) screened a larger set of 566 tumor samples rep-
resenting a variety of histologic types and found EGFR TKD mutations in 11 %  of NSCLC 
but not in other tumor types. Likewise, Lee et al. ( 143 ) did not find EGFR TKD mutations 
in common cancer types other than NSCLC. Most recently, Thomas et al. ( 144 ) described 
high-throughput genotyping of oncogene mutations in 1,000 tumor samples of various types 
and reported EGFR TKD mutations only in NSCLC and in a case of leukemia. Additional 
studies have focused more deeply on specific tumor types. 

  3.1. Head and Neck 
 Several investigators have found EGFR TKD mutations in squamous cell carcinomas of 

the head and neck (SCCHN): Lee et al. ( 145 ), three of 41 (7.3 % ; all were exon 19 E746_
A750del); Willmore-Payne et al. ( 146 ), two of 24 (8 % ; exon 20 N771YinsG and G729E); 
Loeffler-Ragg et al. ( 147 ), one of 100 (1 % ; K745R); and Na et al. ( 148 ), 17 of 108 (16 % ). 
However, other studies failed to detect activating EGFR TKD mutations in large series of 
SCCHN ( 149 ,  150 ). Cohen et al. ( 151 ) examined SCCHN, which clinically responded to 
gefitinib and did not detect EGFR TKD mutations in these responsive tumors.  

  3.2. Colorectal 
 In a series of 293 colorectal adenocarcinomas (CRC), Barber et al. ( 152 ) found only one 

case (0.34 % ) with a mutation in the EGFR TKI, whereas Nagahara et al. ( 153 ) reported 
EGFR TKD mutations in four of 33 (12 % ) tumor cases (but in none of 11 CRC cell lines). 
Moroni et al. and Ogino et al. ( 154 ,  155 ) examined two different clinical series of CRC, each 
including 31 patients, and both studies found one of 31 cases having missense TKD muta-
tions (G857R, G724S). Endo et al. ( 156 ) found no EGFR mutations in 70 cases of CRC and 
Kimura et al. ( 157 ) found no mutations in 12 CRC cell lines.  

  3.3. Biliary Tract 
 EGFR TKD mutations in cholangicarcinomas (bile duct or gallbladder adenocarcinoma) 

were investigated in two studies. Gwak et al. ( 158 ) found the  “ classical ”  TKI-sensitive e19del 
mutation in three of 22 (13.6 % ) cholangiocarcinomas, while Leone et al. ( 159 ) found missense 
point mutations in the EGFR TKD in six of 40 (15 % ) cholangiocarcinomas; two of these muta-
tions had been previously described in NSCLC including the T790M  “ resistance ”  mutation.  

  3.4. Esophagus 
 Kwak et al. ( 160 ) found classical e19delE746-A750 and L858R mutations in two of 17 

(12 % ) esophageal adenocarcinomas and three of 21 (14.2 % ) cases of Barrett’s esophagus, as 
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well as one case of adenocarcinoma and matched Barrett’s esophagus, which had a T790M 
mutation in both samples. Guo et al. ( 161 ) found novel missense or nonsense point muta-
tions in the EGFR TKD in four of 87 specimens of primary esophageal carcinoma or dyspla-
sia and in one esophageal cancer cell line, and Sudo et al. ( 162 ) found a G719D mutation in 
one of 50 primary esophageal cancers. However, several other studies did not detect amino 
acid-altering EGFR TKD mutations in series of esophageal carcinomas and cancer cell lines 
( 156 ,  157 ,  163  –  166 ).  

  3.5. Pancreas 
 In pancreatic adenocarcinomas, Kwak et al. ( 160 ) also identified  “ classical ”  TKD muta-

tions in two of 55 cases (3.6 % ), and Lee et al. ( 167 ) found an exon 20 substitution mutation 
in one of 66 cases (1.5 % ), while other investigators did not find amino acid-altering muta-
tions in their series ( 168  –  170 ).  

  3.6. Stomach 
 EGFR TKD mutations have not been found in primary gastric adenocarcinomas ( 156 ,  166 , 

 171  –  173 ) although a missense mutation was reported in one gastric carcinoma cell line ( 157 ).  

  3.7. Prostate 
 In prostate adenocarcinomas, Douglas et al. ( 174 ) found novel missense mutations in the 

EGFR TKD in four of 89 (4.4 % ) of localized tumors, while Curigliano et al. ( 175 ) found no 
EGFR mutations in eight hormone-refractory cases.  

  3.9. Breast 
 Most series have not found EGFR TKD mutations in breast cancers ( 20 ,  144 ,  176 ) 

although one study reported the presence of missense EGFR TKD mutations in seven of 48 
(14.6 % ) of sporadic breast cancers and in 11 of 24 (45.8 % ) of cancers in BRCA1/2 muta-
tion carriers ( 177 ). Unexpectedly, laser-capture microdissection of the tumors in that study 
showed that the majority of the EGFR mutations were detected in the stromal cells but not 
in tumor cells. This unusual finding remains to be verified.  

  3.10. Renal 
 Franco-Hernandez et al. ( 178 ) described an EGFR e19del mutation in a brain metastasis 

of renal cell carcinoma, while Sakaeda et al. ( 179 ) found no EGFR TKD mutations in 19 
cases of renal cell carcinoma.  

  3.11. Ovarian 
 Schilder et al. ( 180 ) discovered EGFR TKD mutations in two of 57 (3.5 % ) of ovarian can-

cers. One of the mutated cases was from a clinical trial of gefitinib in ovarian cancer, and was 
the only patient to exhibit an objective response in that trial. Lassus et al. ( 181 ) (198 cases), 
Stadlmann et al. ( 182 ) (80 cases) and Lacroix et al. ( 183 ) (20 cases exhibiting response or 
stable disease on treatment with gefitinib in combination with carboplatin and paclitaxel) did 
not detect any amino-acid sequence altering EGFR mutations in ovarian cancers.  

  3.12. Glioblastoma 
 In addition to the well-known EGFR ECD deletions such as variant III, novel missense 

mutations in the EGFR ECD have been recently described in GBMs ( 137 ,  184 ). Mutations 
in the EGFR TKD were reported in two of 69 (3 % ) glioblastomas in Japan and in four 
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of 81 (5 % ) glioblastomas in Switzerland ( 185 ) and in one of 151 (0.7 % ) of GBMs and 
 gliomas ( 184 ) while other studies did not find TKD mutations in series of GBMs ( 137 ,  152 , 
 186  –  189 ).  

  3.13. Sarcoma 
 Bode et al. ( 190 ) detected missense mutations (P733S and A840T) in one of 13 cases of 

synovial sarcoma.  

  3.14. Other 
 Amino acid sequence-altering EGFR TKD mutations were not found in hepatocellular carci-

nomas ( 191 ), nasopharyngeal carcinomas ( 192 ), thymomas and thymic carcinomas ( 193 ,  194 ), 
gastroenteropancreatic neuroendocrine tumors ( 195 ) or testicular germ-cell tumors ( 196 ). 

 In summary, EGFR TKD mutations occur infrequently in tumor types other than NSCLC, 
although continued examination of the less-common tumor types and of pathological and 
genetic tumor subtypes might identify occasional associations in the future. Studies that 
report unusual numbers of novel or rare substitution mutations should be critically evaluated 
for methodology, since FFPE tissue processing can introduce artifactual nucleotide changes 
which may not reproducibly detected ( 123 ,  197 ).   

  4. RELATIONSHIP OF EGFR TKD MUTATIONS TO EGFR 
TKI SENSITIVITY AND CLINICAL OUTCOMES 

IN NSCLC PATIENTS  

 The initial discovery of EGFR TKD mutations in NSCLC tumors that responded to EGFR 
TKI treatment ( 19  –  21 ) created intense interest in the possibility that mutation analysis could 
be used to select patients for therapy. However, a number of issues have complicated the pic-
ture, and the role for EGFR mutation testing for therapeutic decision-making is still unsettled. 
These issues include the predictive strength of the relationship of EGFR mutations to clinical 
benefit in terms of overall and progression-free survival as well as response; whether EGFR 
mutations are predictive of specific treatment effects of TKIs or of nonspecific responsive-
ness to any therapy, or are prognostic indicators irrespective of therapy; whether other clini-
cal and molecular characteristics associated with response, survival or EGFR mutation status 
are superior to EGFR mutation testing, or should be used in concert with mutation testing to 
guide treatment decisions; and whether existing methods of mutation testing are sufficiently 
sensitive and accurate to be relied upon for therapeutic decision-making. 

  4.1. Results from Analyses of Non-Randomized Patient Cohorts 
  4.1.1. Retrospective Studies of Tumor Response and Clinical 
Benefit in Patients Treated with EGFR TKIs 

 Presently, the great majority of information regarding the relationship of EGFR mutation 
status to therapeutic effect comes from retrospective analyses of mutations in NSCLC patients 
who received received erlotinib or gefitinib as second or third-line monotherapy. Rates of 
objective radiographic responses, i.e., tumor shrinkage, in such studies are consistently sig-
nificantly higher in EGFR mutant tumors than EGFR wild-type ( 35 ,  68 ,  69 ,  92 ,  101 ,  102 ,  104 , 
 109 ,  110 ,  115 ,  117 ,  120 ,  121 ,  135 ,  198  –  204 ). In these studies, the objective response rates to 
EGFR TKIs were 9-17 %  in EGFR wild type tumors and 46-94 %  in those having EGFR muta-
tions. Potential factors that could underlie the differences in response rates reported for EGFR 
mutant tumors include the numbers of the  “ classical ”  sensitivity mutations vs. other muta-
tions (or sequencing artifacts); case selection biases and response evaluation criteria; and 
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perhaps demographic, pharmacogenetic/kinetic or other patient characteristics that might 
influence response and could differ between study cohorts. Also, these studies were generally 
limited to patient cohorts treated with a single EGFR TKI. Interestingly, a small retrospective 
comparison of patients with EGFR-mutated tumors treated with gefitinib or erlotinib noted 
that gefitinib had significantly higher response rate than erlotinib (78 %  vs 33 % , p = 0.0354) 
( 205 ). While EGFR TKD mutations are often found in tumors that respond to EGFR TKIs by 
decreasing in size, mutations are less frequent in tumors that exhibit disease stabilization on 
EGFR TKI treatment ( 203 ,  206  –  208 ) although Chou et al. ( 35 ) did find that EGFR mutation 
status was an independent predictor for disease control (response  +  stable disease). In terms 
of clinical outcomes, several-fold increases in time to progression (TTP) or progression-free 
survival (PFS) have been reported for EGFR TKD mutants compared to wild-type ( 35 ,  69 , 
 92 ,  110 ,  115 ,  198  –  203 ). Overall survival (OS) for EGFR mutants treated with EGFR TKIs 
was significantly prolonged vs. wild-type in some studies ( 35 ,  68 ,  92 ,  107 ,  109 ,  110 ,  115 , 
 117 ,  135 ,  198 ,  200  –  203 ), while others found no relationship of mutation status to survival or 
an insignificant trend for better survival in mutants ( 69 ,  104 ,  120 ,  121 ,  134 ,  199 ). The small 
study by Jackman et al. ( 205 ), which found higher RR in patients with EGFR mutations 
treated with gefitinib compared to those treated with erlotinib, did not find a difference in 
time to progression or overall survival between gefitinib- treated vs. erlotinib-treated patients. 
Recent retrospective analyses of phase II trials of EGFR TKIs as 1 st  line monotherapy in 
chemonaive NSCLC patients have also found a strong association of EGFR mutations with 
tumor objective responses ( 209  –  211 ) and with prolonged TTP and survival ( 210 ).  

  4.1.2. Clinical Trials of EGFR TKIs in NSCLC Patients Prospectively 
Selected for EGFR TKD Mutations 

 The results from several phase II trials in which patients were prospectively screened 
for EGFR TKD mutations in order to be selected for gefitinib or erlotinib therapy have 
been recently presented at meetings and are being published as full reports ( 212  –  215 ). Reily 
et al. and Costa et al. ( 28 ,  216 ) have summarized the data from prospective studies reported 
as abstracts or full papers to date. The overall objective response rate across the studies was 
approximately 80 % , validating the association between EGFR mutations and high response 
rate indicated from retrospective studies. Median progression-free survivals ranged from 7.7 
to 12.9 months. Median overall survival was 15.4 months in one study and had not yet been 
reached in the rest.  

  4.1.3. Differences in EGFR TKI Treatment Effect in Patients with 
Exon 19 Deletion vs. L858R vs. Other Mutations in Tumors 

 Although both e19del and L858R are  “ classical ”  TKI-sensitive mutations, they may not 
be equivalent in terms of treatment effects of TKIs or prognosis. Retrospective studies of 
EGFR TKI-treated patients found those having tumors with e19del had higher response 
rates than L858R ( 69 ,  117 ,  205 ,  217 ). Another small study, which prospectively selected 
patients based on clinical characteristics but had retrospective  mutation analysis, reported 
that tumors having exon 19 deletions responded well to EGFR TKIs, whereas tumors with 
point mutations exhibited only less-durable response or stable disease ( 207 ). However, Costa 
et al. ( 216 ) examined the combined data from 5 phase II studies which prospectively selected 
patients for gefitinib therapy based on the presence of EGFR mutations. The response rate 
was 80.3 %  (53 of 66 patients) for exon 19 deletion and 81.8 %  (27 of 33 patients) for L858R, 
indicating no difference between the two mutation types. 

 Improved OS and TTP in e19del mutants vs. L858R were reported by Jackman et al., 
Riely et al. and Hirsch et al. ( 69 ,  205 ,  217 ), although Mitsudomi et al. ( 117 ) did not find that 
that mutation class affected survival. In surgical resection patients who were not treated with 
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EGFR TKIs, those with deletions in exon 19 had worse survival and those with the L858R 
mutation had better survival compared to patients wild-type patients but this was not statisti-
cally significant ( 33 ). 

 Comparing the classical drug-sensitive mutations to other uncommon mutations, Ichihara 
et al. 2007 found that the presence of e19del or L858R mutation was a more powerful pre-
dictor of TKI response than other EGFR mutations.  

  4.1.4. EGFR TKD Mutations and Response to Cetuximab in NSCLC 
 In a phase II trial of cetuximab as single agent in recurrent NSCLC, EGFR mutation 

status was analyzed in 39 patients. Of three responders in the trial, two had tissue available 
and neither had a mutation. Of 3 patients with EGFR mutations, two had stable disease as 
best response and one progressed on treatment. This small clinical trial did not suggest any 
association of EGFR mutation status with response to cetuximab ( 99 ,  100 ).  

  4.1.5. Prediction and Prognosis in Patient Cohorts Not Treated 
with EGFR Inhibitors 

 Since control groups for treatment are not included in these retrospective studies of erlo-
tinib- or gefitinib-treated patients, they leave open the question of whether EGFR TKD 
mutation status is predictive for deriving greater clinical benefit with EFGR TKIs, or is a 
prognostic factor irrespective of specific treatment. 

 In studies of NSCLC patients who underwent surgical tumor resections and did not 
receive specific anticancer therapies, several groups ( 33 ,  44 ,  103 ,  218 ) found no significant 
differences in survival related to overall EGFR mutation status, although Tsao et al. ( 103 ) 
noted a trend for shorter median OS in EGFR mutants. By contrast, Ohtsuka et al. ( 40 ) found 
that patients with tumor EGFR mutations had a significantly better prognosis than those 
with wild-type tumors. Notably, when EGFR mutation subtypes were compared, patients 
with exon 19 deletions had poorer survival and those with L858R had better survivals, than 
those without EGFR mutations ( 33 ). Takeuchi et al. ( 219 ) used gene expression profiling 
to classify tumors into  “ terminal respiratory unit (TRU) ”  and  “ non-TRU ”  types, and found 
that the presence of EGFR mutations was a significant predictor of shorter postoperative 
survival for TRU-type tumors. In another profiling approach, Shibata et al. ( 220 ) used array 
chromosomal genomic hybridization (CGH) to identify chromosomal numerical changes 
associated with EGFR mutational status, and categorized tumors into CGH  “ EGFR-MUT ”  
and  “ EGFR-WT ”  groups. The CGH  “ EGFR-MUT ”  group had a significantly poorer dis-
ease-free survival than the  “ EGFR-WT ”  group even though EGFR mutation status alone was 
not  significantly related to DFS. 

 Regarding advanced or metastatic disease treated with chemotherapy, Sequist et al. ( 108 ) 
recently described a retrospective clinical study of NSCLC patients who were routinely 
referred for EGFR mutation testing as part of clinical care. In patients with metastatic tumors, 
the RR to EGFR TKI was 54 %  in EGFR mutants vs. 0 %  in wild-type (p  <  0.0001), while 
the RR to chemotherapy was 25 %  in EGFR mutants vs. 34 %  in wild-type (p  =  0.41). After 
adjusting for other independent clinical predictors of survival, median predicted  survival 
was 3.1 years for EGFR mutants vs. 1.6 years for wild-type across all treatment modalities, 
suggesting that EGFR mutation is a favorable prognostic factor regardless of treatment in 
the metastatic setting. In other retrospective studies of chemotherapy-treated patients, Hotta 
et al. ( 221 ) found that EGFR mutations were significantly associated with a better PFS in 
first-line cytotoxic chemotherapy regimens, whereas Lee et al. ( 222 ) concluded that RR and 
TTP were not affected by EGFR or KRAS mutation status. 

 In summary, in advanced or metastatic disease, EGFR mutations may be a favorable prog-
nostic factor for survival with chemotherapy or other treatment, although EGFR mutations 
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do not appear to be predictive of higher response rates with chemotherapy treatment. The 
data regarding the prognostic implications of EGFR mutations for survival in early-stage 
patients who underwent surgical resection as initial therapy are somewhat conflicting.   

  4.2. Retrospective Analyses of Randomized Phase III Clinical Trials 
of EGFR TKIs in Advanced or Metastatic NSCLC 

  4.2.1. EGFR TKD Mutations as Predictive vs. Prognostic Factors 
 Several large phase III randomized placebo-controlled studies of erlotinib and gefitinb in 

advanced or metastatic NSCLC were completed or in progress at the time of the discovery 
of EGFR mutations in NSCLC. These included 2 nd /3 rd  line EGFR TKI monotherapy after 
chemotherapy failure (erlotinib: BR.21 ( 8 ); gefitinib: ISEL ( 9 )) and first-line combinations 
of EGFR TKI with chemotherapy (erlotinib: TRIBUTE ( 10 ) and TALENT ( 296 ); gefitinib: 
INTACT 1 ( 223 ) and INTACT 2 ( 224 )). In the overall patient populations under study, erlotinib 
monotherapy provided a significant survival benefit in 2 nd /3 rd  line in the BR.21 study, which 
allowed for the successful approval of erlotinib in this setting in the United States, whereas 
ISEL showed a nonsignificant trend for improved survival benefit with gefitinib. By contrast, 
the TRIBUTE, TALENT and INTACT 1 and 2 studies showed that no clinical benefit was 
conferred by combining an EGFR TKI with first-line chemotherapy in nonselected patients. 
When interest in molecular predictors of EGFR TKI efficacy developed, attempts were made 
to collect archived FFPE tumor samples from as many patients in these trials as possible in 
order to assess clinical outcomes in molecular subgroups. There were high hopes that these 
large controlled studies would provide more definitive answers to some of the questions raised 
above regarding the relationship of EGFR mutations to predictive vs. prognostic outcomes. 

 In the molecular analysis of the BR.21 trial ( 34 ), the RR of EGFR mutants was 16 % , vs. 
7 %  for wild-type tumors (p  =  0.37). There was no significant difference in survival benefit 
from erlotinib treatment in patients with classical e19del and L858R mutations (hazard ratio, 
HR: 0.65) compared to wild-type (HR: 0.73) ( 34 ). In the placebo arm of BR.21, patients 
with e19del and L858R mutations had a median OS of 9.1 months compared to 3.5 months 
for wild-type patients ( 34 ,  225 ). Thus, this study suggests that EGFR mutations might have 
positive prognostic impact, but have no predictive value for erlotinib survival benefit. In the 
molecular analysis of ISEL ( 226 ), tumors with EGFR mutations had a higher RR to gefitinib 
than tumors without EGFR mutations (37.5 %  vs. 2.6 % ), but there were insufficient data for 
survival analysis. 

 In the molecular analysis of TRIBUTE ( 126 ), EGFR mutations were associated with 
longer survival, irrespective of treatment (P  <  .001). EGFR mutations were associated with 
improved response rate in patients treated with erlotinib  +  chemotherapy (P  <  .05), but not 
in patients treated with chemotherapy alone. In patients treated with erlotinib  +  chemo-
therapy, EGFR mutations were associated with a trend toward an erlotinib benefit on TTP 
(P  =  .092), but not with improved survival (P  =  .96). In a combined molecular analysis of the 
two INTACT trials ( 199 ), the RR was higher for EGFR mutants vs. wild-type in the gefitinib 
 +  chemotherapy arm but not in the chemotherapy alone arm (not statistically  significant). 
EGFR mutations were associated with a significantly prolonged OS and a trend for prolonged 
TTP irrespective of gefitinib treatment. In TALENT, the RR was higher in EGFR mutants 
vs. wild-type in the chemotherapy  +  erlotinib arm vs. chemo alone arm (not significant), 
and survival and PFS showed trends which were consistent with the results of TRIBUTE 
and INTACT ( 227 ). Overall, the analyses of the phase III first-line trials produced results 
that, while not statistically significant in all studies, were fairly consistent across the trials 
and which indicate that in first-line NSCLC, the presence of EGFR mutations is predictive 
of improved RR over wild-type when EGR TKI is added to chemotherapy, but is prognostic 
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for improved survival vs. wild-type in chemotherapy-treated patients irrespective of whether 
they also receive a EGFR TKI. 

 These studies, together with the uncontrolled studies described in the previous sections, 
indicate that in advanced or metastatic NSCLC: 1) EGFR mutations are a positive prog-
nostic factor for survival in patients who are presently or have previously been treated with 
chemotherapy, irrespective of EGFR TKI treatment; 2) EGFR mutations are predictive of 
increased tumor response rates to EGFR TKIs in patients regardless of previous or concur-
rent chemotherapy; 3) EGFR mutations are not predictive of increased tumor response to 
chemotherapy.  

  4.2.2. Challenges Encountered in Molecular Analyses of Phase III 
Clinical Trials 

 The operational and technical challenges encountered in performing these analyses in 
multicenter (and often multinational) phase III clinical trials will be very useful as lessons 
in helping to plan and implement molecular testing in future drug development efforts. The 
archival tumor specimens available in NSCLC patients are obtained and prepared in a variety 
ways: larger surgical resections and excisional biopsies; small biopsies obtained via bron-
chial endoscopy or by using a cutting needle to obtain a thin core of tissue; cytology speci-
mens such as fine-needle aspirates or sputum samples, where tumor cells suspended in fluids 
can be prepared in cell blocks or smeared directly on microscope slides prior to fixation. The 
amount of tumor available in these samples, and the method by which the tumor cells were 
preserved, may not be technically compatible with the requirements of the molecular assay 
procedure. Sometimes the tumor samples obtained for diagnosis are entirely consumed by 
prior diagnostic testing, so there is no remaining archival tumor sample available for testing. 
Patients were not required to have an adequate tumor sample available for molecular analy-
ses in order to be enrolled in these trials. Thus, the number of patients with successful EGFR 
mutation testing out of the total number of patients enrolled in the phase III trials were: 
BR.21: 177 of 731 (24 % ); ISEL: 215 of 1692 (13 % ) ( 226 ); TRIBUTE: 228 of 1079 (21 % ) 
( 126 ); INTACT: 312 of 2130 (15 % ) ( 199 ); TALENT: 191 of 1172 (16 % ) ( 227 ). The rela-
tively small number of patients with analyzable tumor samples, together with the perform-
ance of retrospective subgroup analyses in each arm of a clinical trial that was randomized 
for treatment but not for mutational status, resulted in severe statistical limitations. The sub-
group sample numbers were often too small to achieve statistical significance in subgroups 
comparisons even when trends appeared obvious, and it was difficult to avoid imbalances in 
patient demographic and other characteristics that may influence outcome such as perform-
ance status, tumor stage, age, ethnicity, etc. Furthermore, the small amount of tumor present 
in many NSCLC samples results in a limited reliability of mutational analysis results. Some 
studies required that each tumor be tested more than once and that only those with consist-
ent results were included in the analysis (e.g., ( 126 )) while other studies included the results 
from samples that were too small to allow confirmatory testing ( 103 ). Confirmatory testing 
is advisable when possible to avoid artifactual or spurious results ( 123 ).   

  4.3. EGFR Mutations Associated with Acquired or Primary Resistance
 to EGFR TKIs in NSCLC 

 NSCLC tumors with classical drug-sensitive EGFR TKD mutations frequently show an 
initial response to erlotinib or gefitinib, but the duration of response can be quite variable 
and ultimately most patients will develop disease progression despite TKI therapy. Such 
tumors can be thought of as having developed acquired resistance to therapy while on 
treatment. When the recurrent tumors could be biopsied for re-analysis, a second substitu-
tion mutation associated with resistance to gefitinib and erlotinib, T790M, was found in 
about 50 %  of cases ( 83 ,  91 ). The secondary resistance mutations were easily detected in 
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the tumor recurrences after treatment but were rarely detected in primary tumors. Kosaka 
et al. ( 228 ) noted that NSCLC patients with acquired gefitinib resistance and secondary 
T790M mutations tended to be women, never smokers, and carrying deletion mutations, 
but the T790M was not associated with the duration of gefitinib administration. Another 
mutation, D761Y, occurs much more rarely as a second mutation associated with acquired 
resistance ( 91 ). Exon 20 insertions have been found as uncommon primary mutations in 
NSCLC series and are associated with TKI resistance in experimental systems ( 73 ) and 
in patients ( 92 ), but these do not seem to occur as secondary mutations in the context of 
recurrent tumors that have a primary sensitivity mutation and that develop acquired resist-
ance on therapy. 

 Although the T790M mutation seems to develop secondarily after EGFR TKI treatment 
of NSCLC tumors that have a primary sensitivity EGFR TKD mutation, it is likely that in 
many cases the T790M mutation is already present in a subpopulation of tumor cells prior 
to therapy. During treatment, the growth of cells without T790M is inhibited, whereas the 
cells bearing the resistance mutation are not inhibited, so the T790M-containing cell pop-
ulation expands and ultimately gives rise to clinically evident recurrent tumor. Evidence 
that EGFR TKI treatment is not necessary for the resistance mutation to occur comes from 
occasional cases of primary tumors and atypical adenomatous hyperplasia ( 44 ,  229 ) and 
an NSCLC cell line (NCI-H1975) in which T790M mutations in conjunction with another 
TKD mutation were detected by direct sequencing. Inukai M et al. 2006 also found one 
case of T790M + L858R, as well as one of D761Y + L858R and one of e20ins + L858R, out 
of 280 primary NSCLC tumors prior to or without TKI treatment which were examined 
by direct sequencing. These authors then examined the same series of tumors using a 
highly sensitive mutant-enriched assay and discovered nine additional cases containing 
the T790M mutation. The T790M mutation occurred with an EGFR e19del or L858R 
mutation in four cases, with a KRAS mutation in two cases, and in the absence of addi-
tional EGFR or KRAS mutations in four cases. In these cases, T790M mutations showed 
no association with sex, smoking status, or histology but were significantly more frequent 
in advanced tumors than in early-stage tumors. Notably, that study also found that primary 
T790M mutation was present in three of seven patients whose tumors also had sensitivity 
mutations but did not respond to gefitinib, whereas T790M was absent in 19 tumors with 
sensitivity mutations that responded to gefitinib. Likewise, Giaccone G et al. 2006 found 
a T790M mutation in a primary EGFR-mutated tumor that did not respond to erlotinib. 
These observations suggest that NSCLC tumors may harbor variable numbers of tumor 
cells having the T790M mutation. If the initial proportion of tumor cells with T790M is 
rather large, the tumor might be non- or poorly-responsive to erlotinib or gefitinib. If the 
proportion of T790M-containing cells is small, the tumor may initially respond but later 
re-grow as the resistant cells proliferate. 

 Bell et al. ( 111 ) added a fascinating twist to the T790M story by describing a family 
with multiple cases of NSCLC associated with germline transmission of this mutation, sug-
gesting a basis for inherited susceptibility to lung cancer. Four of six tumors analyzed in 
that study showed a secondary somatic activating EGFR mutation, arising in cis with the 
germline EGFR mutation T790M. However, Vikis et al. ( 90 ) screened 237 lung cancer 
family probands and did not find any with T790M mutations, so may be an uncommon 
association.   

  5. EGFR EXPRESSION AND GENE COPY NUMBER IN NSCLC  

 The development programs of EGFR-targeted therapies began well before the discovery 
of EGFR TKD mutations in NSCLC, and it was anticipated that EGFR protein overexpres-
sion or gene amplification might be related to efficacy of EGFR inhibitors, similar to the 
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paradigm established for anti-HER2 (trastuzumab) therapy in breast cancers. The relation-
ship of EGFR expression and gene copy number in NSCLC to clinical outcome with gefitib 
or erlotinib therapy has been investigated in several studies. The varied results of these stud-
ies indicate that EGFR expression, gene copy number and TKD mutation may be partially, 
but not completely, related to one another and may each contribute to some extent to sensi-
tivity to EGFR TKI treatment. However, the results of the studies may be dependent on the 
particular assays used, which emphasizes the importance of developing robust assays for a 
clearly defined molecular endpoint that are suitable for clinical specimens. 

  5.1. EGFR Expression 
 EGFR expression in clinical tumor samples may be assessed by IHC for protein or quan-

titative reverse-transcriptase PCR (qRT-PCR) for mRNA. The interpretation of IHC assays 
is highly subjective, and different scoring systems have been employed by different laborato-
ries. Two scoring systems have been used that have clinical validation. Tsao et al. ( 34 ) used 
a threshold of 10 %  or more cells showing staining, regardless of staining intensity, to define 
 “ IHC positive ” . This was clinically validated by correlation with NSCLC patient survival 
with erlotinib treatment. The Colorado group ( 69 ) developed a system that uses staining 
intensity levels and the percentage of stained cells as multipliers to produce a final product 
score that is a continuous variable. A cutoff can be applied to this score to define  “ low ”  vs. 
 “ high ” , or  “ positive ”  vs.  “ negative ” . This system was clinically validated by correlation with 
NSCLC patient survival with gefitinib treatment. 

 Although some retrospective studies found no relationship between the level of tumor 
EGFR protein expression assessed by IHC and tumor response or survival in patients treated 
with single-agent gefitinib ( 68 ,  230 ) or erlotinib ( 231 ), others found significantly higher 
objective response rate, longer time to progression, and longer survival in EGFR IHC-
 positive vs. IHC-negative patients treated with gefitinib ( 69 ,  232 ) or at least noted a possible 
association between response and high EGFR expression ( 233 ). Analyses of the placebo-
controlled phase III studies demonstrated that EGFR expression status by IHC does impact 
patient outcomes in 2 nd /3 rd  line monotherapy setting. In BR.21, survival was significantly 
longer in the erlotinib-treated group vs. placebo in patients with positive EGFR expression 
in univariate analyses, while in multivariate analyses EGFR expression was significantly 
associated with higher ORR but survival after erlotinib treatment was not influenced by 
EGFR status ( 34 ). Further analysis of the BR.21 data found that patients with EGFR IHC-
positive tumors who never smoked had the greatest survival benefit from erlotinib relative 
to placebo ( 234 ). In the ISEL study, EGFR IHC-positive patients had significantly better 
survival with gefitinib vs. placebo than patients with IHC-negative tumors, and IHC-posi-
tive patients had a higher response rate than IHC-negative patients ( 226 ). EGFR IHC status 
was not associated with outcome in patients treated with chemotherapy alone ( 235 ). 

 Most pathology laboratories have experience in performing immunohistochemistry but 
this technique has limitations and is subject to variables that can negatively impact its repro-
duceability and reliability. There is considerable heterogeneity of EGFR expression lev-
els within NSCLC tumors, such that small diagnostic biopsies are poorly representative of 
EGFR expression in the whole tumor ( 236 ,  237 ). Different antibodies and detection tech-
niques can give different results when analyzing the same specimens, and even the results 
obtained using a standardized EGFR assay kit can be changed if the assay performance 
protocol is altered ( 238 ). Finally, IHC interpretation (scoring) criteria differ between various 
laboratories that may affect the classification of tumors as positive or negative. However, 
Clark et al. ( 239 ) examined the effect of varying the cutoff for classifying patients in BR.21 
as being either IHC-positive or negative, and found no significant differences in survival 
benefit between different cutoff points. Consistent with this, Helfrich et al. ( 240 ) examined 
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EGFR expression and sensitivity to gefitinib in 23 NSCLC cell lines, and concluded that the 
presence of EGFR protein was necessary for drug effect but that expression levels were not 
sufficient for predicting sensitivity. 

 Dziadziuszko et al. ( 241 ) examined EGFR mRNA expression by real-time quantita-
tive reverse-transcriptase PCR (qRT-PCR) in the same cohort of gefitinib-treated NSCLC 
patients previously reported by Cappuzzo et al. ( 69 ). EGFR mRNA was significantly higher 
in responders to gefitinib as compared with nonresponders. Patients with high expression 
had a significantly greater response rate and PFS than patients with low expression, and a 
modest trend toward longer survival. EGFR mRNA expression was significantly correlated 
with protein expression assessed by IHC.  

  5.2. EGFR Gene Copy Number 
 Assessment of EGFR gene copy number by fluorescence in situ hybridization (FISH) 

affords a more quantitative, objective assay interpretation than does IHC and so could be 
expected to be give more reproducible results between laboratories. Furthermore, two-color 
FISH using a chromosomal centromeric control probe allows the distinction of true gene 
amplification vs. aneusomy on an individual cell basis. Across studies, series of NSCLC 
show EGFR gene amplification in about 10-15 %  of cases, and increased EGFR gene copy 
number associated with chromosome 7 polysomy occurs in a larger proportion of cases, about 
20-40 %  (Varella-Garcia M 2006; and see references below). Quantitative PCR (qPCR) is 
another method of assessing gene copy number or  “ gene dosage. ”  For both FISH and qPCR 
methods, there may be differences in published studies about the definitions of increased 
copy number/gene dosage versus gene amplification, and whether  “ positive ”  assays include 
both increased copy number and amplification, or only amplification. These technical and 
interpretive differences must be kept in mind when comparing study results. 

 Several retrospective studies of uncontrolled NSCLC cohorts have shown significantly 
increased response rates and prolonged survival in tumors showing EGFR amplification or 
high copy number (FISH-positive) compared to FISH-negative patients treated with gefit-
inib ( 69 ,  232 ,  242 ,  243 ). In the study of Cappuzzo et al. ( 69 ), FISH appeared to be a stronger 
predictor of survival benefit than IHC. However, other studies did not find a relationship 
between EGFR FISH status and response, TTP/PFS or survival in NSCLC patients on gefit-
inib therapy ( 110 ,  134 ,  201 ). Han et al. ( 92 ) did find an association of high EGFR FISH 
gene copy number with better objective response to gefitinib in univariate analysis, but copy 
number was not significantly associated with prolonged survival. EGFR FISH status was not 
associated with outcome in chemotherapy-treated patients ( 235 ). 

 Retrospective analyses of controlled phase III studies support the predictive value of 
EGFR FISH for predicting response and benefit from EGFR TKI treatment of advanced 
or metastatic NSCLC that failed chemotherapy. In BR.21, EGFR FISH-positive patients 
showed a higher response rate to erlotinib than FISH-negative patients and had significantly 
prolonged survival in the erlotinib-treated group than in the placebo arm, although survival 
was not influenced by EGFR gene copy number in multivariate analysis ( 34 ). In ISEL, high 
EGFR copy number was associated with significantly improved survival on gefitinib treat-
ment and with increased response rate to gefitinib ( 226 ). 

 Very recently, results were reported for a clinical study, ONCOBELL, in which NSCLC 
patients treated with gefitinib were prospectively evaluated for EGFR FISH status ( 244 ). 
EGFR FISH-positive patients, compared with negative patients, had significantly higher RR 
and longer TTP, and showed a trend for longer survival. Consistent with the observed asso-
ciations between EGFR gene copy number and EGFR TKI sensitivity in NSCLC patients, 
Helfrich et al. ( 240 ) found a significant correlation between EGFR gene copy number 
assessed by FISH and gefitinib sensitivity in 23 NSCLC lines. EGFR copy number by FISH 
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and EGFR mutations do not appear to share the same ethnic associations. Unlike EGFR 
mutations, the frequency of EGFR amplification and high polysomy by FISH appears to be 
similar in East Asian and Western populations ( 245 ). NSCLC patients in the Middle East 
appear to have a high EGFR amplification rate assessed by FISH and a low rate of EGFR 
mutations ( 136 ). Because EGFR gene copy number increases are more often associated 
with chromosome 7 polysomy than with selective EGFR gene amplification as assessed by 
FISH in NSCLC, Buckingham et al. ( 204 ) investigated the relationship of chromosome 
7 polysomy to gefitinib efficacy in advanced NSCLC patients. Polysomy was significantly 
associated with increased objective response and overall survival. 

 The relationship between gefitinib sensitivity and EGFR gene dosage has also been inves-
tigated using quantitative PCR (qPCR) methods. Takano et al. ( 202 ) found that high gene 
dosage by qPCR was significantly associated with response rate and TTP but not with OS 
in gefitinib-treated NSCLC patients. Bell et al. ( 199 ) analyzed samples from the phase II 
IDEAL trials of gefitinib. EGFR gene amplification by qPCR was associated with increased 
response rate, but because there were a limited number of samples analyzed and some of 
the amplified cases also had EGFR TKD mutations, the relationship of amplified wild-type 
EGFR to response could not be assessed. The number of samples was too low to allow 
meaningful assessment of the relationship of amplification to TTP and OS. Dziadziuszko 
et al. ( 241 ) analyzed the same cohort previously studied by Cappuzzo et al. ( 69 ) and found 
that EGFR gene dosage did not predict response, PFS, or overall survival. Quite importantly, 
EGFR gene dosage was not related to FISH positivity in that study. The reasons for discord-
ance between copy number assessment by FISH versus qPCR are not clear and should be 
investigated further.  

  5.3. Relationship of EGFR Gene Copy Number and EGFR 
Expression in NSCLC 

 Significant correlations in NSCLC between EGFR gene copy number by FISH and pro-
tein expression by IHC have been reported by several groups ( 69 ,  235 ,  245  –  247 ). However, 
Dacic S et al. 2006 observed that EGFR protein expression appeared to be uncoupled from 
FISH gene amplification in most cases (although good correlation did occur in a subset of 
squamous cell carcinomas) and Willmore-Payne et al. ( 169 ) concluded that polysomy for 
chromosome 7 was not related to EGFR protein overexpression. Likewise, Argiris et al. 
( 206 ) reported that EGFR gene amplification by FISH was not correlated with EGFR IHC, 
and Bell et al. ( 199 ) found that  EGFR  amplification by qPCR accounted for only a small 
subset of cases with high levels of protein expression by IHC. Dziadziuszko et al. ( 241 ) 
reported that EGFR mRNA expression was significantly higher in FISH-positive (high copy 
number or amplified) patients.  

  5.4. Relationship of EGFR Mutations to Gene Copy Number 
and Expression in NSCLC 

 Associations between high EGFR gene copy number and the presence of EGFR TKD 
mutations have been noted in several studies of primary NSCLC tumors ( 45 ,  69 ,  92 ,  109 , 
 110 ,  137 ,  206 ,  242 ,  244 ,  248 ), sometimes reaching statistical significance ( 92 ,  110 ,  206 , 
 244 ), and in series of NSCLC cell lines ( 56 ,  60 ,  240 ). Investigating gene dosage and ampli-
fication by qPCR, Takano et al. ( 202 ) determined that high EGFR copy numbers were 
caused by selective amplification of mutant alleles, while Dziadziuszko et al. ( 241 ) con-
cluded that EGFR gene dosage was not associated with EGFR mutation status and Bell 
et al. ( 199 ) found that of 10 of 14 (80 % ) cases with EGFR amplification had amplification 
of wild-type alleles. 
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 EGFR mutations and EGFR protein expression by IHC have been reported to be both 
associated with one another ( 40 ,  249 ) and not associated ( 103 ). Two studies investigating 
EGFR mutation and EGFR mRNA expression found no significant association ( 109 ,  241 ).   

  6. KRAS MUTATION IN NSCLC AND PRIMARY RESISTANCE 
TO EGFR TKIS  

 Since the EGFR signals through the K-ras to activate signaling through the the MAP 
kinase/Erk and Akt pathways, KRAS mutations might be predicted to subvert tumor cell 
dependence on EGFR activation and thus cause a lack of sensitivity to EGFR inhibitors. 
Several groups investigating this question in clinical series have reported consistently that 
KRAS mutations are associated with non-response, i.e., primary resistance, to gefitinib or 
erlotinib treatment in NSCLC patients ( 92 ,  110 ,  126 ,  130 ,  134 ,  209 ,  250 ). 

 As discussed previously in sections  2.2.2  and  2.2.3 , EGFR mutation rates are higher and 
KRAS mutation rates are lower in East Asian populations or in non-smokers, compared to 
Western Caucasian populations or smokers, respectively. Therefore, the associations of East 
Asian ethnicity or non-smoking status with higher NSCLC response rates to EGFR TKIs 
might reflect a summation of two separate molecular factors: a higher frequency of a molecu-
lar alteration that makes tumors very sensitive to the drugs (EGFR mutation), together with a 
lower frequency of an alteration which causes tumors to be drug-resistant (KRAS mutation). 

 The reported associations of KRAS mutations with time to progression and survival 
in patients treated with EGFR TKI monotherapy are less consistent than the association 
with non-response: Han et al. ( 92 ) found that TTP and OS were not significantly different 
by KRAS status; Massarelli et al. ( 134 ) reported that KRAS mutations were associated 
with significantly shorter median time to progression but not with survival, compared to 
KRAS wild-type; while Endoh et al. ( 130 ) found that survival was significantly shorter 
in patients with KRAS mutations. In the phase III TRIBUTE study, patients with KRAS 
mutation who received erlotinib together with chemotherapy fared considerably worse 
than did patients with KRAS mutations who received chemotherapy alone, or patients 
with wild-type KRAS who received either treatment ( 126 ). The possible mechanistic 
basis for this apparent interaction between KRAS mutation, EGFR TKI, and chemo-
therapy on survival in NSCLC presently is not clear. KRAS mutations have also been 
associated with poor response rates and TTP to the EGFR-targeted antibody cetuximab 
in colorectal cancer patients ( 251  –  253 ). 

 In experimental cell systems, the ability to demonstrate a relationship of KRAS muta-
tion and resistance to EGFR inhibitors may depend on the type of model employed and the 
examined endpoints. For example, Uchida et al. ( 254 ) could induce gefitinib resistance by 
transfecting cells with activated KRAS expression constructs, whereas Suzuki et al. ( 255 ) 
and Yauch et al. ( 65 ) did not note a relationship between the mutation status of endogenous 
KRAS and gefitinib or erlotinib sensitivity in panels of NSCLC cell lines.  

  7. OTHER MOLECULAR CHARACTERISTICS RELATED TO NSCLC 
SENSITIVITY TO EGFR INHIBITORS  

 A variety of other parameters related to EGFR expression, activation and signaling have 
been investigated for their relationship to EGFR-targeted drug sensitivity or resistance in 
NSCLC. The aims of the studies have been to provide a better understanding of the various 
factors that influence drug sensitivity, to gauge the relative importance of these factors, and 
to determine which molecular endpoints or combinations of endpoints might be best used to 
guide clinical decision-making. 
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  7.1. EGFR Intron 1 Simple Sequence Repeats and Promoter 
Single-nucleotide Polymorphisms 

 Germline genetic variants may influence EGFR expression levels. Lower numbers of 
intron 1 CA repeats (associated with higher gene expression levels) and -216G/T SNPs 
may be associated with increased tumor sensitivity to EGFR TKI treatment, as well as an 
increased tendency for patients to develop mechanism-related toxicities such as skin rash 
( 86 ,  110 ,  256  –  258 ). Nomura et al. ( 259 ) recently described a broad investigation of the 
prevalence and associations of EGFR polymorphisms, mutations and amplification across 
a multi-ethnic patient cohort. Polymorphisms associated with increased EGFR expression 
(lower numbers of intron 1 CA repeats and SNPs at -216 and -191) were rare in East Asians 
as compared to other ethnicities. EGFR mutations were more often associated with shorter 
intron 1 CA repeats, and amplification of the shorter allele of CA repeats often occurred in 
tumors having EGFR mutations, particularly in East Asian patients.  

  7.2. AKT Phosphorylation 
 Consistent with the hypothesis that AKT phosphorylation may be indicative of tumors 

in which EGFR downstream signaling is activated, Cappuzzo et al. ( 260 ) first reported that 
gefitinib-treated NSCLC patients whose tumors expressed phospho-Akt by IHC had a better 
response rate, disease control rate, and time to progression than patients with phospho- Akt-
negative tumors. Subsequent studies, however, have suggested that phospho-Akt status alone 
is not strongly associated with clinical benefit from EGFR TKI treatment ( 226 ,  244 ). Other 
studies suggested that phospho-Akt status may be related to improved response or outcome 
when combined with EGFR mutation status ( 68 ,  69 ), EGFR FISH or IHC ( 69 ,  261 ), chromo-
some 7 polysomy ( 204 ) or KRAS mutation status ( 92 ). However, the phase II ONCOBELL 
trial of gefitinib, which enrolled patients prospectively based on never- smoking status, EGFR 
FISH positivity or phospho-Akt positivity by IHC, failed to show any predictive value of 
phospho-Akt status alone or in combination with EGFR FISH status ( 244 ).  

  7.3. PTEN Loss, PIK3CA Mutation, IGFR-1 Expression 
 PTEN loss, mutational activation of PI-3-kinase, or activation of RTKs such as IGFR-

1 might be expected to result in EGFR-independent activation of AKT signaling, making 
this cell survival pathway resistant to EGFR inhibitors. Buckingham et al. ( 204 ) found a 
significant association of PTEN expression with longer overall survival in gefitinib-treated 
patients. However, PTEN expression alone was not related to NSCLC outcome with gefit-
inib treatment in other studies ( 135 ,  262 ) although Endoh et al. ( 130 ) found that in tumors 
with EGFR mutations, survival was longer in those with high PIK3CA or PTEN expression 
than in those with low expression of these molecules. In the latter study, the two patients 
who had PIK3CA mutations had partial responses to gefitinib. Surprisingly, high IGFR-1 
expression was found to be significantly associated with longer survival in gefitinib-treated 
NSCLC although not with greater RR or TTP ( 262 ).  

  7.4. Co-expression of HER2, HER3 and EGFR Ligands; MET Amplification 
 Experiments with panels of NSCLC lines and with transgenic mice indicated that an 

EGFR TKI-sensitive phenotype maybe related to the expression of the EGFR together with 
its co-receptors, HER2 and HER3, and ligands that activate the EGFR signaling complex; 
HER3 expression in particular was related to EGFR TKI sensitivity ( 65 ,  263 ,  264 ). Impor-
tantly, HER3 appears to provide a key link between EGFR activation and PI-3-kinase/AKT 
signaling ( 71 ). In 2005, Hirata A et al. found that overexpression of HER2 by transfection 
of NSCLC cells produced an increased sensitivity to gefitinib, which appeared to be mediated 
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by heterodimerization with HER3. Therefore, HER3 may play an important role in the 
 formation of heteromeric complexes with EGFR and HER2, which drive NSCLC tumor 
cell growth and survival. Examination of tumor samples from gefitinib-treated patients con-
firmed the association with sensitivity of high HER3 expression ( 263 ) and co-expression 
of EGFR, HER2, and HER3 or HER4 ( 265 ). Other studies of primary tumor samples from 
treated patients indicated that increased HER2 gene copy number was related to responses 
to gefitinib ( 69 ,  244 ) but HER2 protein alone ( 266 ) or HER3 gene copy numbers ( 261 ) 
were not related to response. NSCLC tumors with HER2 mutations appear to be poorly 
responsive to gefitinib ( 92 ). Recently, Engelman et al. ( 267 ) described a HER3-mediated 
association between MET amplification and acquired resistance to gefitinib, raising the 
possibility that high levels of MET expression might in some way compete with EGFR for 
its critical signaling partner, HER3. This could represent a second mechanism for develop-
ing acquired resistance in NSCLC, which recur after an initial response to EGFR TKI but 
do not develop resistance mutations (e.g., T790M) in the EGFR.  

  7.5. Epithelial vs. Mesenchymal Differentiation 
 NSCLC show a wide range of cellular differentiation in tumors from different patients, 

and often even within the tumor in a single patient. Well-differentiated tumors are associated 
with the expression of epithelial differentiation markers such as E-cadherin, whereas more 
poorly-differentiated tumors show loss of epithelial differentiation markers and can begin to 
show differentiation markers generally associated with a mesenchymal phenotype, such as 
vimentin. The relationship of the range of differentiation observed in human NSCLC tumors 
to the experimental phenomenon of  “ epithelial-mesenchymal transition ”  (EMT) remains 
controversial ( 268 ). In NSCLC cell lines, epithelial differentiation is associated with sensiv-
ity to erlotinib or gefitinib, while a more mesenchymal phenotype is associated with EGFR 
TKI resistance ( 65 ,  269 ,  270 ). In the phase III TRIBUTE trial, patients whose tumors were 
E-cadherin-positive by IHC exhibited a significantly longer time to progression and a non-
significant trend toward longer survival with erlotinib  +  chemotherapy treatment versus 
chemotherapy alone ( 65 ). E-cadherin expression appears to play a key role in determining 
EGFR TKI sensitivity since restoring E-cadherin expression increases sensitivity to EGFR 
inhibitors in NSCLC cell lines ( 271 ).  

  7.6. EMP-1 Expression 
 Jain et al. ( 272 ) developed an experimental model of acquired gefitinib resistance and 

used differential gene expression profiling to identify epithelial membrane protein-1 ( 272 ) 
as a marker of resistance. The association of EMP-1 expression with gefitinib resistance was 
confirmed in a series of tumor samples from gefitinib-treated NSCLC patients.  

  7.7. Transcript Expression and Proteomic Profiling Signatures 
 Microarray analyses of mRNA expression in training sets of NSCLC cell lines with vary-

ing degrees of EGFR sensitivity were used to develop gene expression signatures that dif-
ferentiated sensitive vs. resistant cell lines. The signatures were validated against a second 
test of NSCLC lines of unknown sensitivity ( 273 ) or against primary NSCLC tumors where 
the expression signature identified tumors with high levels of EGFR activation or EGFR 
mutations ( 274 ). Proteomic approaches have included analysis of tumor tissues from gefit-
inib-responsive and non-responsive patients by 2-D gel electrophoresis to identify a panel 
of discriminator proteins whose predictive power was validated in a second tumor test set 
using a specific immunoassay ( 275 ); and mass spectrometric analysis of serum from NSCLC 
patients patients treated with gefitinib or erlotinib, which generated spectrographic signatures 
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whose predictive power was validated in additional test sets of sera from erlotinib- or 
 gefitinib-treated patients ( 276 ).  

  7.8. Utility of Various Molecular Data Related to EGFR TKI Efficacy 
 The different tumor molecular characteristics related to EGFR TKI efficacy described in 

the previous section suggest potential avenues for predictive molecular diagnostics. Whether 
these can be developed into clinically useful tests for patient selection will depend on the 
further demonstrations of the robustness of the tests and their predictive power. 

 Regardless of whether assays for these various molecular characteristics are suitable as 
tests for patient selection for therapy, the research data are valuable in suggesting strategies 
for combining targeted therapeutics. For example, PI-3-kinase inhibition potentiated gefitinib 
in EGFR TKI-resistant A549 cells which do not express HER3 ( 277 ); inhibition of AKT-
mTOR signaling with rapamycin enhanced the effect of HK-272 in lung tumors of EGFR 
L858R + T790M transgenic mice ( 278 ); histone deacetylase (HDAC) inhibition restored 
E-cadherin expression and EGFR TKI responsiveness in gefitinib-resistant, E- cadherin- deficient 
NSCLC cells ( 271 ); and the HER2 heterodimerization inhibitor, pertuzumab, in combination 
with erlotinib was superior to monotherapy in xenograft models ( 279 ).   

  8. MOLECULAR TESTING IN CLINICAL TRIALS 
AND CLINICAL PRACTICE  

 The studies above indicate that a number of different molecular characteristics may be 
related to the efficacy of EGFR inhibitors in NSCLC, and that some of these characteristics 
may be mechanistically related in various ways, and some may be independent of others. 
The data suggest that there are several possible approaches to molecular testing for patient 
selection and therapeutic decision-making in the clinical setting. Careful and critical evalu-
ation and testing will be needed to determine the preferable assays for clinical use. It may 
well be that combinations of assays will be needed to achieve the desired results ( 68 ,  69 , 
 92 ,  135 ,  198 ,  232 ,  244 ). Ultimately, prospective clinical data will be needed to establish 
the power of molecular testing. Some phase II trials of EGFR TKI have been completed in 
patients prospectively selected for EGFR mutations ( 212  –  215 ) and for EGFR FISH or phos-
pho-AKT positivity ( 244 ). Furthermore, the Dana-Farber/MGH laboratories have instituted 
routine EGFR mutation testing in their NSCLC patients as part of their clinical/pathological 
evaluation protocol and are prospectively following patient outcomes ( 108 ). These studies 
support the ability of molecular testing to enrich clinical trial and clinical practice popula-
tions for enhanced therapeutic efficacy. More clinical trials of EGFR TKIs in NSCLC which 
incorporate molecular testing for EGFR mutations, FISH, IHC and other endpoints in order 
to select patients or for secondary analyses are underway and are being planned (for cur-
rent information regarding federally and privately supported clinical trials, see   http://www.
clinicaltrials.gov/)    , and will be reported as they are completed over the next few years. In the 
end, the strength of the combined data from multiple studies in various settings that test the 
efficacy and safety of the drug, as well as the value and reliability of the molecular tests, will 
determine whether testing becomes an accepted part of therapeutic decision-making.  

  9. PATHOLOGY SAMPLE AND ASSAY CONSIDERATIONS FOR THE 
MOLECULAR TESTING OF NSCLC IN CLINICAL TUMOR SAMPLES  

 The acceptable level of rigor required of a molecular assay may be different for an experi-
mental or clinical trial situation where the main goal is to create subject cohorts that are 
enriched for a molecular characteristic, compared to clinical practice where the assay is used 
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to make individual treatment decisions. The accuracy and reproducibility (both technical and 
clinical) of molecular assessment is highly dependent on every step of the testing process: 
the quality of the sample and the degree to which the sample is representative of the whole 
disease burden within the patient, the performance characteristics of the assay reagents and 
procedure, and the approach used to interpret the results of the assay. 

  9.1. Pathology Samples 
  9.1.1. Sample Type 

 Because gaining wide access to intrathoracic lesions requires major surgery, approaches to 
sample acquisition for pathological diagnosis and staging attempt to be minimally invasive: 
biopsies obtained by bronchoscopy, mediastinoscopy, or core needle biopsy; or cytology 
samples obtained by fine-needle aspiration or sputum sampling. The tumor sample obtained 
by these techniques is quite small in size. Larger excisional biopsies may be performed if the 
lesion is easily accessible. Surgical excision of the entire tumor with curative intent is only 
attempted for limited-stage lesions. Molecular analyses of EGFR can be successfully per-
formed on small biopsy and aspiration samples ( 200 ,  242 ). The limitations of these sample 
types, however, must be recognized, with tumor heterogeneity being a major issue.  

  9.1.2. Tumor Heterogeneity 
 NSCLC tumors are notoriously heterogeneous in several aspects: between different 

regions or cell subpopulations within a single tumor mass, between multiple synchronous 
tumor masses in the same patient, between primary tumors and metachronous metastases, 
and over the course of tumor evolution and progression during treatment (as in the acquisi-
tion of EGFR T790M mutations). The sample size, sampling location and timing of sample 
acquisition can all influence the degree to which a tumor sample is representative of the 
disease burden within the patient at any particular time during the course of disease. 

  9.1.2.1. Intra-tumor Regional Heterogeneity of EGFR IHC and FISH 
 Ferrigan L et al. examined EGFR IHC in 36 resected cases of NSCLC compared to their 

matched preoperative diagnostic biopsies in order to determine whether the IHC status of the 
resected tumor could reliably be predicted from the small diagnostic biopsy ( 237 ). There was 
considerable intratumor regional heterogeneity of EGFR expression in the resected tumors 
and a poor predictive value of the results obtained with the diagnostic biopsies, indicating 
that EGFR IHC of small diagnostic biopsies would have limited usefulness in accurately 
assessing patient tumor status for making treatment decisions. Likewise, Taillade et al. ( 236 ) 
compared the expression of several biomarkers including EGFR in patients having both a 
bronchial biopsy and a surgical resection sample. For EGFR IHC there was no significant 
correlation between the numbers of positive cells in the two sample types, and there was 
a discordance rate of 18 %  in the assessment of the samples as being  “ EGFR-positive ”  or 
 “ EGFR negative. ”  The guidelines published by the Colorado group for the performance and 
interpretation of EGFR FISH in NSCLC include a caution regarding intratumor heterogene-
ity of EGFR gene copy number, where EGFR amplification may be present in specific foci 
of tumor cells or diffusely interspaced among non-amplified tumor nuclei ( 280 ). Therefore, 
the Colorado guidelines  recommend examining several different areas within a tumor for 
EGFR FISH analysis.  

  9.1.2.2. Cellular or Molecular Subpopulations of EGFR Mutations within a Tumor 
 Mutational analyses of EGFR in tumor samples using sensitive detection techniques dem-
onstrated the presence of relatively small numbers of mutated genes that were not evident 
using less sensitive direct sequencing techniques. The presence of primary EGFR mutations 
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in a background of wild-type sequence can reflect a mixture of tumor cells and non-tumor 
stromal cells in a primary tumor sample ( 281 ). Analyses of the T790M second mutation 
in tumors with primary EGFR sensitivity mutations demonstrated the presence of double 
mutant subpopulations that could reflect minor clones of cells or subpopulations of mutant 
alleles in a background of gene amplification ( 282 ). NSCLC lines that presumably represent 
 “ pure ”  tumor cell populations also show heterogeneity in EGFR mutation status ( 283 ). In an 
EGFR TKI-resistant cell line model having both EGFR sensitivity mutation and gene ampli-
fication, a sensitive detection assay demonstrated a T790M-containing subpopulation ( 85 ). 
Those authors proposed that  “ allelic dilution ”  of biologically significant gene mutations 
may go undetected by direct sequencing in cancers with amplified oncogenes.  

  9.1.2.3. EGFR Mutation Heterogeneity between Multiple Tumors in the Same Patient 
 Gallegos Ruiz et al. ( 284 ) examined mutations and chromosomal abnormalities in 3 

patients with multiple NSCLC tumors and found that the tumors were clonal in one patient 
and genetically different in two patients. Kozuki et al. ( 229 ) described a variety of differences 
in the EGFR mutational status between lesions in patients who had synchronous or meta-
chronous multiple adenocarcinomas and/or atypical adenomatous hyperplasia and concluded 
that EGFR mutations may occur randomly even in multiple lesions in a single patient.  

  9.1.2.4. EGFR FISH and IHC in NSCLC Primary Tumors and Metastases 
 Italiano et al. ( 285 ) found a 27 %  discordance in EGFR FISH status, and 33 %  discordance 

in EGFR IHC status, of primary NSCLC tumors compared to their metastases. Their series 
included cases in which the primary tumors were FISH- or IHC-positive and the metastases 
were negative, and cases having FISH- or IHC-negative primaries and test-positive metastases.  

  9.1.2.5. EGFR FISH and Mutations in Tumors Sampled over Time During Therapy 
 In the ONCOBELL trial, Cappuzzo et al. ( 244 ) collected nine pairs of tumor samples 

taken at the time of original diagnosis and after chemotherapy, and 14 pairs of samples taken 
at the time of original diagnosis and after initiating gefitinib therapy, with or without prior 
chemotherapy. In the samples taken before and after chemotherapy, there was 89 %  con-
cordance for both EGFR FISH and mutations. In samples taken before and during gefitinib 
therapy, there was 64 %  concordance for EGFR FISH and 50 %  for mutations.   

  9.1.3. Sample Fixation and Storage 
 The molecular integrity of tumor tissues is optimally preserved by flash freezing of fresh 

tissue samples or by fixation in alcohol. However, since routinely processed archival pathol-
ogy samples are fixed in formalin (or other fixative such as Bouin’s solution) and embedded 
in paraffin blocks, clinically useful assays must be applicable to such specimen preparations. 
Some EGFR mutation analyses using formalin-fixed paraffin-embedded (FFPE) NSCLC sam-
ples have reported unusually high  numbers of novel substitution mutations including C  →  T/G 
 →  A or A  →  G/T  →  C transitions ( 34 ,  35 ). Marchetti et al. ( 123 ) analyzed 70 FFPE NSCLC 
samples and identified 45 unusual  “ mutations ”  were identified, including the 22 transitions 
reported by Tsao et al. ( 34 ). However, these unusual sequence alterations were also found in 
FFPE samples of normal tissues. The sequence changes were shown to be artifacts related to 
formalin fixation resulting from postmortem deamination of cytosine or adenine resulting in 
uracil or hypoxanthine residues, respectively. The occurrence of C  →  T/G  →  A transitions 
could be prevented by the addition of uracil-N-glycosylase to the DNA template prior to PCR 
amplification. Gallegos Ruiz et al. ( 197 ) compared EGFR and KRAS sequence analyses in 47 
matched frozen and FFPE tumor samples and detected 10 nucleotide changes in FFPE samples 
that were not found in the frozen specimens. Upon re-analysis, these nucleotide changes could 
not be confirmed and were most likely the result of paraffin embedding and fixation  procedures. 



Chapter 20 / EGFR Mutations in NSCLC 321

In regard to FISH analysis, pathologist consensus recommendations for HER2 FISH testing 
are to avoid the use of Bouin’s fixative because it can cause the loss of FISH signals ( 286 ) and 
it is probable that EGFR FISH testing is similarly affected by fixation. In general, any fixative 
containing heavy metal ions will likely interfere with DNA analytical procedures, including 
FISH as well as PCR used for sequence analysis. 

 Fixation conditions and storage conditions can greatly affect IHC results in NSCLC 
 tissues. A study of EGFR IHC (Dako pharmDx kit) performance on NSCLC and other 
tumor samples prepared with 8 commonly used fixatives showed that unbuffered formalin 
(4 %  or 10 % ), acetic formalin alcohol and Pen-Fix all resulted in acceptable levels of EGFR 
signal, while Bouin’s fixative or 4 %  neutral buffered formalin resulted in a lower  percentage 
of positively stained tumor cells, and Prefer fixative resulted in poor preservation of tissue 
morphology and poor EGFR staining ( 287 ). When NSCLC tissue  sections are cut from 
paraffin blocks and then stored for various periods of time as unstained   sections mounted 
on glass microscope slides prior to performing EGFR IHC assays, a time- dependent loss 
of immunoreactivity is observed ( 287  –  289 ). DNA is less susceptible to degradation in cut-
sections over time, but long-term storage of cut sections may result in decreased quality 
of FISH and DNA mutational assay results. The molecular degradation that occurs over 
time in slide-mounted cut sections stored in ambient atmospheric conditions probably is 
due to oxidation and humidity. One approach that has been attempted to prevent this is 
to dip the slides in paraffin after sectioning in order to create a protective coating during 
storage of the sections. If this approach is used, extreme care must be taken to ensure that 
the de-paraffinization process is absolutely complete prior to peforming the assay, with 
particular attention paid to frequent refreshment of the xylenes or other solvent solutions 
used for deparaffinization. Any traces of residual paraffin remaining in the sections will 
inhibit antibody or probe penetration into the tissue section and cause loss of signal in IHC 
or FISH assays, and reduce the efficiency of PCR reactions for sequencing.   

  9.2. Assay Sensitivity 
 Direct sequencing is the gold standard for determining amplicon sequences and establish-

ing the identity of mutations and sequence variations. However, direct sequencing is labori-
ous, has a rather low sensitivity, and requires relatively pure samples without contaminating 
nontumor cells for reliable mutation analysis. Therefore, a variety of alternative techniques 
have been devised to allow efficient mutation screening and for the high-sensitivity detec-
tion of specific EGFR mutations in a high background of contaminating wild-type sequence. 
Such techniques include dHPLC/SURVEYOR for mutation screening and high-sensivity 
detection ( 281 ), s-RT-MELT ( 290 ), Scorpion Amplified Refractory Mutation System tech-
nology ( 203 ,  291 ); mutant-enriched PCR ( 292 ,  293 ); peptide nucleic acid-locked nucleic 
acid (PNA-LNA) PCR clamp assay ( 292 ,  294 ); Cycleave PCR technique ( 214 ); and high-
resolution melting analysis ( 295 ). Such high-sensitivity techniques can increase the prob-
ability of successful mutation determination from small samples and also obviate the need 
for laborious tumor macrodissection or laser-capture microdissection to isolate tumor cells. 
The development of ultra high-sensitivity assays raises the very exciting possibility that 
mutation analysis could be performed on DNA in pleural fluid ( 208 ,  292 ) or tumor DNA 
circulating in the blood, which would allow repeated sequence analysis at any time during 
a patient’s clinical course without the need to obtain tumor tissue samples. Kimura et al. 
( 203 ) used Scorpion-ARMS assay to detect EGFR mutations in serum DNA obtained from 
Japanese patients with NSCLC before first-line gefitinib monotherapy. EGFR mutations 
(E746_A750del and L858R) were detected in 13 of 27 (48.1 % ) patients. EGFR mutations 
were seen significantly more frequently in patients with a partial response than in patients 
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with stable disease or progressive disease and median progression-free survival and overall 
survival were significantly longer in patients with EGFR mutations than in patients without 
EGFR mutations. In pairs of tumor and serum samples obtained from 11 patients, the EGFR 
mutation status in the tumors was consistent with those in the serum of eight of 11 (72.7 % ) 
of the paired samples. 

 The sensitivity of FISH is influenced by probe size and fluorophore labeling, hybridi-
zation conditions, and the completeness of proteinase digestion of the tissue prior to 
hybridization ( 280 ). Importantly, interpreting the FISH assay depends on quantitating the 
numbers of hybridization signals within cell nuclei. Suboptimal assay conditions or poor 
tissue quality may decrease hybridization signal intensity or increase background signal, 
but the numbers of hybridization signals will not change. This would result in an increased 
number of assay failures but not in an increased number of false-negative test results. 

 In contrast to FISH, interpretation of IHC assays depends on qualitative signal inten-
sity. Poor quality tissues, inappropriate fixation or suboptimal assay conditions may reduce 
signal intensity and thus lead to an increased number of false-negative assay results. For 
commercially available assay kits, altering the manufacturer’s recommended protocol may 
reduce assay performance, or can even result in increased assay sensitivity. Derecskei et al. 
( 238 ) altered the protocol provided for the Dako pharmDx EGFR IHC kit and converted 
four out of eight EGFR-negative tumors into EGFR-positive in a study of 50 lung adeno-
carcinoma cases. Thus, the reproducibility of IHC assays is critically dependent on close 
adherence to standardized methodologies that may be problematic if the test is widely used 
in many testing laboratories.   

  10. CONCLUSION  

 The discovery of EGFR mutations in NSCLC, and their relationships to tumor responses 
to EGFR TKIs, has been an important and exciting advance in our understanding of molecu-
lar subtypes related to the pathogenesis, biology and treatment of this disease. However, 
the molecular characteristics that may influence the sensitivity of NSCLC tumors to EGFR 
TKIs are multifactorial and may be interrelated to, or independent from, one another in 
varying degrees. As usually occurs in a rapidly moving area of scientific inquiry, the avail-
able data at times appear to be somewhat conflicting, and there are continuing challenges 
to better understand the various data and to reconcile the apparent conflicts. At the time of 
this writing, it remains to be seen which molecular endpoints or clinical characteristics will 
ultimately gain clinical acceptance and use in guiding clinical decision – making. 

 Activating mutations in the EGFR, together with EGFR gene amplification, may indicate 
genetic oncogene addiction for some NSCLC, representing their  “ Achilles ’  heel. ”  Many 
tumors recur after an initial response to TKIs because they develop secondary EGFR muta-
tions that block the effect of the drug. Strategies for treating mutated tumors may include 
irreversible or second generation EGFR TKIs that can circumvent the secondary mutations 
or other mechanisms that develop in tumors addicted to the EGFR signal. However, muta-
tions and gene amplifications are not the whole story underlying NSCLC responsiveness 
to EGFR TKIs, as some wild-type and non-amplified tumors also respond. Other tumors 
may not be genetically addicted to EGFR activation, but could still be driven to a more 
aggressive phenotype by EGFR signaling. Inhibiting the EGFR in such tumors could cause 
a shift toward biological quiescence or more benign behavior, resulting in delayed tumor 
progression and prolonged survival:  “ taming the beast. ”  These tumors may have increased 
EGFR, co-receptor and ligand expression or other molecular phenotypic characteristics that 
are linked to activation of EGFR signaling. By contrast, other tumors may have molecular 
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genetic or phenotypic alterations, such as KRAS mutation or loss of epithelial differentiation 
in primary tumors, or MET amplification in some cases of acquired resistance, which sub-
vert the influence of EGFR signaling and make them non- responsive to EGFR inhibition. 
The variety of molecular alterations linked to sensitivity or resistance to TKIs suggest two 
basic strategies for patient selection: testing to identify tumors which have a high likelihood 
of tumor response or clinical benefit, and therefore should be treated; or testing for those 
which have a low chance of responding and therefore should be excluded from treatment. 

 Regardless of the strategy  –  whether to find Achilles ’  heel, or to name the beasts that 
can or cannot be tamed  –  the success depends on having a dependable test that can be used 
to accomplish the task. A molecular test result is dependent upon three components: 1) the 
sample and preanalytical variables (how the sample for assay is obtained from the patient’s 
tumor; how the sample is processed including fixation, storage and preparation for assay; 
sample size and composition of tumor vs. non-tumor cells); 2) the assay technique (reagents 
and procedure); 3) assay result interpretation (scoring). All three of these components influ-
ence the robustness of the test, and the parameters of all three components must be defined 
- in the environment in which they are intended to be used - before an assay can be used as a 
test to investigate clinical correlations with any confidence in the result. No matter how well 
a molecular assay performs technically using non-clinical samples in the research labora-
tory, it is not yet acceptable as a clinically useful test until the application to clinical samples 
has been technically validated, and reproduceable and reliable methods of interpreting assay 
results have been established.    
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  Abstract 
 Cyclooxygenase-2 (COX-2), the inducible form of COX, and epidermal growth factor receptor 

(EGFR) are considered pharmacological targets to prevent or treat cancer. Key data implicating a 
causal relationship between COX-2, EGFR and carcinogenesis and possible mechanisms of action 
are reviewed. Evidence of crosstalk between COX-2 and EGFR is discussed. The potential of 
COX-2-derived prostaglandins to reduce tumor sensitivity to EGFR inhibitors is considered.  

  Key Words:    cyclooxygenase-2 ,  prostaglandins ,  epidermal growth factor receptor ,  crosstalk ,  cancer.     

  1. INTRODUCTION  

 Extensive efforts are underway to develop targeted therapies that will inhibit carcino-
genesis. In this regard, both COX-2, the inducible form of COX, and the EGFR represent 
promising pharmacological targets. Crosstalk exists between COX-2 and EGFR ( 1 ). In pre-
clinical studies, combining an inhibitor of COX-2 with an inhibitor of EGFR tyrosine kinase 
was more effective than either agent alone in suppressing tumor formation and growth ( 1 ,  2 ). 
Here we focus on evidence that COX-2-derived prostaglandins (PGs) play a role in carcino-
genesis and potentially reduce the sensitivity of tumors to therapies targeting EGFR.  

  2. PROSTAGLANDIN BIOSYNTHESIS  

 COX enzymes catalyze the synthesis of PGs from arachidonic acid (Fig.  21.1 ). The first 
step in PG synthesis is hydrolysis of phospholipids to produce free arachidonic acid. This 
reaction is catalyzed by phospholipase A 

2
 . Next, COX catalyzes a reaction in which molecu-

lar oxygen is inserted into arachidonic acid to form an unstable intermediate, PGG 
2
 , which is 
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converted to PGH 
2.
  Specific isomerases then convert PGH 

2
  to several PGs and thromboxane 

A 
2
  (TxA 

2
 ).  

 There are two isoforms of COX: COX-1 and COX-2. These two enzymes differ in many 
respects ( 3 ,  4 ). COX-1 is expressed constitutively in most tissues and appears to be responsible 
for the production of PGs that control normal physiological functions including maintenance 
of the gastric mucosa, regulation of renal blood flow and platelet aggregation. In contrast, 
COX-2 is not detected in most normal tissues. However, it is rapidly induced by both inflam-
matory and mitogenic stimuli resulting in increased PG synthesis in neoplastic and inflamed 
tissues ( 4 ,  5 ). COX-2 can be selectively inhibited even though the active sites of COX-1 
and COX-2 have similar structures. A substitution of isoleucine in COX-1 with valine in the 
NSAID binding site of COX-2 creates a void volume located to the side of the central active 
site channel in COX-2 ( 6 ). Compounds synthesized to bind in this additional space inhibit 
COX-2 but not COX-1. In contrast to conventional NSAIDs that are dual inhibitors of COX-
1 and COX-2, selective COX-2 inhibitors do not suppress platelet function or increase the 
risk of a bleeding complication ( 7 ). 

  2.1. Regulation of COX-2 Expression 
 COX-2 is overexpressed in a variety of premalignant and malignant tissues (Table  21.1 ) 

( 8  –  26 ). Up-regulation of COX-2 occurs because of deregulated transcriptional and post-
transcriptional control. Oncogenes, growth factors, cytokines, and tumor promoters stimulate 

  Fig. 21.1.        Arachidonic Acid Metabolism.    Arachidonic acid is released from membrane phospholipids 
by phopholipase A 

2
  (PLA 

2
 ). It is then metabolized by cyclooxygenases (COX-1, COX-2) to prostag-

landin H 
2
  (PGH 

2
 ). PGH 

2
  is converted to a variety of eicosanoids by specific synthases.       
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 COX-2  transcription via protein kinase C (PKC) and Ras-mediated signaling (Fig.  21.2 ) 
( 1 ,  4 ,  5 ,  27  –  30 ). For example, increased amounts of COX-2 have been found in breast cancers 
that overexpress HER-2/neu because of enhanced Ras signaling (Fig.  21.2 ) ( 28 ). Depending 
on the cell type and stimulus, different transcription factors including AP-1, NF-IL6, NF- κ B, 
NFAT and PEA3 can stimulate  COX-2  transcription ( 5 ,  27 ,  28 ,  31 ,  32 ). Although  COX-2  
transcription can be enhanced by many factors, much less is known about negative effectors. 
Wild-type but not mutant p53 can inhibit  COX-2  transcription in vitro ( 33 ). Consistent with 
this finding, elevated levels of COX-2 have been found in cancers of the stomach, esopha-
gus, lung and breast that express mutant rather than wild-type p53 ( 34 ,  35 ). Like p53,  APC  
tumor suppressor gene status may also impact on COX-2 expression ( 36 ). Recent evidence 
suggests that the nuclear receptor corepressor (NCoR) may also play a role in suppressing 
 COX-2  transcription in normal cells ( 37 ). Taken together, these findings suggest that the bal-
ance between activation of oncogenes and inactivation of tumor suppressor genes modulates 
the expression of COX-2 in tumors.            

 Posttranscriptional mechanisms also appear to be important in regulating amounts of 
COX-2 in tumors. The 3 ′ -untranslated region (UTR) of COX-2 mRNA contains a series 
of AU-rich elements (AREs) that affect both mRNA decay and protein translation (Fig. 
 21.2 ) ( 38 ).  Trans -acting ARE binding factors form complexes with the COX-2 3 ′ -UTR and 
regulate both COX-2 mRNA stability and translation. Enhanced binding of HuR, an RNA 
binding protein, to the AU-enriched region of the COX-2 3 ′ -UTR contributes to the increase 
in message stability found in colon cancer (Fig.  21.2 ) ( 39 ). Other proteins, e.g., tristetrapro-
lin, AUF1, that bind to the 3 ′ -UTR can increase mRNA degradation ( 40 ). Overexpression 
of COX-2 may also reflect deregulated translation. For example, TIA-1, an ARE binding 
protein, functions as a translational silencer. Deficient TIA-1 mRNA binding was found in 
colon cancer cells that overexpressed COX-2 protein ( 41 ).Collectively, these findings sug-
gest that changes in the relative amounts or binding activity of these functionally distinct 
ARE-binding proteins are likely to modulate levels of COX-2 in tumors.  

 Table 21.1  
   COX-2 is Commonly Overexpressed in Premalignant and Malignant Tissues  

  Organ site    Premalignancy    Malignancy  

 Colon  Adenoma  Adenocarcinoma 
 Lung  Atypical Adenomatous Hyperplasia  Adenocarcinoma, Squamous 

Cell Carcinoma 
 Head and Neck  Leukoplakia  Squamous Cell Carcinoma 
 Esophagus  Barrett’s Esophagus, Squamous Dysplasia  Adenocarcinoma, Squamous 

Cell Carcinoma 
 Stomach  Metaplasia  Adenocarcinoma 
 Liver  Chronic Hepatitis  Hepatocellular Carcinoma 
 Pancreas  Pancreatic Intraepithelial Neoplasia  Adenocarcinoma 
 Breast  Ductal carcinoma  in situ   Adenocarcinoma 
 Bladder  Dysplasia  Transitional Cell Carcinoma, 

Squamous Cell Carcinoma 
 Cervix  Cervical Intraepithelial Neoplasia  Adenocarcinoma, Squamous 

Cell Carcinoma 
 Penis  Penile Intraepithelial Neoplasia  Squamous Cell Carcinoma 
 Skin  Actinic Keratoses  Squamous Cell Carcinoma 
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  2.2. Prostaglandin Receptors, Signaling and Carcinogenesis 
 Overexpression of COX-2 leads to increased amounts of prostanoids in tumors. Prosta-

noids affect a variety of mechanisms that have been implicated in carcinogenesis. For example, 
PGE 

2
  can stimulate cell proliferation and motility while inhibiting immune surveillance and 

apoptosis ( 42  –  50 ). Importantly, PGE 
2
  can also induce angiogenesis, in part, by stimulating the 

production of proangiogenic factors including vascular endothelial growth factor (VEGF) 
( 51 , 52 ). These important mechanisms linking COX-2-derived PGs to carcinogenesis have 
been the subject of several reviews ( 3 ,  53 ,  54 ). Defining the downstream signaling mecha-
nisms by which prostanoids stimulate carcinogenesis is an active area of investigation. Pros-
tanoids (PGE 

2
 , PGF 

2 α 
 , PGD 

2
 , TxA 

2
  and PGI 

2
 ) mediate their biological actions by binding to 

G protein coupled receptors that contain seven transmembrane domains. Multiple prostanoid 
receptors have been cloned and defined pharmacologically, including four subtypes of the 
EP (PGE) receptor (EP 

1,
  EP 

2
 , EP 

3
 , EP 

4
 ), the FP receptor (PGF receptor), the DP receptor 

(PGD receptor), the IP receptor (PGI receptor) and the TP receptor (Tx receptor). PGE 
2
  

is the most abundant prostanoid detected in most epithelial malignancies. Because it can 
stimulate tumor growth, numerous studies have attempted to define the link between PGE 

2
 , 

EP receptors and carcinogenesis. 

  Fig. 21.2.       Regulation of COX-2 Expression in Cancers.    COX-2 is induced by a variety of stimuli 
including oncogenes, growth factors and tumor promoters (phorbol esters, PMA). Stimulation of Ras 
or PKC signaling enhances mitogen-activated protein kinase (MAPK) activity that results, in turn, in 
increased  COX-2  transcription. A variety of transcription factors including AP-1 and PEA3 mediate the 
induction of COX-2. Levels of COX-2 can also be affected by post-transcriptional mechanisms. The 
3 ′ -untranslated region (3 ′ -UTR) of COX-2 mRNA contains a series of AU-enriched elements (ARE) 
that regulate message stability. Augmented binding of HuR, an RNA binding protein, to the AREs of the 
COX-2 3 ′ -UTR explains, in part, the observed increase in COX-2 message stability in some tumors.       
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 EP receptors play an important role in the development and growth of tumors. The avail-
ability of EP receptor knockout mice has facilitated studies of tumor growth, immune func-
tion and angiogenesis. PGE 

2
  promotes the formation of colorectal carcinogenesis through 

activation of EP receptors. In support of this idea, the induction of aberrant crypt foci by 
azoxymethane, a colon carcinogen, was reduced in EP 

1
  -/-  and EP 

4
  -/-  receptor mice ( 55 ). In 

Apc  ∆ 716  mice, a murine model of familial adenomatous polyposis (FAP), homozygous dele-
tion of the gene encoding the EP 

2
  receptor caused a significant reduction in the number and 

size of intestinal polyps through inhibition of angiogenesis ( 56 ). Suppression of angiogen-
esis was due at least, in part, to decreased levels of VEGF. The importance of host stromal 
PGE 

2
 -EP 

3
  signaling was highlighted in a xenograft study that found a marked decrease in 

tumor-associated angiogenesis in EP 
3
  -/-  mice ( 57 ). PGE 

2
  also exerts potent immunosuppres-

sive effects by modulating dendritic cell function and causing an imbalance between type 
1 and type 2 cytokines ( 58 ). An important role has been established for the EP 

2
  receptor in 

PGE 
2
 -mediated suppression of dendritic cell differentiation and function and for reduced 

antitumor cellular immune responses in vivo ( 59 ). 
 Complementary in vitro studies have provided significant insights into procarcinogenic 

signaling mechanisms that are activated by PGE 
2
 . For example, stimulation of either EP 

2
  or 

EP 
4
  activates TCF- β -catenin-mediated transcription that leads, in turn, to increased expres-

sion of a variety of genes, e.g.,  cyclin D1  and  c-myc  that have been implicated in carcino-
genesis (Fig.  21.3 ) ( 60 ).PGE 

2
  also has organ site-specific effects. Estrogen drives the growth 

of hormone-dependent breast cancer. The final step in the synthesis of estrogen is catalyzed 
by aromatase, the product of the  CYP19  gene. Binding of PGE 

2
  to EP receptors stimulates 

adenylyl cyclase activity and enhances production of cAMP, which leads, in turn, to stimu-
lation of  CYP19 , the gene encoding aromatase ( 61 ).Consequently, estrogen biosynthesis is 
increased, which leads to enhanced proliferation of tumor cells. In addition to PGE 

2
 , other 

prostanoids including TxA 
2
  and PGI 

2
  impact on carcinogenesis but less is known about the 

downstream signaling mechanisms ( 3 ,  62 ).   

  2.3. Evidence that Targeting COX-2 Inhibits Carcinogenesis 
 As detailed above, COX-2-derived prostanoids have a variety of procarcinogenic effects. 

Both animal and human studies have been carried out to investigate the potential role of COX-
2 in driving the formation and progression of tumors. The most specific data supporting a 
cause-and-effect relationship between COX-2 and carcinogenesis come from genetic studies. 
Multiparous female transgenic mice engineered to overexpress human  COX-2  in mammary 
glands developed metastatic tumors ( 63 ). In other related studies, transgenic mice that over-
expressed COX-2 developed epidermal hyperplasia and dysplasia and pancreatic neoplasia, 
respectively ( 64 ,  65 ). These results imply a causal link between expression of COX-2 and the 
development of premalignant lesions of the skin and pancreas. Consistent with the overex-
pression data, a marked reduction in the formation of skin, intestinal and mammary neopla-
sia was found in COX-2 -/-  mice ( 66  –  68 ). The importance of host COX-2 was highlighted by 
the finding that transplantable tumor growth was reduced in COX-2 deficient mice ( 69 ). The 
importance of arachidonic acid metabolism in tumorigenesis is underscored by evidence that 
knocking out the  COX-1  gene also protected against the formation of intestinal and skin tumors 
( 70 ). In addition to genetic evidence, numerous pharmacological studies suggest that COX-2 
is a therapeutic target. Treatment with selective inhibitors of COX-2 reduced the formation 
and growth of numerous tumor types in experimental animals ( 71  –  80 ). Collectively, these 
preclinical results provided a strong rationale for evaluating whether targeting COX-2 would 
be beneficial in either preventing or treating human cancer. 

 The first clinical trial to evaluate the anticancer properties of a selective COX-2 inhibitor was 
carried out in FAP patients. This patient population was chosen because of the strength of 
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the preclinical data and prior evidence that sulindac, a dual inhibitor of COX-1/COX-2, 
reduced the number of colorectal polyps in FAP patients ( 81 ). Treatment with celecoxib 
400 mg bid for six months led to a 28 %  reduction in the number of colorectal polyps 
(p  =  0.003) ( 82 ). Based on these results, the US FDA approved celecoxib as adjunctive 
therapy for the management of polyps in FAP patients. Stimulated by the FAP findings, 
several large placebo controlled clinical trials were carried out to evaluate whether selective 
COX-2 inhibitors could prevent the recurrence of sporadic colorectal adenomas ( 83  –  85 ). 
Treatment with either celecoxib or rofecoxib led to a significant reduction in the recurrence 
of sporadic colorectal adenomas ( 83  –  85 ). However, use of both celecoxib and rofecoxib 
was associated with an increased risk of serious cardiovascular events leading to the 
voluntary withdrawal of rofecoxib from the market ( 86 ,  87 ). Some investigators have postu-
lated that cardiovascular toxicity was a consequence of an exaggerated thrombotic response 
due to suppression of COX-2-mediated prostacyclin production in the endothelium with unaf-
fected generation of COX-1-derived thromboxane A 

2
  by platelets ( 88 ). In contrast to the 

beneficial antineoplastic effects observed in the colorectal polyp prevention trials, selective 

  Fig. 21.3.       PGE  
2
   Activates Signal Transduction Pathways that Have Been Implicated in Car-

cinogenesis .   PGE 
2
  activates cellular signaling in an EP receptor-dependent manner. For example, 

PGE 
2
 -mediated activation of EP 

2
  and EP 

4
  receptors leads to enhanced adenylate cyclase activity and 

cAMP production. cAMP, in turn, activates PKA-CREB dependent expression of genes including 
 amphiregulin . Amphiregulin, a ligand of EGFR, stimulates EGFR-Ras-MAPK signaling. Additionally, 
activation of EP receptors stimulates TCF- β -catenin-mediated transcription of genes including 
 cyclin D1 .       



Chapter 21 / Crosstalk Between COX-2 and EGFR  343

COX-2 inhibitors have not been found to be active in suppressing carcinogenesis in patients 
with esophageal squamous dysplasia, Barrett’s esophagus or gastric intestinal metaplasia 
( 89  –  91 ). Although active efforts are underway to elucidate the mechanisms underlying the 
cardiovascular toxicity of selective COX-2 inhibitors, it seems unlikely that this class of 
agents will be used to treat premalignancy in the near term in any population with the pos-
sible exception of FAP patients. 

 In cancer patients, there is generally a greater willingness to tolerate potential side effects 
if an agent has demonstrable antitumor activity. Given the strength of the preclinical findings, 
a number of small clinical treatment trials have been carried out to evaluate the potential 
utility of selective COX-2 inhibitors. Promising results have been reported in some but not 
all cancer treatment studies ( 92  –  97 ). Currently, it is uncertain if selective COX-2 inhibi-
tors will augment the antitumor activity of other targeted therapies, a topic that remains 
an active research question. In this context, we note that important interactions have been 
identified between COX-2 and EGFR. The link between EGFR and carcinogenesis and the 
rationale for simultaneously targeting COX-2 and EGFR as a potential therapeutic strategy 
is reviewed below.   

  3. EGFR SIGNALING AND CANCER  

 EGF was originally discovered in the early 1960s when bioassays revealed accelerated 
eyelid opening in animals treated with protein extracts prepared from submaxillary glands 
( 98 ). Over the past 40 years, significant progress has been made in improving our under-
standing of the molecular mechanisms responsible for the biologic effects of this growth 
factor and the EGFR (ErbB1) ( 99 ). The ErbB family of receptors is comprised of the EGFR, 
ErbB2 (HER2), ErbB3 (HER3) and ErbB4 (HER4). Binding of ligands including EGF to 
the ectodomain of these receptors results in the formation of homodimeric and heterodimeric 
complexes, which is followed rapidly by activation of the receptors ’  intrinsic tyrosine kinase. 
Phosphorylation of specific C-terminal tyrosine residues and the recruitment of specific sec-
ond messengers activate intracellular signaling pathways that play key roles in development, 
differentiation, migration and proliferation. Activation of ErbB receptor signaling has been 
linked to cancer. Mechanisms involved in activation of the ErbB receptor pathway include: 
( 1 ) receptor overexpression ( 100 ), ( 2 ) mutation of receptors resulting in ligand-independ-
ent activation ( 101 ,  102 ), ( 3 ) autocrine activation by overproduction of ligand ( 99 ) and ( 4 ) 
transactivation through other receptor systems ( 103 ,  104 ). Overexpression of EGFR corre-
lates with poor prognosis in several malignancies ( 100 ,  105 ). Importantly, EGFR signaling 
induces its cognate ligands, creating autocrine loops that can amplify EGFR activity. 

 Several major signaling pathways mediate the downstream effects of activated EGFR. 
Activation of EGFR can stimulate the Ras → Raf → MAP kinase pathway ( 106 ). Elevated 
MAP kinase activity has been reported in a number of tumors when compared with corre-
sponding non-neoplastic tissues, and correlated with EGFR and ligand expression ( 107 ).A 
second EGFR-driven pathway involves phosphatidylinositol 3-kinase (PI3K) and Akt ( 108 , 
 109 ). Activation of EGFR can also lead to enhanced signaling via Jak/Stat or PKC. These 
pathways regulate gene transcription and thereby modulate cell proliferation, apoptosis, ang-
iogenesis and malignant transformation. Two strategies for blocking the action of the EGFR 
include antibodies directed against the ectodomain and drugs that inhibit protein-tyrosine 
kinase activity. Therapies that target EGFR have already been found to be beneficial in the 
treatment of cancers of the lung, pancreas, head and neck and colon ( 110  –  113 ). Ongoing 
efforts to target EGFR as a strategy for treating cancer are discussed throughout the volume, 
but notably in detail in Chapters 2, 3, 16, 20, 22 and 23. 
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  3.1. Combined Targeting of the EGFR and COX-2 
 As detailed above, both COX-2 and the EGFR are targets for anticancer therapy. In this 

context, it is important to consider the rationale for combined targeting of the EGFR and 
COX-2. Activation of EGFR signaling leads to increased MAPK activity resulting, in turn, 
in activator protein-1 (AP-1)-mediated induction of  COX-2  transcription (Fig.  21.2 ) ( 1 ) and 
enhanced synthesis of PGs including PGE 

2
 . Considerable evidence has accumulated indicat-

ing that COX-2-derived PGE 
2
  can activate EGFR signaling and thereby stimulate tumor 

cell proliferation ( 114  –  116 ) (Fig.  21.3 ). The mechanism(s) by which this occurs appear 
to be complex and context specific. In one study, the ability of PGE 

2
  to transactivate EGFR 

was very rapid and depended on matrix metalloproteinase activity ( 114 ). PGE 
2
  activated 

metalloproteinase activity resulting in shedding of active EGFR ligand from the plasma 
membrane. This led, in turn, to increased EGFR signaling and enhanced DNA synthesis. In 
another study, treatment with PGE 

2
  activated the cAMP/protein kinase A (PKA) pathway 

leading to increased expression of amphiregulin, a ligand of the EGFR ( 115 ). PGE 
2
  also has 

been observed to transactivate EGFR via an intracellular Src-mediated event independent of 
the release of an extracellular ligand of EGFR (Fig.  21.3 ) ( 116 ). In this instance, following 
stimulation by PGE 

2
 , EP 

4
  receptors form a signaling complex with  β -arrestin 1 and c-Src, 

resulting in the transactivation of EGFR and increased Akt signaling ( 117 ). Regardless of 
the precise mechanism, exposure to COX-2-derived PGE 

2
  may initiate a positive feedback 

loop whereby activation of EGFR results in enhanced expression of COX-2 and increased 
synthesis of PGs. This  leads, in turn, to a further enhancement of EGFR activity. The poten-
tial importance of this positive feedback loop for driving tumor growth provides a rationale, in 
part, for a therapeutic regimen that combines inhibitors of EGFR and COX-2. 

 Crosstalk between EGFR and COX-2 may be important for tumor invasion, the epithe-
lial-to-mesenchymal transition (EMT) and metastasis. EMT involves dedifferentiation 
of epithelial cells to fibroblastoid migratory cells with a markedly altered mesenchymal 
gene expression profile. E-cadherin plays a role in epithelial intercellular adhesion, and 
down-regulation of E-cadherin levels is a hallmark of EMT ( 118 ). Reduced expression of
E-cadherin in human tumors is associated with invasion, metastasis, and decreased sur-
vival ( 119 ). Several findings strongly suggest that EGFR signaling and COX-2-derived 
PGE 

2
  play a role in EMT. Chronic EGF treatment disrupts cell-to-cell adhesion, sup-

presses expression of E-cadherin, and induces EMT in human tumor cells overexpressing 
EGFR ( 120 ). These effects are a consequence, at least in part, of EGF-mediated induc-
tion of Snail, a known repressor of E-cadherin transcription. Overexpression of COX-
2 in intestinal epithelial cells can suppress the expression of E-cadherin and enhance 
adhesion to extracellular matrix ( 121 ). Recently, this work was extended to non-small cell lung 
cancer ( 122 ). In non-small cell lung cancer cells, overexpression of COX-2 or treatment with 
exogenous PGE 

2
  led to reduced expression of E-cadherin and decreased cell aggregation. These 

effects were attributed to up-regulation of the transcriptional repressors ZEB1 and Snail. The 
ability of treatment with either PGE 

2
  or EGF to induce Snail and suppress E-cadherin under-

scores the potential significance of pharmacologically targeting crosstalk between COX-2 and 
EGFR as an anticancer strategy. In another relevant study, non-small cell lung cancer cells that 
expressed E-cadherin were more sensitive to growth inhibition by erlotinib, an inhibitor of 
EGFR tyrosine kinase, than cells that had lost E-cadherin expression and gained the expression 
of mesenchymal markers ( 123 ). This study suggested that the EMT status of a tumor may help 
to determine its responsiveness to EGFR-targeted therapies. Because COX-2-derived PGE 

2
  

can suppress the expression of E-cadherin and induce a mesenchymal phenotype, it’s possible 
that treatment with a COX-2 inhibitor will induce E-cadherin and thereby sensitize tumor cells 
to agents that inhibit EGFR. Findings such as these also strengthen the rationale for a treatment 
regimen combining inhibitors of EGFR and COX-2. 
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 In the discussion above, we emphasized the potential importance of crosstalk between 
EGFR and COX-2 as a rationale for combination therapy. It also should be stressed 
that EGFR and its downstream pathways can be activated independent of COX-2/PGE 

2
 . Simi-

larly, COX-2/PGE 
2
  and its effectors can act independently of EGFR. For example, COX-2-

derived PGE 
2
  can induce cell proliferation by an EGFR-independent mechanism ( 124 ). 

These mutually independent procarcinogenic effects further support a combinatorial 
approach targeting both EGFR and COX-2. 

 Preclinical studies have been carried out to evaluate whether combining an inhibitor of 
EGFR tyrosine kinase with an inhibitor of COX-2 will be more effective than using either 
agent alone. For example, combining celecoxib, a selective COX-2 inhibitor, with gefitinib, 
an EGFR tyrosine kinase inhibitor, was more effective than either agent alone in suppressing 
the growth of experimental head and neck squamous cell carcinoma ( 125 ). Torrance et al. 
addressed this point by evaluating the number of intestinal adenomas that developed in 
Apc Min  mice after treatment with a dual inhibitor of COX-1/COX-2 combined with an inhibitor 
of EGFR tyrosine kinase ( 2 ). Apc Min  mice, which normally develop numerous intestinal 
polyps due to a mutation in the  APC  tumor suppressor gene, were almost completely 
protected from adenomas after treatment with the combination regimen. 

 The scientific rationale and experimental findings described above have stimulated interest 
in evaluating combined inhibition of COX-2 and EGFR in cancer patients. The combination 
of gefitinib and celecoxib was evaluated in a phase I study of 19 patients with unresectable 
recurrent locoregional and/or distant metastatic head and neck squamous cell carcinoma 
with progressive disease ( 126 ). The regimen was well tolerated and the response rate of 
22 %  compared favorably with the overall response rates of 11 %  and 4 %  seen in prior gefit-
inib single agent phase II studies. The investigators considered the results to be promising 
enough to warrant further study of a regimen combining inhibitors of EGFR and COX-2. 
A second Phase 1 trial was carried out in 22 subjects with advanced non-small cell lung 
cancer ( 127 ). In this instance, celecoxib was combined with erlotinib. No dose limiting tox-
icities were observed. 33 %  of patients displayed a partial response, including patients both 
with and without activating EGFR mutations. Based on preclinical evidence that COX-2 
overexpression can mediate resistance to EGFR tyrosine kinase inhibition ( 124 ) and the 
results of this Phase 1 study, the investigators are planning a phase II trial of celecoxib and 
erlotinib versus erlotinib and placebo in advanced non-small cell lung cancer.   

  4. FUTURE DIRECTIONS  

 Although significant progress has been made in understanding the interaction between 
COX-2 and EGFR, many unanswered questions remain. Under what circumstances is the inter-
action between these two pathways of physiological significance? For example, is crosstalk 
between COX-2-derived PGE 

2
  and EGFR an adaptive mechanism that is important for wound 

healing? If so, are there particular subsets of patients for whom combined therapy can be pre-
dicted to cause unacceptable toxicity? In chronic inflammatory states such as ulcerative colitis, 
will the interaction between these two pathways reduce the threshold for carcinogenesis? Will 
COX-2 inhibitors augment the antitumor activity of EGFR inhibitors? Although the initial Phase 
1 results are encouraging, the results are by no means definitive. Will COX-2 inhibitors induce a 
mesenchymal to epithelial transition and thereby sensitize tumors to therapies that target EGFR? 
Is the interaction between these two pathways important in tumor stem cells? There is recent 
evidence to suggest that the increased levels of PGE 

2
  in tumors reflect reduced catabolism in 

addition to increased synthesis ( 128 ). Hence, it will be of interest to determine whether changes 
in the catabolism of PGE 

2
  have important effects on EGFR signaling, EMT and the response to 

EGFR inhibitors. Are there biomarkers that can be used to identify patients who are most or least 
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likely to benefit from combined therapy? Answers to these questions and others will be critical 
to both understand the physiological significance of crosstalk between COX-2 and EGFR and to 
determine the potential benefit of combining inhibitors of COX-2 and EGFR to treat cancer.    
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  Abstract 
 The EGFR pathway is a critical signaling pathway regulation cell proliferation and survival. As such, 

it is frequently deregulated in cancer through over expression of both EGF family ligands and recep-
tors and by mutation of critical components within the pathway. These characteristics have made 
this signaling axis an attractive target for the development of molecularly targeted therapies in the 
treatment of cancer. To date there are numerous small molecule inhibitors and antibodies, either 
already in clinical use or in late stage clinical trials, that specifically target EGFR. These inhibitors 
have achieved great success in treating cancer patients and have generated a large amount of interest 
in identifying molecular markers that predict clinical benefit and mechanisms of resistance to such 
treatments. The first major breakthrough in this line of research was the identification of mutations in 
the EGFR kinase domain, which rendered the receptor hypersensitive to the actions of small molecule 
kinase inhibitors. However, the mutation rate was insufficient to explain the overall clinical benefit 
observed with these inhibitors, suggesting patients with wild-type EGFR also received some benefit. 
Subsequently, numerous efforts have been made to identify biomarkers of response and resistance 
other than EGFR mutational status. 

 Here we will summarize the current literature describing attempts to identify such markers, with 
particular emphasis on markers of sensitivity and resistance to small molecule EGFR tyrosine kinase 
inhibitors (TKIs). These approaches have encompassed the analysis of expression levels, both at the 
protein and genomic level, of EGFR and the closely related family members HER2 and HER3 and 
the analysis of the mutational status of downstream components of the EGFR pathway. In addition, 
we will highlight the role of the epithelial to mesenchymal transition (EMT) in sensitivity to small 
molecule EGFR TKIs and finally the potential role of alternative signaling cascades as a mode of 
cellular resistance to EGFR inhibition.  
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  1. INTRODUCTION  

 The development of small molecule inhibitors selectively targeting critical cellular proteins 
has recently begun to produce clinically significant results in the treatment of cancer. 
Although perhaps not living up to the  “ magic bullet, ”  there are clear advantages of these targeted 
therapies over more traditional chemotherapy regimes in efficacy and toxicity. One area 
of molecularly targeted therapies (MTT) that has received a great deal of recent atten-
tion concerns agents that target the epidermal growth factor receptor (EGFR). Signaling 
through EGFR is frequently dysregulated in solid tumors, leading to abnormal activation 
of intracellular signaling pathways ( 1 ). Both small molecule inhibitors and humanized 
antibodies directed against this critical receptor have been developed and have been 
used clinically in the treatment of cancer for a number of years. The clinical use of such 
targeted therapies has exposed our limitations in understanding how to best utilize these 
agents and highlights the need to identify clinical biomarkers of response. 

 In this chapter we will provide a brief overview of the anti-EGFR inhibitors that have 
been developed to date, concentrating primarily on the ones in current clinical use. In addi-
tion we will provide an overview of the current literature on the identification and use of 
biomarkers to predict sensitivity to this class of molecularly targeted therapy.  

  2. DEVELOPMENT OF EGFR-DIRECTED INHIBITORS  

 Small molecule inhibitors of this trans-membrane tyrosine kinase, such as erlotinib 
(Tarceva ® , OSI Pharmaceuticals/Genentech/Roche) and gefitinib (Iressa ® , Astra Zeneca) 
have been developed and tested clinically. Both erlotinib and gefitinib were approved for the 
treatment of NSCLC patients who have failed two or three previous rounds of chemotherapy 
( 2 ). In addition, erlotinib was approved in the United States and Europe for the treatment, in 
combination with gemcitabine (Gemzar, Eli-Lilley), of pancreatic cancer. Two anti-EGFR 
antibodies approved for the treatment of colorectal cancers include cetuximab (Erbitux, 
Imclone/Bristol Myers Squibb) and panitumamab (Vectibix, Abgenix/Amgen). 

 The recent success of these inhibitors has further supported the development of  additional 
antagonists capable of providing potential advantages over these existing therapies. New 
anti-EGFR therapies have focused on the development of inhibitors with multi-targeted 
activities, better potency or pharmacokinetic properties and the ability to overcome  erlotinib/
gefitinib-resistance mutations in EGFR. Preclinical studies have suggested that the dual 
inhibition of both EGFR and HER2 could result in greater tumor growth inhibition com-
pared to EGFR inhibition alone, which has led to the development of several dual-kinase 
SMIs. The most advanced molecule in this class, lapatinib (GlaxoSmithKline), was 
recently shown to delay disease progression in trastuzumab refractory breast cancer ( 3 ) 
and is likely to receive FDA approval in this setting. Additional dual-EGFR/HER2 kinase 
SMIs, capable of providing prolonged target suppression through their irreversible bind-
ing properties are in earlier stages of clinical development and include HKI272 (Wyeth), 
BIBW-2992 (Boehringer-Ingelheim) and CI-1003 (Pfizer) (see Table  22.1 ). HKI272 provides 
the additional property of being capable of inhibiting the activity of EGFR in the con-
text of erlotinib/gefitinib-resistance mutations in preclinical models. The development of 
multi-targeted SMIs has also extended beyond the HER family receptors and includes 
EGFR antagonists with anti-angiogenic activity through the targeting of VEGF-R2, such 
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 Table 22.1  
    EGFR Antagonists in Clinical Development  

 Type  Therapeutic  Company  Target 
 Stage of development 
(indications) 

 SMI (reversible)  Erlotinib  OSI/Genentech/
Roche 

 EGFR  Approved (NSCLC) 

 Gefitinib  AstraZeneca  EGFR  Approved (NSCLC) 
 Lapatinib  GlaxoSmithKline  EGFR, 

HER2 
 phase III (breast) 

 ZD6474  AstraZeneca  EGFR, 
VEGFR2 

 phase III (NSCLC) 

 AEE788  Novartis  EGFR, 
HER2, 
VEGFR2 

 phase I/II (GBM) 

 SMI (irreversible)  HKI-272  Wyeth  EGFR, 
HER2 

 phase II (NSCLC, 
breast) 

 BIBW-2992  Boehringer 
Ingelheim 

 EGFR, 
HER2 

 phase II (breast) 

 mAb  Cetuximab  ImClone/Bristol-
Myers Squibb 

 EGFR  Approved (colorectal) 

 Panitumamab  Abgenix/Amgen  EGFR  Approved (colorectal) 
 Matuzumab  EMD/Merck 

KgGA 
 EGFR  phase II (NSCLC, 

esophageal, gastric) 
 Pertuzumab  Genentech/Roche  HER2  phase II (NSCLC, 

ovarian, breast) 

as ZD6474 (AstraZeneca) and AEE788 (Novartis). Finally, the development of additional 
monoclonal antibodies has not been overlooked, with the humanized anti-EGFR mono-
clonal antibody, Matuzumab (EMD/Merck KgGA) and an anti-HER2 monoclonal antibody 
capable of inhibiting the dimerization of HER2 with EGFR (Pertuzumab, Genentech/Roche) 
both in phase II clinical evaluation.     

 While the clinical benefit provided by EGFR inhibitors is impressive when compared to 
current standard of care, it also reveals the current limitations of this MTT approach. For example 
in the phase III NSCLC erlotinib trial BR.21 ( 4 ), overall response rate was only 8.9 %  and yet 
the hazard ratio for treatment benefit associated with overall survival was 0.7. In addition to 
suggesting that response rate, as measured by RECIST criteria, was not a good indicator of 
potential survival benefit, this data also suggested that although patients clearly benefited from 
erlotinib treatment, a substantial population did not receive any clinical benefit. This observation 
has generated research to identify clinical markers predictive of response, as well as to identify 
the underlying mechanistic explanation for a restricted response.  

  3. EGFR BIOLOGY AS A PREDICTOR OF SENSITIVITY  

 While EGFR expression and mutational status have been the most extensively studied 
mechanisms for sensitization and resistance to EGFR inhibitors, increasing evidence has sup-
ported an important role for co-receptors in modifying the response to EGFR antagonists. Here 
we will touch on the role of each of these predictors of response, as well as two critical signaling 
pathways, Ras and Akt, that potentially impact on efficacy of EGFR targeted therapies. 
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  3.1. EGFR Mutations 
 The identification of mutations in the EGFR kinase domain ( 5 - 7 ) and the demonstration 

that these mutated receptors were more sensitive to erlotinib ( 8 ) led to the hypothesis that 
these inhibitors would only be effective against tumors bearing heterozygous mutations in 
the EGFR gene. The in vitro demonstration of prolonged ligand-dependent signaling from 
these mutated receptors and hypersensitivity of cell lines bearing these mutations suggested 
that these types of tumors would be more addicted to EGFR signaling and thus be more 
susceptible to inhibition of the pathway. Another key observation was the identification of 
a second point mutation in tumors (T790M) that had become resistant to EGFR inhibitor 
treatment, leading to the analogy with the acquired-resistance model proposed for imatinib 
(Gleevec ® ) ( 9 ). However, there remains some controversy as to the importance of EGFR 
mutations in the clinical setting. Initial retrospective analyses of gefitinib treated NSCLC 
tumors for EGFR mutation suggested that those testing positive for mutation received the 
most benefit from gefitinib treatment as measured by both response rate and survival 
( 10 ,  11 ). However, analysis of the only placebo-controlled EGFR inhibitor study completed 
to date (BR21) concluded that there was no significant difference in survival in patients with 
mutation in the erlotinib treated arm compared to the placebo arm ( 12 ). In addition, data 
from the BR.21 ( 12 ), Talent ( 13 ) and Tribute ( 14 ,  15 ) studies suggest that, within the placebo 
arm, patients with mutation in EGFR survive longer than those with wild type EGFR 
irrespective of treatment. The concept that EGFR mutations may indicate a more positive 
prognosis contradicts the widely held belief that EGFR overexpression and activation is a 
poor prognostic factor. This may explain the longer survival observed in patients with muta-
tion in the non-placebo controlled studies. These mutations and their impact on EGFR biology 
are described in detail in Chapter 20.  

  3.2. EGFR Copy Number, IHC, and FISH Analysis 
 The initial approaches to identifying clinical biomarkers of response focused on quantifi-

cation of the target within patient biopsy tissue. This has been particularly successful in 
the case of measurement of HER2 protein levels by IHC in breast cancer tissues as selection 
criteria for patients receiving trastuzumab (HER2 directed humanized monoclonal antibody, 
Herceptin ® ). Patients with elevated ErbB2 expression showed a larger benefit to trastuzumab 
treatment as compared with those expressing low levels ( 16 ). As elevations in EGFR protein 
expression and gene copy number are frequent in both squamous and non-squamous NSCLC 
( 17 ), this principle has been applied retrospectively to EGFR-related therapy trials in NSCLC 
but with less conclusive results. 

  3.2.1. EGFR Protein Expression 
 It is clear from a number of studies that protein expression levels of EGFR in cell lines 

does not correlate with sensitivity to either erlotinib or gefitinib (Fig.  22.1 ; ( 18 - 20 )), but 
rather it is the activation of this pathway through autocrine ligand production that is important 
in defining sensitivity to these inhibitors in vitro ( 19 ,  20 ).  

 Extensive efforts by a number of different groups have been undertaken to measure EGFR 
protein levels in patient tumor tissue by immunohistochemistry (IHC) in order to investigate 
both its prognostic significance ( 21 ) and also its role as a predictive marker of response to 
EGFR therapy (reviewed in ( 22 )). However, in contrast to the success of the HER2 test, these 
studies have been controversial, with no clear relationship between EGFR IHC protein levels 
and survival or response to therapy. 

 The reasons for this difference between EGFR and HER2 as predictors of response to 
their respectively targeted therapies remain unclear. Multiple centers have used differing 
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antibody, assay and scoring systems giving rise to variability in the assay procedures. For 
example, scoring of intensity of staining (0-3) of EGFR protein levels in erlotinib and gefit-
inib trials in NSCLC (reviewed ( 23 ) ( 10 ,  24 ,  25 )); or a cetuximab trial in colorectal cancer 
( 26 ) failed to show any relationship between EGFR protein levels and response. However, 
other studies have employed a scoring system that employs both signal intensity (0-4) and 
percentage of cells stained within the section (0-100 % ), thus giving a range of scoring from 
0-400 ( 27 ). This study has suggested that high level of EGFR expression does correlate 
with increased time to progression and survival in erlotinib treated patients. In addition a 
retrospective analysis of the gefitinib ISEL trial indicated that EGFR protein expression was 
related to clinical outcome, although the correlation did not reach statistical significance 
( 28 ). Analysis of tumor samples from the BR21 trial, using a similar scoring system, also 
indicated that high EGFR protein expression was linked to clinical outcome ( 12 ). 

 These studies demonstrate the limitations of the currently available IHC EGFR tests and 
highlight the need for a uniform assay and scoring system in order to evaluate this potential 
biomarker. For now it seems that the limits of detection may exclude patients capable of 
response to EGFR TKIs and antibodies ( 29 ) if selection were based solely upon this criterion.  

  3.2.2. EGFR FISH 
 In parallel to measurement of EGFR protein levels by IHC, many groups have success-

fully attempted to measure EGFR at the genomic level. EGFR copy number has been 
reported to correlate with response to EGFR TKIs. For example the BR.21 placebo 
controlled trial of erlotinib in 2 nd  and 3 rd  line NSCLC noted a 20 %  response rate in EGFR 
amplified patients while only 2.4 %  in the unamplified subset (p  =  0.03; reviewed ( 30 )). 
Similarly a study of 102 NSCLC patients  receiving the EGFR TKI gefitinib reported a cor-
relation between EGFR FISH score and both time to progression (p  <  0.001) and survival 
(p  =  0.03; ( 27 )). These latter studies used different metrics for the scoring of FISH positivity,

  Fig. 22.1.       Characterization of the Relationship of Cellular Sensitivity to Erlotinib with EGFR-
pathway Variables and EMT in a Panel of NSCLC Cell Lines.  Inhibition of cell growth in the 
presence of erlotinib was determined across a panel of NSCLC cell lines. Cell lines are sorted based on 
ascending IC50 (or decreasing sensitivity to erlotinib). The  EGFR  and  KRAS  gene status are depicted 
below the heatmap (A, amplification; M, mutation). The heatmap represents either protein expression 
(FACS-based) or mRNA expression (qRT-PCR or Affymetrix-microarray chip-based) of various HER 
family receptors/ligands and classical EMT marker genes. The p-value was calculated from a one-sided 
t-test of the sensitive versus resistant cell lines. Figure was modified from Yauch et al. ( 20 ).       
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as compared to an earlier study of (183)  NSCLC patients who showed a trend toward 
EGFR FISH score and survival ( 17 ). Nevertheless, the conclusions of both studies were 
similar: that EGFR gene copy number (FISH  +  ) is generally increased in patients benefit-
ing from EGFR TKI therapy. However the lack of concordance between EGFR FISH and 
EGFR IHC data highlight the difficulties in obtaining a standardized approach to both EGFR 
immunohistochemistry and EGFR FISH. These data also raise the question of whether 
EGFR copy number is indicative of EGFR expression or if it more generally detects errors 
in DNA replication or repair. Recently a correlation between EGFR FISH and EGFR acti-
vating mutations was observed ( 31 ), however patients with increased copies of EGFR but 
with wild type EGFR showed increased time to progression as compared to FISH - /EGFR wild 
type patients (reviewed ( 32 )).   

  3.3. EGFR Dimerization Partners 
  3.3.1. HER2 

 In addition to mutations in downstream effectors of EGFR activity, genetic alterations in the 
EGFR coreceptor, HER2, have also been reported to modify the activity of EGFR inhibitors. 
Intragenic somatic mutations in the kinase domain of HER2 have been described in  ~ 4 %  of 
lung adenocarcinomas and can result in enhanced HER2 tyrosine kinase activity 
( 33 ,  34 ). Activating HER2 mutations are expected to be a negative predictor of response to 
EGFR antagonists, as the ectopic expression of mutant HER2 in cell lines leads to resistance 
to EGFR inhibition ( 34 ). Although the data is extremely limited, no patients with HER2 muta-
tions have been reported to respond to gefitinib ( 35 ). Interestingly, cell lines expressing mutant 
HER2 remain exquisitely sensitive to the dual ErbB kinase inhibitors, lapatinib and CI-1033, 
supporting the potential utility of HER2-targeted therapies in this small fraction of NSCLC. 

 In contrast, HER2 expression itself has been demonstrated to confer increased sensitivity to 
EGFR antagonists. Cappuzo et al. have reported that increased HER2 copy number in EGFR-
positive NSCLC patients treated with gefitinib was associated with a significantly better 
response rate, a longer time to progression and a trend toward better survival ( 27 ). Although 
further clinical studies are warranted, preclinical studies have provided additional support of 
this concept. Multiple groups have demonstrated that HER2 overexpressing cancer cell lines 
and xenografts exhibit enhanced sensitivity to the antiproliferative effects of gefitinib ( 36 , 
 37 ). The off-target activity of gefitinib on HER2 may not be sufficient to explain this effect, 
as the affinity of gefitinib for receptor HER2 dephosphorylation is   100-fold less compared 
to EGFR and it is unlikely that concentrations of gefitinib achieved in patients would be 
effective against HER2. It is possible that the elevated levels of HER2 could preferentially 
drive EGFR/HER2 heterodimerization over EGFR homodimerization leading to increased 
EGFR activation ( 38 ). HER2 is not only the preferred dimerization partner for the ErbB 
family members, but it’s expression has been demonstrated to enhance the recycling rate of 
EGFR leading to a reduction in receptors that are internalized for degradation ( 39 ,  40 ). Inter-
estingly, it has also been suggested that gefitinib can disrupt the formation of HER2/HER3 
heterodimers in HER2-overexpressing cells, resulting in the sequestration of the HER2 and 
HER3 into inactive EGFR heterodimers ( 41 )  

  3.3.2. HER3 
 Despite the lack of intrinsic tyrosine kinase activity, recent reports have also proposed an 

intriguing role for HER3 in regulating EGFR TKI activity. Upon heterodimerization with 
other HER family members, HER3 can be transphosphorylated and subsequently activate 
the PI3K pathway. In transformed cell types it has been suggested that HER3 is the primary 
means of coupling EGFR activation to the PI3K/Akt pathway ( 42 ,  43 ), and this coupling has 
been linked to EGFR antagonist sensitivity ( 44 ). In support of this notion, a correlation between 
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HER3 expression and EGFR TKI sensitivity has been reported in cell lines by several groups 
( 19 ,  20 ,  44 ,  45 ) and the ability of EGFR inhibition to decrease Akt pathway activity has been 
associated with EGFR TKI sensitivity. Furthermore, it has recently been reported that the 
inability of extended EGFR TKI treatment to sustain Akt dephosphorylation through HER3 
reactivation may serve as mechanism by which tumors elude EGFR antagonist activity ( 46 ). 
Taken together, these studies have implicated a potentially important role for this kinase-
inactive dimerization partner in linking the activity of EGFR antagonists to downstream 
survival pathways and drug efficacy. The clinical significance of HER3 expression and/or 
transphorylation status remains to be elucidated.   

  3.4. EGFR Regulated Downstream Signaling Pathways 
  3.4.1. K-Ras 

 An additional factor suggested to predict for the efficacy of EGFR inhibitors has been 
the mutational status of  KRAS  in NSCLC. K-ras is a small GTPase that lies directly down-
stream of the EGFR and is a key branching point for EGF-related signaling cascades ( 1 ). 
 KRAS  is frequently mutated in NSCLC (  25 % ) and it is believed that activating mutations 
of this signaling component may override any potential benefit of EGFR inhibition. Pre-
clinical studies do not seem to support this hypothesis, as no correlation between  KRAS  
mutation status and erlotinib sensitivity has been reported in either NSCLC or pancreatic 
cancer cell lines ( 19 ,  20 ,  45 ,  47 ,  48 ). Furthermore, mutant K-ras is unable to confer resistance 
to EGFR inhibition in either lung adenocarcinomas derived from Kras LA1  transgenic mice 
or in immortalized human bronchial epithelial cells transfected with mutant  KRAS  ( 47 ). 
However, a limited number of clinical studies have suggested that  KRAS  mutations may 
correlate with a reduction in patient benefit to EGFR inhibitors. Analysis of the TRIB-
UTE trial suggested that  KRAS  mutations correlated with a reduced time to progression in 
patients receiving erlotinib in combination with chemotherapy ( 14 ). Furthermore, an analysis 
of albeit a small number of patients in several studies suggested that patients harboring 
tumors with  KRAS  mutations showed no response to either EGFR TKIs or cetuximab 
administered as a single agent and/or in combination with various chemotherapy regimes 
( 35 ,  49 ,  50 ). Nevertheless, larger prospective studies would be necessary to more definitely 
demonstrate whether  KRAS  mutations would predict for a poorer clinical outcome in the 
approved, single-agent setting. 

 As opposed to playing an active role in conferring resistance,  KRAS  mutations may be 
reflective of a tumor driven by distinctive molecular defects promoting tumorigenesis and 
progression. In support of this theory,  KRAS  mutations are associated with tumors arising in 
patients with a history of smoking, whereas response to EGFR TKIs is associated with non-
smoking histories ( 24 ). Furthermore, there have been no reports of  KRAS  mutations arising 
in patients who progressed on erlotinib treatment, suggesting that it is not a main mecha-
nism of acquired resistance to EGFR therapy. Links between EGFR and K-ras signaling are 
described in detail in Chapter 7.  

  3.4.2. Akt pathway 
 Tumors may utilize the EGFR-independent activation of PKB/Akt as an additional 

mechanism to resist EGFR antagonists. Genetic aberrations in the PI3K pathway leading 
to Akt phosphorylation have been reported to occur in subsets of human neoplasms through 
various mechanisms, including activating mutations in the catalytic and regulatory subunits 
of PI3K itself and through loss of the negative regulator of PI3K, PTEN ( 51 ) (see also 
Chapter 8). Decreased PTEN levels have been shown to be associated with resistance to 
EGFR inhibitors both in vitro and in vivo ( 52 ,  53 ); and conversely, the restoration of PTEN 
activity in PTEN-deficient cell lines results in increased sensitivity to EGFR TKIs ( 53 - 55 ). 
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Even in the context of EGFR activating mutations, further activation of Akt through the 
ectopic expression of oncogenic PI3K (p110 α  E545K ) or oncogenic Akt (myristoylated Akt) is 
sufficient to confer resistance to gefitinib. Clinically, recognition of the underlying mecha-
nisms leading to PKB/Akt activation is imperative to developing biomarkers of response/
resistance, as studies evaluating the predictive value of phosphorylated Akt alone in patients 
treated with EGFR antagonists have led to conflicting results. This is likely due to the fact 
that activated EGFR could also drive Akt phosphorylation, which is supported by preclinical 
studies demonstrating higher levels of Akt phosphorylation in EGFR mutant vs. wild-type 
expressing cells ( 7 ). Whereas several studies have reported negative associations of high 
phospho-Akt with patient benefit to EGFR TKIs ( 35 ,  56 ), high tumor phospho-Akt has been 
positively associated with better outcome when assessed in the context of EGFR mutations 
( 10 ) or EGFR FISH positivity ( 27 ). Thus, identifying the underlying mechanism leading to 
PKB/Akt activation in a tumor may not only provide a more predictive biomarker of EGFR 
antagonist activity, but also lead to the rational selection of novel therapeutic combinations 
capable of overcoming potential resistance.    

  4. EPITHELIAL-MESENCHYMAL TRANSITION (EMT) AND ITS 
CORRELATION WITH INSENSITIVITY TO EGFR INHIBITORS  

 Although mutations in the EGF receptor tyrosine kinase domain have been strongly impli-
cated in predicting clinical response to small molecule kinase inhibitors, it was clear from the 
phase III clinical trial of erlotinib that patients who expressed wild type EGFR received clear 
clinical benefit from such therapy ( 12 ). These observations , coupled with the fact that EGFR 
mutations have only been reported in approximately 10 %  of the NSCLC population, prompted 
a number of groups to investigate what additional markers may predict sensitivity of patients, 
carrying wild type EGFR, to small molecule tyrosine kinase-inhibitor therapy. A number of 
independent groups have used genomic and proteomic profiling of NSCLC cell lines to iden-
tify molecular markers of response to small molecule EGFR tyrosine kinase inhibitors. 

 Satisfyingly, three groups independently identified similar groups of genes and encoded 
proteins in NSCLC cell lines as being predictive of EGFR inhibitor sensitivity in vitro and 
in xenograft models ( 19 ,  20 ,  57 ,  58 ). It was apparent that cell lines deemed sensitive to 
erlotinib in in vitro growth inhibition assays expressed classical epithelial cell markers, such 
as E-cadherin and  γ -catenin, whereas those deemed insensitive to erlotinib treatment had 
lost such markers and instead gained expression of markers more traditionally associated 
with mesenchymal cells, such as vimentin, fibronectin and Zeb1/TCF8 (Fig.  22.1 ; ( 19 ,  20 , 
 58 )). These changes in the protein expression profiles of the cells strongly implied that 
the erlotinib-insensitive cell lines had undergone an epithelial to mesenchymal transition or 
EMT. These observations have been extended to other cancer indications such as pancreatic, 
colorectal, and breast cancer cell lines, strongly suggesting that this is an important and 
widespread indicator of EGFR inhibitor sensitivity in cancer ( 59 ). 

 EMT is a well-established phenotypic transformation in development ( 60 ), whereby cells 
originating from an epithelial layer undergo a transition to a more mesenchymal phenotype, 
resulting in cells with a more motile nature. This process is reversible, suggesting a large 
degree of plasticity within these cells. It has become apparent in recent years that tumor 
cells utilize a process very similar to developmental EMT during tumor progression. There is 
increasing evidence that tumor cells, especially at the invasive front of the tumor mass ( 61 ), 
transition from an epithelial phenotype to a mesenchymal-like phenotype allowing the cells 
to invade the surrounding stromal tissue and migrate into the lymphatic or vasculature and 
metastasize to distant sites ( 60 ). 
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 One of the most studied and key markers of EMT is E-cadherin. This is a transmembrane 
protein involved in Ca 2 +  -dependent cell-cell adhesion ( 62 ). Loss of E-cadherin has long been 
associated with poor prognosis in cancer patients and it has been described as a tumor sup-
pressor gene ( 63 ). Indeed, Christofori and collegues reported that the loss of E-cadherin 
expression promoted the transition from adenoma to carcinoma in a mouse pancreatic cancer 
model ( 64 ). These studies imply that rather than being a marker of a cellular phenotypic 
change, E-cadherin is actively involved in maintaining an epithelial character. In addition, 
a retrospective analysis of a phase III trial in NSCLC with erlotinib plus chemotherapy 
compared to chemotherapy alone (TRIBUTE), showed that E-cadherin expression was a 
significant predictive marker for increased time to disease progression mediated by erlotinib 
treatment ( 20 ), supporting the previous in vitro studies of E-cadherin positivity correlating 
with sensitivity to EGFR small molecule inhibitors. Although further clinical evaluation is 
clearly required, these initial studies suggest that E-cadherin, and EMT as a process, may be 
excellent biomarkers for the efficacy of EGFR inhibitors in cancer patients. 

 The physiological cues that initiate EMT are varied and complex. A large number 
of growth factors (EGF, PDGF, VEGF, TGFb, Wnt, SDF1, PGE2), cytokines (ILE1, IL) 
and stress stimuli (hypoxia) have been reported to induce EMT in cell-based models ( 60 ). 
In general, all of these stimuli are known to induce tumor progression through prolifera-
tive and anti-apoptotic pathways as well as through the induction of EMT. Although these 
signals are diverse, there are a common set of transcription factors that appear to be 
the key regulators of this transition and include SNAI1, ZEB1, SLUG, and TWIST. These 
factors directly bind to the promoter region of a large number of genes, including the E-
cadherin gene, shutting off their transcription through recruitment of chromatin modifying 
complexes ( 65 ). Of note overexpression or down-regulation of these factors results in down-
stream genes being both up- or down-regulated, suggesting that they control a complex gene 
expression program ( 66 ). In addition overexpression of each of these factors in an epithelial 
cell background has been reported to induce EMT, with the resulting mesenchymal-like cells 
exhibiting increased motility, invasiveness and tumorigenicity in nude mice. Conversely, 
silencing of SNAIL in mouse cancer cells reduces their ability to grow in vivo ( 67 ). These 
observations strongly imply a critical role for these transcription factors in regulating EMT 
and tumor progression and imply that strategies aimed at targeting this transition in cancer 
patients may have clear clinical benefit. 

 The reasons why tumor cells that have undergone EMT are now less sensitive to EGFR 
inhibition than their epithelial counterparts remain unclear. However, it does appear that 
cells that have undergone EMT express lower levels of EGF-family ligands (Fig.  22.1 , ( 19 , 
 20 )), implying a reduced dependency upon the EGFR pathway. There are some reports of 
a physical interaction between E-cadherin and EGFR ( 68 ), suggesting an active role of E-
cadherin in regulating EGFR signaling, possibly in a ligand-independent manner. Loss of 
E-cadherin during EMT may thus render the cells less dependent upon EGFR signaling and 
so less sensitive to its inhibition. In a similar vain, ErbB3 has been shown to be expressed 
to high levels in epithelial erlotinib-sensitive cell lines ( 19 ,  44 ,  45 ) and down regulated in 
mesenchymal-like cells, suggesting it plays a prominent role in erlotinib sensitivity. ErbB3 
is known to couple strongly to the PI3K pathway and as cells transition to a mesenchymal-
like state, PI3K signaling may be controlled via alternative routes (Fig.  22.2  and section  5 ). 
Interestingly, ErbB3 transcript levels have been shown to decrease upon SNAIL expression, 
implying a potentially direct role for SNAIL in regulating ErbB3 expression. Therefore, a 
switch in dependency from EGFR-dependent proliferation and survival to EGFR-independent 
proliferation and survival during EMT may be one explanation for the reduced sensitivity to 
EGFR-directed inhibitors.  
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  Fig. 22.2      Epithelial and mesenchymal cells switch from EGFR signaling to alternative routes of 
proliferation and survival        

 Also of interest is the fact that these critical EMT transcription factors have been 
described as anti-apoptotic factors ( 69 - 71 ), providing cells in which they were expressed 
with resistance to pro-apoptotic stimuli and chemotherapy agents. Of interest in this regard 
is a recent elegant study showing that recurrent mammary tumors in a mouse  neu 2-driven 
model express high levels of SNAIL and that the recurrent tumor cells have undergone EMT 
( 72 ). The implication of this result is that mesenchymal-like cancer cells have the ability to 
remain dormant until an as yet unknown trigger stimulates their re-growth. These studies 
suggest that the mesenchymal-like cells resulting from an EMT are very different from their 
epithelial counterparts and have adapted to survive in different ways. Identifying and targeting 
these pathways in mesenchymal-like cells will hopefully lead to more effective cancer 
therapies which can be used alone and in combination with epithelial-directed therapies, 
such as EGFR TKIs.  

  5. ALTERNATE RECEPTOR SIGNALING: BYPASSING EGFR  

 Signal transduction pathways have been researched extensively over the years and linear 
pathways have been predicted for many receptor tyrosine kinase cascades. However, it is 
becoming increasingly clear that there is a high degree of crosstalk, parallel signaling, and 
interdependence among these pathways that leads to the activation of common proliferative 
and survival pathways. This finding opens up the concept of cells switching dependency 
upon certain RTK pathways resulting in a resistance mechanism to molecular targeted therapies. 
Indeed, it is apparent that NSCLC cell lines that are insensitive to EGFR TKIs express lower 
levels of EGF-family ligands, suggesting that these cells are less dependent upon EGFR 
signaling than the more sensitive cell lines (Figs.  22.1  and  22.2 ; ( 19 ,  20 )). In the next section 
we highlight two different RTK signaling cascades that have been implicated in mediating 
resistance to anti-EGFR therapy. 

  5.1. IGF1R 
 IGF1R signaling is increasingly being seen as a major contributor to malignant pro-

gression and a number of approaches to target this receptor are currently underway ( 73 ). 
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IGF1R is a transmembrane receptor tyrosine kinase implicated in the transmission of 
proliferative and survival signals. Its ability to strongly couple to the PI3K/Akt pathway 
has implicated it as a resistance mechanism to EGFR kinase inhibition. There are a number 
of lines of  evidence that lend support to this hypothesis. High concentrations of IGF1 
were shown to block erlotinib-induced apoptosis in DiFi colon cancer cells, presumably 
through the IGF1-induced activation of the Akt pathway in the presence of EGFR inhibi-
tion ( 74 ). A different approach was undertaken by Chakravarti and colleagues ( 75 ), who 
identified 2 glioblastoma cell lines that differed in their sensitivity to the EGFR tyrosine 
kinase inhibitor AG1478. The less sensitive cell line exhibited up-regulation of IGF1R 
signaling and sustained activation of the PI3K/Akt axis in presence of the inhibitor. A more 
recent report has indicated that treatment of erlotinib-insensitive NSCLC cell lines, with 
erlotinib initiated an up regulation of IGF1R signaling, resulting in activation of cell sur-
vival pathways, including increased expression of survivan ( 76 ). Furthermore the authors 
presented evidence that a drug-resistant clone of H460 cells showed a higher sensitivity to 
an IGF1R inhibitor than the parental H460 cells. An additional study indicated increased 
signaling through IGF1R in both breast and prostate cancer cell lines resistant to gefitinib 
( 77 ). These and other studies suggest that a combination strategy inhibiting both EGFR 
and IGF1R signaling would be more effective than inhibition of either pathway alone, and 
has been shown to be the case in a number of different pre-clinical models. Combination 
of EGFR and IGF1R inhibition has been reported to be synergistic in cell growth and 
apoptotic assays in glioblastoma cells ( 75 ), hepatocellular carcinoma cell lines ( 78 ), and 
NSCLC cell lines and xenografts ( 76 ). 

 Although the rationale for combination of EGFR and IGF1R inhibitors from pre-clini-
cal models is strong, it will require extensive analysis of human tumor samples to identify 
biomarkers that predict whether such combinations would be successful in the clinic.  

  5.2. PDGFR 
 Activation of another receptor tyrosine kinase, PDGFR, has also been implicated as a 

potential mechanism for insensitivity to EGFR inhibition. PDGFR  α  and  β  have both been 
shown to be overexpressed in many different cancers, and have a role not only in primary 
tumor formation but angiogenesis and tumor cell metastasis ( 79 ,  80 ) through their activation 
of intracellular signaling cascades such as ERK and Akt. 

 These characteristics, much like IGF1R, suggest that PDGFR may be able to bypass 
EGFR-signaling and provide continued cell survival signals even in the presence of 
anti-EGFR therapies. Support for this idea was recently published by Adam and colleagues, 
who presented evidence of a dependency on PDGFR signaling in bladder cancer cell lines 
that were insensitive to gefitinib ( 81 ). PDGFR-dependency has also been reported in ovarian 
cancer cell lines ( 82 ). In addition, our group has shown that PDGF receptors are up-regu-
lated in many NSCLC cell lines insensitive to erlotinib treatment that have undergone an 
EMT (Thomson et al., unpublished). This  is particularly interesting as it suggests that as 
tumor cells undergo EMT they begin to become EGFR-independent and acquire alternative 
mechanisms of survival signaling (Fig 22.2). Furthermore, Jechlinger and colleagues have 
provided evidence that autocrine PDGFR signaling is required to maintain breast cancer 
cells in a mesenchymal-like state, and this promotes breast cancer metastasis ( 83 ). Indeed, 
PDGFR has been reported to be a good marker of more aggressive, metastatic cancer ( 82 -
 84 ). These data then suggest that as tumors progress and become more highly invasive and 
metastatic they potentially lose their EGFR-dependency and acquire a dependency on PDGFR 
signaling. It would therefore be of interest to determine whether this is a wide spread phe-
nomenon in patients who progress while on anti-EGFR therapy and if so whether a subse-
quent anti-PDGFR therapy would be of benefit.   
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  6. SUMMARY  

 The development of molecularly targeted therapies has been a very successful approach 
in the ongoing battle against cancer however there are many unsolved problems. A more 
detailed understanding of which patients may benefit from treatment and in which ways 
tumor cells are able to escape from inhibition of a particular target are required to allow more 
effective next generation inhibitors to be developed. 

 We have begun to understand some of the issues associated with EGFR-directed therapies. 
The identification of EGFR kinase domain mutations was a big step forward in being able 
to predict which patients may be most susceptible to small molecule inhibitors. Equally, 
the observation that patients with wild type EGFR may still receive clinical benefit from 
these agents and the pre-clinical identification of EMT as an excellent correlate with EGFR-
directed small molecule inhibitor sensitivity suggest both a way of selecting patients and 
of identifying additional ways of attacking tumor cells. Taken together it is tempting to 
speculate that as EGFR-dependent epithelial tumor cells progress they undergo an EMT to 
become more migratory and invasive. In doing so they also lose dependency upon EGFR 
signaling and use alternative pathways to activate critical signaling nodes (Fig.  22.2 ). As 
discussed here some of these alternative methods could include signaling through the IGF1R 
or PDGFR pathways, but could also encompass any of the many ways in which these signal-
ing nodes can be activated. The ways in which these tumor cells adapt and progress may be 
dictated by the cues they receive from the microenvironment. It remains a major challenge to 
unravel the relevance of these different stimuli to allow the rational design of future molecular 
targeted therapies that will replace and augment those that are already available.    
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  Abstract 
 EGFR inhibitors have achieved clinical antitumor activity as single agents. The specific inhibition 

of EGFR and associated pathways provides a mechanism for efficacious inhibition of tumor cell 
growth while minimizing toxicities often associated with chemotherapeutic drugs. The challenge of 
using targeted cancer drugs as single agents is the potential for de novo or acquired resistance due 
to established or adapted alternate signal transduction pathways. In this chapter, we will describe 
how cancer drug combinations with EGFR inhibitors can be rationally identified by utilizing our 
understanding of the molecular mechanism and related biomarkers of EGFR inhibitor sensitivity. Such 
combinations may ultimately provide better efficacy and reduced toxicity for patients.  

  Key Words:   EMT ,  epithelial mesenchymal transition ,  erlotinib ,  EGFR ,  IGF-1R ,  ER ,  HER3 , 
 mTOR ,  HDAC ,  src ,  COX-2.     

  1. INTRODUCTION  

 Proteins related to the epithelial-mesenchymal-transition (EMT) have been used to resolve 
differential sensitivity to EGFR antagonists for a wide array of solid tumor types including 
NSCLC, pancreatic, colorectal, and breast. Epithelial-like tumor cells are comparatively 
more sensitive to growth inhibition by EGFR inhibitors, such as erlotinib (Tarceva, OSI 
Pharmaceuticals), than those tumor cells that have undergone EMT and acquired a mesen-
chymal-like phenotype (( 1 - 4 ) and reviewed by Thomson et al, this edition). Recent efforts 
have focused on the molecular mechanisms responsible for rendering EGFR-directed cell 
growth for epithelial tumor cells. The ability of EGFR antagonists to inhibit Akt activity 
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correlates with their sensitivity, and inhibition of Akt by EGFR antagonists occurs predomi-
nantly in epithelial-like tumor cells ( 5 - 7 ). Specifically, EGFR transactivation of HER3 has 
been shown to confer activity to Akt, and EGFR appears to be co-expressed with HER3 
principally in epithelial tumor cells. HER3 expression has been reported to be regulated by 
a similar transcriptional control mechanism as other epithelial-specific proteins such as the 
junctional protein E-cadherin. One transcriptional repressor of such proteins, snail, which is 
activated in cells undergoing EMT, also represses the expression of HER3 ( 8 ). In addition to 
its association with HER3 expression, evidence suggests that E-cadherin might be involved 
directly in mediating EGFR signal transduction important for regulation of HER3 and Akt. 
E-cadherin can activate EGFR in a ligand-independent manner, and this has been shown to 
confer activation to downstream machinery within the EGFR signaling cascade including 
Erk and Akt ( 9 - 12 ). 

 For mesenchymal-like tumor cell lines that are insensitive to growth inhibition by EGFR 
antagonists, Akt appears to be regulated by an EGFR-independent mechanism. This may 
include activation due to mutations in the PI3K-PDK1-Akt cascade such as those that affect 
PI3K or PTEN ( 13 - 16 ). Alternatively, other receptor tyrosine kinases such as the insulin like 
growth factor receptor-1 (IGF-1R) or the platelet derived growth factor receptor (PDGFR) 
may preferentially regulate Akt in mesenchymal tumor cells. 

 Collectively these data demonstrate that EMT is, at least in part, responsible for the inherent 
heterogeneity of tumors (e.g., epithelial and mesenchymal phenotypes). This tumor hetero-
geneity as well as the plasticity that exists between different cell states (e.g., EMT and MET) 
results in a collection of tumor cells utilizing differential signal transduction pathways and 
relying upon diverse survival requirements. This  likely underlies the differential efficacy 
observed for using anticancer drugs, such as EGFR inhibitors, as single agents for a broad 
group of unselected patients. More effective cancer treatment may be achieved by combining 
cancer drugs against multiple, but specific, targets to maximize the diversity of tumor cells 
that will be effectively targeted. Understanding the molecular pathways used by the tumor 
cells would allow the rational selection of molecular targeted drugs to inhibit multiple and 
overlapping signaling pathways to allow for maximum efficacy. 

 Combination therapy represents a strategy to both maintain the sensitivity to EGFR inhibi-
tors for epithelial tumors that have acquired resistance due to long term treatment as well as to 
impart sensitivity to mesenchymal tumors that exhibit de novo resistance to EGFR inhibition. 
Such strategies could include combinations with agents exploit the plasticity of tumor cells by 
affecting the EMT status of mesenchymal tumor cells as well as agents that directly interfere 
with cell signaling cascades specifically to restore signal flow from EGFR to Akt. Several recent 
reports have highlighted the utility of combination strategies and will be discussed herein.  

  2. REDIRECTING Akt SIGNALING TO EGFR CONTROL  

  2.1. Exploiting Cell Surface Receptor Crosstalk 
 Tumor cells harbor multiple cell surface receptors that can act in a redundant manner to  translate 

external signals to a common set of intracellular machinery in order to regulate cell growth 
and survival. Cooperation among cell surface receptors toward regulation of the Akt  pathway 
has been described, and this crosstalk has been exploited by combining EGFR  antagonists with 
inhibitors of alternate cell surface receptors to redirect Akt activity to the EGFR signal trans-
duction cascade ( 17 ,  18 ). Studies illustrating the success of this approach have involved com-
binations of EGFR inhibitors with antagonists of the estrogen receptor (ER) ( 17 ), HER2 ( 19 ), 
or the insulin-like growth factor receptor (IGF-1R) ( 18 ). Herein, the rationale for the combined 
targeting of the EGFR with either ER or IGF-1R antagonists will be discussed. 
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  2.1.1. Combined Targeting of the EGFR and IGF-1R 
 Two signal transduction cascades that lie downstream of EGFR and are important for 

regulating cell growth and survival for tumor cells are the MAPK and Akt pathways. Block-
ade of signaling through EGFR can cause selection pressure that results in compensation 
by alternative receptor tyrosine kinases (RTKs) for the regulation of these pathways. Such 
receptor crosstalk is well documented between the EGFR and IGF-1R. Signaling through 
the IGF-1R promotes cell proliferation and survival for a wide range of tumor types ( 20 - 22 ), 
and both antibody-based and low molecular weight inhibitors of IGF-1R signaling have 
demonstrated antitumor activity in both the in vitro and in vivo settings. The IGF-1R has 
been shown to be a strong transducer of activity to the PI3K pathway in order to maintain 
cell survival in response to a variety of cancer therapeutics including cytotoxic chemothera-
peutics, radiation, and molecular targeted therapeutics ( 23 - 27 ). 

 Enhanced signaling through IGF-1R has been shown to mediate resistance to EGFR 
inhibitors through sustained activation of the PI3K-Akt pathway. Both breast and prostate 
tumor cells that lose sensitivity to the EGFR inhibitor gefitinib gain an increase in IGF-1R 
phosphorylation and IGF-driven Akt activity that is accompanied by enhanced sensitivity to 
IGF-1R inhibitors ( 28 ,  29 ). For mesenchymal NSCLC cell lines, treatment with an EGFR 
antagonist or engineered expression of a dominant negative IGF-1R generated an increase 
in the phosphorylation of the reciprocal receptor ( 30 ). Here the combined targeting of EGFR 
and IGF-1R demonstrated synergistic antitumor activity. Glioblastoma cells resistant to 
growth inhibition by an EGFR antagonist exhibit a high expression level of IGF-1R, and 
treatment of these cells with an inhibitor of the EGFR results in both augmented overall 
expression of IGF-1R and an increase in phosphorylated IGF-1R. Cotreatment of tumor 
cells with both an EGFR and IGF-1R inhibitor resulted in a reduction in Akt phosphoryla-
tion that was greater than that achieved by either inhibitor as a single agent. Moreover, the 
combination achieved a greater than additive induction in apoptosis along with an inhibition 
of cell invasion ( 31 ). The success for the EGFR and IGF-1R inhibitor combination has trans-
lated to  in vivo  models. In mice bearing A549 or MCF-7 tumors, treatment with either an 
EGFR or IGF-1R neutralizing antibody as a single agent led to short term tumor regression, 
however only co-treatment with both neutralizing antibodies led to sustained tumor regres-
sion as long as 60 days ( 32 ). For in vitro models the combination of EGFR and IGF-1R 
antagonists has demonstrated synergy for a broad panel of tumor types including breast ( 26 , 
 28 ,  29 ), glioblastoma ( 31 ), pancreatic, and NSCLC ( 30 ). For breast tumor cell lines overex-
pression of the IGF-1R reduced sensitivity to the EGFR inhibitor gefitinib, and the combina-
tion of gefitinib with the IGF-1R inhibitor AG1024 generated synergistic growth inhibition 
as well as a promotion of apoptosis. The combination of EGFR and IGF-1R antagonists are 
able to reduce phosphorylated Akt levels below that obtained by either single agent, and, 
although EGFR antagonists generally cause tumor cell growth stasis and not growth regres-
sion, EGFR antagonists can inhibit cell survival in combination with IGF-1R antagonists. 

 An additional rationale for combining an EGFR inhibitor with an IGF-1R inhibitor stems 
from observations that IGF driven signaling appears to be involved in triggering EMT and 
also for the maintenance of the invasive phenotype for mesenchymal cells ( 33 ,  34 ). IGF-1R 
inhibitors have been shown to suppress cell migration and invasion ( 28 ). Prolonged exposure 
to IGF has been shown to trigger EMT for breast epithelial cells ( 33 ). The engineered expression 
of a constitutively active version of IGF-1R is transforming for MCF-10A mammary 
epithelial cells, and this is concomitant with EMT as the MCF-10A cells lose the expression 
of E-cadherin and gain the expression of mesenchymal protein markers including vimentin 
and snail (Adrian Lee, SABC, 2006). Treatment of MCF-10A cells with a low molecular 
weight inhibitor of the IGF-1R blocks transformation and EMT. Therefore, in addition to 
the direct effects on the Akt signaling cascade, an IGF-1R inhibitor may be able to block 
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EMT to maintain sensitivity to EGFR inhibition. A further understanding of the signaling 
networks that mediate IGF-driven EMT as well as the molecular basis for the reciprocal 
relationship that exists for EGFR and IGF-1R signaling may provide us with a biomarker 
signature to allow our identification of specific tumor settings where combining inhibitors 
of these specific receptors may be most important.  

  2.1.2. Combined Targeting of the EGFR and ER 
 The estrogen receptor is expressed in a variety of tumor types including NSCLC and 

pancreatic tumors in addition to breast tumors, and the ability of ER signaling to drive tum-
origenesis for these various tumors is well documented ( 35 - 37 ). Traditionally, ligand binding 
to the ER promotes an active nuclear receptor that can bind to estrogen response elements 
and promote the transcription of target genes. More recently, the ability of a cytoplasmic 
pool of ER to participate directly in the activation of kinases has been realized ( 38 ,  39 ). 
Bidirectional communication between the ER and EGFR has been well documented. For 
example, estradiol promotes the autocrine production of EGF by breast tumor cells ( 40 ), 
and the EGFR may transactivate ER to relay signals to downstream pathways including the 
MAPK pathway. Recent data for NSCLC studies further expanded our understanding for 
the crosstalk between ER and EGFR. Estradiol was found to impose a down-regulation of 
EGFR expression, and treatment of tumor cells with the anti-estrogen fulvestrant generated 
an increase in EGFR signaling ( 37 ). The reciprocal was also observed, where treatment with 
the EGFR inhibitor gefitinib evoked an increase in ER expression. The combination of both 
EGF and estradiol generated a synergistic induction in the activity for the MAPK pathway, 
and the combined blockade of ER and EGFR with fulvestrant and gefitinib achieved 
synergistic cell growth inhibition in vitro, and heightened tumor growth inhibition in vivo. 

 Data for breast tumors cell suggests that EGFR signaling may also mediate resistance 
to ER blockade. The expression of EGFR and ER inversely correlate in breast tumors, and 
increased expression of EGFR is associated with decreased sensitivity to endocrine therapy 
( 41 ,  42 ). The engineered overexpression of EGFR in the hormone-dependent breast tumor 
cell line ZR-75-1 conferred decreased sensitivity to anti-hormonal therapies ( 43 ). Long-term 
culture of ER-expressing MCF-7 cells with fulvestrant genereated  hormone resistance, and 
this was accompanied by an increase in EGFR expression and enhanced sensitivity to gefitinib 
( 44 ). Molecularly, the fulvestrant-resistant MCF-7 cells gained the capacity for autocrine 
activation of EGFR through the increased expression of ligands such as TGF- α , and this 
 correlated with augmented signaling within EGFR-mediated signaling cascades such as the 
MAPK pathway. More specifically, the growth of these cells appeared to be driven by EGFR-
HER2 heterodimerization ( 18 ). Collectively, these data indicate that the reciprocal relationship 
between EGFR and ER signaling can confer resistance to single agent inhibitors during 
prolonged treatment for both breast and other types of solid tumors. This highlights the need 
for either concurrent or sequential combination strategies for sustained therapeutic benefit.   

  2.2. Exploiting Intracellular Feedback Loops 
  2.2.1. Combined Targeting of EGFR and mTOR 

 Intracellular feedback loops can cause redirection of signaling cascades that regulate Akt 
activity, providing a mechanism for potential resistance to molecular targeted therapeutics 
that affect Akt activity through a single pathway. Combination strategies that exploit this 
resistance mechanism have demonstrated success in redirecting Akt signaling to EGFR con-
trol. One such illustration of this is the combination of an EGFR inhibitor with the mTOR 
inhibitor Rapamycin. Rapamycin is a high molecular weight polyketide that effectively 
inhibits signals downstream of mTOR that are important for control of cell cycle progression 
and proliferation. However, Rapamycin treatement can result in an increase in Akt phosphorylation 
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that is accompanied by a promotion of cell survival, and as a single agent Rapamycin has 
shown limited utility to inhibit cell growth ( 45 - 50 ). Here, rapamycin’s ability to inhibit tumor cell 
proliferation is likely offset by its ability to inhibit apoptosis. Several mechanisms have been 
proposed to account for Rapamycin’s pro-survival activity. First, Rapamycin, which inhibits 
only the mTOR-raptor complex, may lead to a shift in equilibrium from the mTOR-raptor 
to the mTOR-rictor complex. Akt activity has been shown to be activated by mTOR-ric-
tor ( 47 ). Second, by inhibiting signals downstream of mTOR, including p70S6K, rapamy-
cin circumvents a negative regulatory feedback loop involving the p70S6K-IRS1-PI3K-Atk 
pathway ( 51 - 53 ). Here serine phosphorylation of IRS-1 by p70S6K inhibits its ability to 
act as a conduit for transferring signals from IGF-1R to PI3K. Activated IGF-1R does not 
interact with PI3K directly, but rather phosphorylates IRS-1 at select tyrosine residues that 
serve as docking nodes for PI3K. Only PI3K docked to IRS-1 can be activated by IGF-1R 
( 54 - 57 ). Rapamycin promotes IRS-1-PI3K coupling by blocking p70S6K activity, which 
is inhibitory to IRS-1 function. This provides a strong mechanistic rationale for combining 
Rapamycin with an inhibitor of the IGF-1R, and this combination has demonstrated success 
( 58 ). However, the combination of Rapamycin with an EGFR inhibitor has also achieved 
success in preclinical models ( 59 - 61 ). For both renal cell carcinoma and glioblastoma tumors 
that carry mutations that activate Akt in a ligand-independent manner, synergistic growth 
inhibition has been achieved by combining an EGFR and mTOR inhibitor ( 60 ,  61 ), and this 
combination has shown early clinical utility ( 59 ). We have recently reported that the EGFR 
inhibitor erlotinib can synergize with rapamycin for other types of cancer cells including 
those derived from NSCLC, breast, pancreatic, and colorectal tumors ( 62 ). Here we showed 
that for mesenchymal-like tumor cells such as H460, although erlotinib has no effect on 
basal Akt activity, it can inhibit Akt activity that is Rapamycin-driven ( Fig. 23.1 ). 

  Fig. 23.1       Erlotinib Inhibits Rapamycin-induced Akt Phosphorylation.   Effect of varying concen-
trations of erlotinib on Akt phosphorylation in the presence of rapamycin by immunoblot (A) with 
quantitation of band intensity (B).       
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  Fig. 23.2.       Rapamycin synergizes with erlotinib to inhibit cell growth in both in vitro and in vivo 
models.    A. Effect of varying concentrations of erlotinib, alone or in the presence of rapamycin, on the 
growth of Calu6 tumor cells. The BLISS curve represents the theoretical expectation for additivity. 
B. Effect of erlotinib, rapamycin, or the combination on the growth of Clau6 tumors in vivo.       

This  is accompanied by synergistic growth inhibition and induction of apoptosis in vitro 
and also synergistic tumor growth inhibition in vivo, ( Fig. 23.2 ). The mechanism whereby 
erlotinib might affect Rapamycin-driven Akt activity but not basal Akt activity is not yet 
completely understood, however this observation highlights the necessity for combination 
therapies and the need to identify biomarkers indicative of patients likely to receive the most 
benefit from specific combination regimens.      

  3. AFFECTING EMT STATUS  

 Epithelial tumor cells have been shown to be substantially more sensitive to EGFR inhibitor 
therapeutics than tumor cells that have undergone EMT and acquired a mesenchymal-like 
behavior, therefore, combining EGFR antagonists with agents that either block EMT or promote 
a mesenchymal-epithelial-transition (MET) could likely have therapeutic benefit. The drivers 
of EMT as well as the signaling pathways that maintain the mesenchymal-like cell state are 
multiple and complex. Many drivers of EMT have been proposed and include: inflammatory 
signals such as those evoked by COX-II; the capacity of growth factors such as TGF- β , EGF, 
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FGF, and IGF to evoke elevated Akt activity; hormones such as human growth hormone 
(HGH); signaling by non-receptor kinases such as src; and elevated integrin signaling ( 34 , 
 63 - 66 ). Signals that drive EMT could emanate from either the tumor cells themselves, such 
as autocrine production of TGF- β , or from stromal cells that infiltrate the tumor and provide 
signals that stimulate EMT in a paracrine manner. Therefore, there exists a strong rationale 
for both targeting EMT in tumor cells directly or by blocking the ability of tumor stromal 
cells to promote EMT. Several recently reported studies that address EMT in the context of 
sensitivity to EGFR inhibitors provide evidence of success for this strategy. 

  3.1. Combinations of EGFR and HDAC Inhibitors 
 Histone deacetylases (HDACs) are involved in chromatin remodeling and modification of 

non-histone transcription regulatory proteins, and thus they modulate the expression of genes 
important for complex biological events. HDAC activity has been shown to be associated with 
the enhanced proliferation and survival of tumor cells for both hematologic and solid malig-
nancies, and inhibitors of HDACs attenuate the growth of tumor cells. In addition to activity in 
vitro, inhibitors of HDACs have achieved antitumor activity in animal models ( 67 ). 

 Preclinical data have demonstrated that HDAC inhibitors can enhance the activity of 
EGFR antagonists. HDAC inhibition has been reported to lead to the down-modulation of 
both EGFR and ErbB2 expression, and the combination of HDAC inhibition with ErbB 
blockade has demonstrated enhanced proliferative inhibition, apoptosis induction and signal-
ing inhibition for prostate and breast cell lines ( 68 ,  69 ). The mechanism by which HDAC 
inhibitors affect the expression of members of the ErbB family likely involves the molecular 
chaperone Hsp90. The expression of the molecular chaperone Hsp90 is down-regulated by 
HDACs, and, since multiple RTKs including those within the ErbB family require Hsp90 for 
proper folding, there is a concomitant decrease in the expression of properly folded EGFR. 

 Mutations in EGFR the give rise to acquired resistance to EGFR inhibitors have been 
reported. Specifically, the T790M mutation has been shown to mediate resistance to low 
molecular weight inhibitors of the EGFR such as erlotinib or gefitinib by blocking their 
ability to bind at the ATP binding site ( 70 ). Mutant RTKs are reported to be substantially 
more dependent on Hsp90 for proper folding than wild-type proteins. Given the observation 
for the control of Hsp90 expression by HDACs, an HDAC inhibitor may be able to restore 
sensitivity to EGFR inhibition for resistance mutants such as T790M. 

 More recently, inhibitors of Histone deacetylases (HDACs) have been shown to promote 
an MET transition that is associated with enhanced sensitivity to EGFR inhibition. EMT, as 
well as the maintenance of the mesenchymal state, is controlled, at least in part, by a  family 
of transcription factors that include ZEB1, Slug, Snail and SIP1( 65 ). This group acts to 
transcriptionally repress genes important for the epithelial phenotype including E-cadherin, 
and the ability of transcription factors to repress these genes is dependent on their interac-
tion with both the transcriptional co-repressor CtBP and HDACs. Here the recruitment of 
HDACs leads to chromatin condensation and gene silencing ( 71 ). Recent work supports the 
hypothesis that the combination of EGFR inhibitors with HDAC inhibitors is a promising 
strategy to overcome resistance to EGFR TKIs. For example, it has been shown that the 
HDAC inhibitor trichostatin A (TSA) prevents TGF- β 1 induced EMT in human renal epi-
thelial cells ( 72 ). Pretreating gefitinib-resistant cell lines with the HDAC inhibitor MS-275 
induces the expression of E-cadherin and EGFR and leads to a synergistic growth-inhibitory 
and apoptotic effect of gefitinib in gefitinib resistant cell lines similar to that in gefitinib-sensi-
tive NSCLC cell lines ( 2 ). In the same way, E-cadherin transfection into a gefitinib-resistant 
cell line induced E-cadherin expression and augmented EGFR activation by EGF as com-
pared to untransfected resistant cell lines. Increase in E-cadherin expression by transfection 
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also increased sensitivity to gefitinib of the resistant cell line to levels observed in sensitive 
NSCLC cell lines ( 2 ). This data has suggested that expression of E-cadherin in cell lines 
might increase dependence on EGFR for growth and survival. 

 In summary, the combination of HDAC inhibitors with EGFR inhibitors offer evident 
advantages: by down-regulating EGFR or HER2, HDAC inhibitors potentiate the effects 
of EGFR TKIs and by inhibiting Zeb1 from repressing E-cadherin expression, the use of 
HDAC inhibitors in combination with EGFR inhibitors could prevent EMT and circumventing 
TKI resistance. In addition, the effect of HDAC inhibitors on Hsp90 could also have a poten-
tial effect against EGFR inhibitor resistant mutants.  

  3.2. Combination with Src Inhibitors 
 The ability of the non-receptor tyrosine kinase src to promote tumorigenesis and 

drive metastatic potential has been extensively described ( 73 ,  74 ), and increased activ-
ity for src is linked to enhanced metastatic potential ( 75 ). Consistent with its correlation 
with metastasis, recent data suggests that src activity is an important driver for EMT as 
well as for the maintenance of the mesenchymal phenotype. The ability of mesenchymal 
tumor cells to migrate from a primary tumor and extravasate to the blood stream is a 
hallmark event in metastasis, and src activity has been shown to be an important driver 
of both motility and invasion for mesenchymal tumor cell lines. Through activation of 
focal adhesion kinase (FAK), src is involved in regulating the formation and disemenation 
of focal contacts that is required for cell mobility ( 76 ). Cells harboring a kinase-defi-
cient src exibit impaired cell migration, and low molecular weight inhibitors of src fam-
ily kinases can inhibit cell migration ( 77 ). 

 Src activity has also been shown to play a role in the signaling events that mediate the 
transition from the epithelial to the mesenchymal phenotype. The engineered overexpres-
sion of activated src in epithelial tumor cells can drive EMT, and a dominant negative src 
can reverse the mesenchymal phenotype ( 78 ,  79 ). For colorectal tumor cells, enhanced src 
activity leads to disruption of E-cadherin mediated cell adhesion, a hallmark of the mesen-
chymal phenotype ( 80 ). Preclinical studies have shown that while inhibition of src does not 
affect the overall growth for primary tumors, blockade of src activity does attenuate cell 
migration as well as limit metastasis. Tumors harboring dominant negative mutants of src 
exhibited a high degree of epithelial differentiation compared with parental counterparts 
( 81 ). Specifically, inhibition of src activity was associated with increased homotypic cell 
adhesion as well as the loss of markers of the mesenchymal phenotype including vimentin. 
Cells treated with low molecular weight inhibitors of src demonstrate increased E-cadherin 
expression and enhanced homotypic cell adhesion. In vivo, treatment of xenograft tumors 
with an inhibitor of src achieved a reduced rate of metastasis, consistent with the potential 
of src inhibitors to block EMT ( 82 ,  83 ). Collectively, these data suggest that although src 
inhibitors demonstrate weak anti-proliferative activity as single agents, tumors treated with 
the combination of a src inhibitor with an EGFR inhibitor are likely to achieve substantial 
growth inhibition for the primary tumor as well as a reduction in metastatic potential.  

  3.3. Combination with COX-2 Blockade 
 Cyclooxygenase 2 (COX-2), the enzyme that catalyzes the conversion of arachidonic acid 

to the prostaglandins, plays a role in carcinogenesis and is expressed in many premalignant 
and malignant tissues ( 84 - 86 ). Cooperative signaling between COX-2 and the EGFR has 
been described. PGE2, a major product of COX-2, confers transactivation of EGFR by stimu-
lating the synthesis and secretion of ligands for activation of the EGFR. This enhanced EGFR 
activity promotes activation of the MAPK pathway, which in turn drives the transcription of 
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the gene encoding COX-2. This observation for reciprocal amplification of EGFR and COX-
2 activity as a driver of tumor cell growth highlights the potential for successfully combining 
an inhibitor of the EGFR and COX-2. In addition to the established crosstalk between these 
two enzymes, COX-2 signaling is associated with signaling events that mediate EMT ( 87 ). 
The overexpression of COX-2 or its product PGE2 results in a decrease in E-cadherin levels 
and homotypic cell adhesion. Treatment of cells with PGE2 generates an induction in the 
activity for transcriptional repressors that evoke EMT such as snail, along with an enhanced 
mesenchymal-like phenotype. The COX-2 inhibitor sulindac sulfide can reverse the gain of 
this mesenchymal phenotype. These observations provide a strong rationale for combining 
COX-2 and EGFR antagonists, in terms of blocking both enzymatic crosstalk and EMT, to 
achieve augmented growth inhibition compared with a single agent EGFR inhibitor. 

 Recently, synergistic tumor cell growth inhibition for SCCHN has been reported by com-
bining the EGFR inhibitor gefitinib with the COX-2 antagonist celecoxib ( 88 ). This synergy 
for growth inhibition was associated by a greater than additive decrease in the phospho-
rylated levels of EGFR, Erk, and Akt. In vivo, although celexocib administration failed 
to achieve significant tumor growth inhibition as a single agent it did further augment the 
growth inhibition in response to gefitinib. In APCmin/ +  mice, the combination of the COX-
2 inhibitor sulindac with an EGFR inhibitor led to a significant reduction in polyps, provid-
ing evidence for the success of this combination in chemoprevention.   

  4. CONCLUSION  

 Although the new generation of molecular targeted therapies, such as the EGFR inhibitor 
erlotinib, is showing promise in the clinic as single agents against tumors that were previ-
ously untreatable, not all tumors respond and not all patients are receiving maximal benefit. 
As described in this chapter, tumors are comprised of a heterogeneous population of cells 
that exhibit distinct morphologies and can harbor discrete mechanisms responsible for tumor 
cell growth and survival. In addition, even within the same tumor cell there may be plural 
and redundant signal transduction pathways to regulate the aberrant behavior of the tumor 
cell. This overlap among signal transduction pathways has been shown to be responsible for 
not only the de novo resistance of select tumor cells to EGFR inhibitor therapeutics but also 
to contribute to the acquired resistance to such therapeutics after prolonged treatment. These 
observations highlight the necessity for utilizing drug combinations to improve the therapeu-
tic efficacy against a broad range of tumors and to maintain long-term sensitivity. The multi-
pronged attack of mechanisms that drive a disease state through combinations of therapeutics 
has been extensively described for treating viral disease. Cocktails of anti-retroviral inhibitors 
of HIV have exhibited synergy and have achieved a profound clinical success over the past 
decade. For cancer, the ability of combinations of molecular targeted agents to achieve syner-
gistic effects in the clinic is currently being realized. Cytotoxic chemotherapies and radiation 
have routinely been used in combination, however these therapies often exhibit overlapping 
toxicities, limiting the potential to use these treatments optimally in combination. Addition-
ally, given the extent in overlap in mechanisms of action for these therapies, the resistance 
mechanisms to such agents also are apparently convergent. Molecular targeted agents can 
specifically block different signaling networks, and typically exhibit fewer and independent 
 toxicities, enabling these agents to be used quite effectively in combination. Synergies have 
been observed for various combinations, inviting the potential for lowering the dose of specific 
agents when used in combination. 

 Our expanding understanding of the differential mechanisms that drive cell signaling for 
epithelial and mesenchymal tumor cells as well as the signaling events that regulate tumor 
cell plasticity such as EMT and MET provides us the knowledge to effectively and rationally 
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design cocktails of molecular targeted therapeutics for the treatment of tumors. Such under-
standing also equips us with the ability to use combinations either concurrently or sequen-
tially to maintain sustained therapeutic benefit from therapeutics such as EGFR inhibitors. 
Such combinations have demonstrated success in preclinical models, and currently, clinical 
trials are underway to measure their clinical efficacy. Moving forward, efforts to obtain an 
understanding of the molecular mechanism responsible for response to a combination may 
provide us with predictive biomarkers such that patients most likely to respond to a specific 
combination may be selected. Such a process brings us closer to  “ individually tailored ”  
therapies for cancer patients.    
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  Fig. 1.2.      The structural homology between the CR1 loop of the human EGFR ( 11 ) and ErbB4 ( 19 ) is 
remarkable. The amino acid sequences are similar, but not identical. Despite different quaternary con-
texts, both the backbone atoms and the sidechains adopt almost identical conformations. The EGFR-
CR1 loop is involved in the crystal structure dimer interface in the ligand, untethered bound EGFR 
( 11 ), whereas the ErbB4-CR1 loop is taken from the crystal structure of the tethered, monomeric form 
of ErbB4 ( 19 ).       

 Fig. 1.1.      The extracellular domains (ECDs) of the human EGFR and ErbB2. The left-hand model is 
the tethered form of the EGFR-ECD ( 14 ) with the CR1 loop highlighted in magenta and the C225 
(cetuximab) epitope (lower part of the diagram) and the 806 epitope ( 43 ), ( 56 ) (below CR1 loop) 
are displayed in yellow. The EGF is colored green. On the right, the human, untethered EGFR-ECD 
conformer (blue) modeled from the conformation of the back-to-back ligand dimer ( 11 ), is docked in 
the back-to-back configuration with the human ErbB2-ECD ( 15 ) (red). The TGF-a   is colored green 
and the CR1 loop is colored magenta. The antibody epitopes are colored yellow. For the EGFR-ECD, 
the C225 epitope is on the left, and the 806 epitope is on the right facing ErbB2. For ErbB2, the 2C4 
epitope is close to the CR1 loop (magenta), and the herceptin epitope is at the C-terminus (at the 
bottom of the diagram).  
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