CANCER DRUG DISCOVERY AND DEVELOPMENT ™

EGFR Signaling
Networks
in Cancer Therapy

Edited by

John D. Haley
William J. Gullick

\\Ilf
3« Humana Press



EGFR SIGNALING NETWORKS
IN CANCER THERAPY



CANCER DRruUG DisCcOVERY AND DEVELOPMENT

Beverly A. Teicher, SERIES EDITOR

Checkpoint Responses in Cancer Therapy, edited by
Wei Dai, 2008

Cancer Proteomics: From Bench to Bedside, edited by
Sayed S. Daoud, 2008

Transforming Growth Factor-b in Cancer Therapy,
Volume II: Cancer Treatment and Therapy, edited
by Sonia Jakowlew, 2008

Transforming Growth Factor-b in Cancer Therapy,
Volume 1: Basic and Clinical Biology, edited by
Sonia Jakowlew, 2008

Microtubule Targets in Cancer Therapy, edited by
Antonio T. Fojo, 2008

Antiangiogenic Agents in Cancer Therapy, Second
Edition, edited by Beverly A. Teicher and Lee M.
Ellis, 2007

Apoptosis and Senescence in Cancer Chemotherapy and
Radiotherapy, Second Edition, edited by David A.
Gerwitz, Shawn Edan Holtz, and Steven Grant, 2007

Molecular Targeting in Oncology, edited by Howard L.
Kaufman, Scott Wadler, and Karen Antman, 2007

In Vivo Imaging of Cancer Therapy, edited by Anthony
F. Shields and Patricia Price, 2007

Cytokines in the Genesis and Treatment of Cancer,
edited by Michael A. Caligiuri, Michael T. Lotze,
and Frances R. Balkwill, 2007

Regional Cancer Therapy, edited by Peter M. Schlag and
Ulrike Stein, 2007

Gene Therapy for Cancer, edited by Kelly K. Hunt,
Stephan A. Vorburger, and Stephen G. Swisher,
2007

Deoxynucleoside Analogs in Cancer Therapy, edited by
Godefridus J. Peters, 2006

Cancer Drug Resistance, edited by Beverly A. Teicher, 2006

Histone Deacetylases: Transcriptional Regulation and
Other Cellular Functions, edited by Eric Verdin,
2006

Immunotherapy of Cancer, edited by Mary L. Disis, 2006

Biomarkers in Breast Cancer: Molecular Diagnostics
for Predicting and Monitoring Therapeutic Effect,
edited by Giampietro Gasparini and Daniel F.
Hayes, 2006

Protein Tyrosine Kinases: From Inhibitors to Useful

Drugs, edited by Doriana Fabbro and Frank

McCormick, 2005

Metastasis:  Experimental — and  Clinical

Therapeutics, edited by Gurmit Singh and Shafaat

A. Rabbani, 2005

The Oncogenomics Handbook, edited by William J.
LaRochelle and Richard A. Shimkets, 2005

Camptothecins in Cancer Therapy, edited by Thomas G.
Burke and Val R. Adams, 2005

Combination Cancer Therapy: Modulators and
Potentiators, edited by Gary K. Schwartz, 2005

Bone

Cancer Chemoprevention, Volume 2: Strategies for
Cancer Chemoprevention, edited by Gary J. Kelloff,
Ernest T. Hawk, and Caroline C. Sigman, 2005

Death Receptors in Cancer Therapy, edited by Wafik S.
El-Deiry, 2005

Cancer Chemoprevention, Volume 1: Promising Cancer
Chemopreventive Agents, edited by Gary J. Kelloff,
Ernest T. Hawk, and Caroline C. Sigman, 2004

Proteasome Inhibitors in Cancer Therapy, edited by
Julian Adams, 2004

Nucleic Acid Therapeutics in Cancer, edited by Alan M.
Gewirtz, 2004

DNA Repair in Cancer Therapy, edited by Lawrence C.
Panasci and Moulay A. Alaoui-Jamali, 2004

Hematopoietic Growth Factors in Oncology: Basic
Science and Clinical Therapeutics, edited by
George Morstyn, MaryAnn Foote, and Graham J.
Lieschke, 2004

Handbook of Anticancer Pharmacokinetics and
Pharmacodynamics, edited by William D. Figg
and Howard L. McLeod, 2004

Anticancer Drug Development Guide: Preclinical
Screening, Clinical Trials, and Approval, Second
Edition, edited by Beverly A. Teicher and Paul A.
Andrews, 2004

Handbook of Cancer Vaccines, edited by Michael A.
Morse, Timothy M. Clay, and Kim H. Lyerly, 2004

Drug Delivery Systems in Cancer Therapy, edited by
Dennis M. Brown, 2003

Oncogene-Directed Therapies, edited by Janusz Rak, 2003

Cell Cycle Inhibitors in Cancer Therapy: Current
Strategies, edited by Antonio Giordano and
Kenneth J. Soprano, 2003

Chemoradiation in Cancer Therapy, edited by Hak
Choy, 2003

Fluoropyrimidines in Cancer Therapy, edited by Youcef
M. Rustum, 2003

Targets for Cancer Chemotherapy: Transcription Factors
and Other Nuclear Proteins, edited by Nicholas
B. La Thangue and Lan R. Bandara, 2002

Tumor Targeting in Cancer Therapy, edited by Michel
Pagé, 2002

Hormone Therapy in Breast and Prostate Cancer, edited
by V. Craig Jordan and Barrington J. A. Furr, 2002

Tumor Models in Cancer Research, edited by Beverly A.
Teicher, 2002

Tumor Suppressor Genes in Human Cancer, edited by
David E. Fisher, 2001

Matrix Metalloproteinase Inhibitors in Cancer Therapy,
edited by Neil J. Clendeninn and Krzysztof
Appelt, 2001

Farnesyltransferase Inhibitors in Cancer, edited by Said
M. Sebti and Andrew D. Hamilton, 2001



EGFR SIGNALING
NETWORKS IN CANCER
THERAPY

Edited by

Joun D. HaLgy, PhD

OSI Pharmaceuticals, Farmingdale, New York, USA

WiLLiAM JoHN GuLLICK, PhD
University of Kent, Canterbury, UK

14

Q
3« Humana Press



Editors

John D. Haley

OSI Pharmaceuticals
Farmingdale, NY 11735
USA

jhaley @osip.com

Series Editor

Beverly A. Teicher

Vice President, Oncology Research
Genzyme Corporation

49 New York Avenue
Framingham, MA 01701

ISBN 978-1-58829-948-2
DOI: 10.1007/978-1-59745-356-1

Library of Congress Control Number: 2008923173

William John Gullick
University of Kent
Department of Biosciences
Canterbury, Kent

UK CT2 7NJ
w.j.gullick@ukc.ac.uk

e-ISBN 978-1-59745-356-1

© 2008 Humana Press, a part of Springer Science + Business Media, LLC

All rights reserved. This work may not be translated or copied in whole or in part without the written permission of the
publisher (Humana Press, c/o Springer Science + Business Media, LLC, 233 Spring Street, New York, NY 10013, USA),
except for brief excerpts in connection with reviews or scholarly analysis. Use in connection with any form of information
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology now known or

hereafter developed is forbidden.

The use in this publication of trade names, trademarks, service marks, and similar terms, even if they are not identified as
such, is not to be taken as an expression of opinion as to whether or not they are subject to proprietary rights.

While the advice and information in this book are believed to be true and accurate at the date of going to press, neither the
authors nor the editors nor the publisher can accept any legal responsibility for any errors or omissions that may be made.
The publisher makes no warranty, express or implied, with respect to the material contained herein.

Printed on acid-free paper
987654321

springer.com



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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vi Preface

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.]. Garrett
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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, (/) 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

From: Cancer Drug Discovery and Development: EGFR Signaling Networks in Cancer Therapy
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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 sSEGFR 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 (/0), fragments of the EGFR-ECD bound to ligand (/1), full-length erbB3-
ECD (72), full-length EGFR-ECD in the presence of EGF (/3, 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 (77, 18). Most recently, the 3D-structures of ErbB4 (/9) 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 B-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 B-solenoid consisting of seven
disulfide-boned modules. A very similar arrangement occurs in all of the EGFR family
members: B-solenoid(L1)-cystine-rich(CR1)-B-solenoid(L2)-cystine-rich(CR2).

In IGF1R, the ligand-binding faces of both B-solenoid domains are flat 3-sheets with one
protuberance in the middle turn. For EGFR [-solenoid domains, there more irregularities,
and in many of these excursions from the B-solenoid fold, loops are formed, which, together



Chapter 1 / EGFR Family 3D-structures 5

EGFR-tethered EGFR-untethered ErbB2

Rotation

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 (/4) with the CR1 loop highlighted in magenta and the C225
(cetuximab) epitope (lower part of the diagram) and the 806 epitope (43), (56) (below CRI1 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 (/7), is docked in
the back-to-back configuration with the human ErbB2-ECD (/5) (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).

with the flat B-sheets, constitute the ligand-binding surface. In the L1 domain, the first strand
of the flat B-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 (/2).
One month later, two structures were reported simultaneously for the ligand-bound form
of the EGFR-ECD (71, 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 (/1, 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
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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-o0 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 (37). 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 (/4).
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 A. 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 B-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
GIn-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 (71, 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 (/4, 31, 32). When the C-terminal 120
residues of the EGFR-ECD are removed (EGFR-ECD ), the EGFR-ECD _ is not con-
strained to adopt a “tethered” conformation (/7). 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 , , or EGFR-ECD | 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-a). 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-o, 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-EGEFR 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-o of EGFR-ECD:EGF structures. The N-terminal residues of the
L1 domain sit in contact with the bottom of the large B-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 CRI 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 (/5). 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 (/2) and ErbB4-ECD (/9) 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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EGFR-CR1-loop ErbB4-CR1-loop

Fig. 1.2. The structural homology between the CR1 loop of the human EGFR (/7) and ErbB4 (79) 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-
CRI 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).

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 (/5). 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 (27). 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
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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., ErtbB2), 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 (/-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 (/3). ErbB3 is unusual in a different way. It is known to bind ligand but lacks a func-
tional intracellular kinase domain (/4). 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-a, and amphiregulin (2, 75). 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 (2/-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 I1I) and
two cysteine-rich domains (also known as domains IT 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

EGF % EGF

N-lobe N-lobe A N-lobe N-lobe

C-lobe C-lobe C-lobe C-lobe

Qbm ébsz €rbB1 Qbsz
OFF OFF

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 IIT) and two cysteine-rich domains (I 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. ErtbB1/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 I 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 (/5). The ErbBl-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
GABI1 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 B-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 (48-57). 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 ErbB 1
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 ErtbB2/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 (/5).

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-a. 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-a are overexpressed in mammary epithelial cells results in multiple mammary tumors
with short latency compared to mice expressing either transgene alone (87).

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 ErbB 1/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 ErbB 1/ErbB2 heterodimers exhibit equal activation of the MAPK pathway,
but that heterodimers are more effective at activating PI3K and phospholipase Cyl path-
ways. In three-dimensional cell culture, ErbB 1/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. ErtbB2/ErbB3 HETERODIMERS IN CANCER

Of all the ErbB receptor family dimer combinations, ErtbB2/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 GI1/S transition. This transition is regulated by the CDK2/cyclin E complex, which
can be inhibited by the cyclin dependent kinase inhbitor p27%®!. PI3K pathway activation via
ErbB2/ErbB3 heterodimers results in inhibition of p27%P! activity, resulting in derepression of
the G1/S transition (75, 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 ErbB 1/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 (/07). 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 (/04). 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—p95HER2

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 p95TE®? is produced in breast cancer cell lines
(105-107). In about 30% of HER2-positive breast cancer patients, p9SHER?2 is detected in
tumor tissue by Western blot and is associated with poor clinical outcome (/08). 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 p185HER? to truncated p9SHER? (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"ER? with p9SHER2 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 (/117). 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 p95HER? could associate with other
ErbB family receptors. This concept is supported by a study in which p95E®? heterodimers were
examined in the HER2 amplified BT474 breast cancer cell line. In that setting, p95T®? was found
to heterodimerize specifically with ErbB3 but not with ErbB1 (/72). Examination of p95tER?
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 p9S"ER? /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"ER* 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 (//3) 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
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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 (/74). 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 (/15) (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 (//4). 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 (/17). 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 (//8). 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 (/79) (Fig 2.2). In cell lines with

A\ A I AN i
@ Ik L, = v g I

- HRG \>E HRG
A il E AN il E P il

W v W W ™ v
Il“ | H 14 Il'-
“> CI! I § ; !l> CIt
N-lobe N-lobe A N-lobe N-lobe
P 0 %
C-obe C-lobe S % g g C-lobe C-lobe
P P
ErbB2 ErbB3 Pl ErbB2 F| ErbB3 ErbB2 ErbB3
P F)
P P
P P
OFF ON OFF

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 IIT 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 HER?2 expression (e.g., SKBR3) and those with low HER?2 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 (/19).
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 (/20). 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 (/27). 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 (/27). 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 gqRT-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 (/22).

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.
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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 (/) 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 (/2, /3). 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 y-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 (/4) 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 (/6), and Abelson tyrosine kinase (Abl) (/7). 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 B-strands, but with an important
o-helix (o), while the C-terminal lobe is mostly a-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
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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 oc. Note also the additional short helix in front of oc. 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 A) 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 (/8, 719). Among the key elements are the o-helix
in the N-terminal lobe (o ), 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 o, 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 o (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

b \ o

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 C1-1033 share a 4-anilino-quinazoline chemotype, while EKB-569 and
HKI-272 share a 4-anilino-3-cyanoquinoline chemotype. C1-1033, 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 o 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 (/8). The positions of other ele-
ments of the catalytic machinery, the DFG tripeptide and the o._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 CDK?2 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 — 2.71&), 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 o,_is
shifted away from the catalytic machinery by about 9A at the end distal to the hinge region,
and the B-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 o 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 a-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, 37). 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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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.

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 T3151 mutation is the only one that second generation
inhibitors nilotinib and dasatinib do not inhibit effectively (Fig. 3.4). These mutations occur
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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 o, ) are not
very close to the bound inhibitor. The recent X-ray structure of the L§58R 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
lapatinib 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 LS8R 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 o, 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 o . A deletion preceding o, seems
likely to alter, and probably reduce, its ability to shift as a rigid body. A shortened link to the
preceding B-strand of the N-lobe will likely keep o, 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 MEKI1 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 o, 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 o 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 o, which, as discussed above,
is associated with conformational change in the A-loop. A homologous site in the cellular
kinase CDK?2 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 o, 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 o 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

| allosteric activator = another copy
of egfr kinase brought into proximity
via ligand-driven ecd dimerization

_key salt bridge

“inactive” A-loop seen in
lapatinib complex, with mini-helix

1 ‘“active” A-loop found
in erlotinib complex

m / \CRon. ™

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 o, . The “inactive” o 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 (/). In this pivotal work, 1251-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 (/7). 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 (/3). 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 (/4). 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 (/5). 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 (/4). 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 (/8).

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 (37). 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 u2 subunit of
AP2, nor the binding interface of this motif in the u2 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 (2 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 40C, EGFR interaction with AP-2
requires 37°C, 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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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
u2 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.

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 (/6). 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 (/6). 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.
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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 (/7, 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
CINSS5 (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 (/7). 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 (/8). 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 (77). 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
MYVB 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
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Fig. 4.2. Putative mechanisms of EGFR sorting in MVB. Ubiquitinated EGFR bind to the UIM
domain of Hrs (ESCRTO 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.

(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 (ESCRTO complex). EGFR-Hrs
interaction was shown using a co-immunoprecipitation assay (/7). 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
ESCRTO 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
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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 ESCRTTI 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 (67). 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. RNAIi 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 (47, 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 (97). 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 Sprouty?2 is
involved in the regulation of EGFR endocytosis is unknown.
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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.

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, Ymel, 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) (/00). 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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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 (/-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-1a, HSF1), and other
signaling molecules (NO synthase, GBy). Hsp90 modulates its client proteins by forming
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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 uM GA for increasing times.
Cell lysates were separated by SDS-PAGE and Western-blotted for either EGFR (A431 lysates) or
ErbB2 (SKBR3 lysates).

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 p60Hr (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 Ahal, 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 pS0°*’. A ternary complex of Hsp90-p50°*’-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°=* via its N-terminal ATP-binding domain and
the middle domain of p50°<7 (12). Further, p50°** interacts with the kinase through its N-terminal
domain (13). It seems that p50°**7 can sense conformational change in Hsp90 and is able to
translate this change into enhanced affinity for the binding of kinases (/4).

Hsp90 was first found to form a complex with the oncogenic v-Src protein together with
p50c¢37 (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 (/6). Hsp90 also plays a role in the folding and maturation of
the Src-related kinase Lck (/7). A requirement of Hsp90 function for kinase maturation
is well exemplified in the kinase GSK3p. In its mature form GSK3 is a serine/threonine
kinase. Newly synthesized GSK3[ however, instead displays tyrosine kinase activity. Auto-
phosphorylation on tyrosine residue Tyr216 in the activation loop mediates the transition
of GSK3p from a tyrosine kinase to a serine/threonine kinase. Importantly, this transition
requires association with Hsp90 (/8). 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 elF-2alpha (/9). Thus, Hsp90 function is differentially required by mature and
newly synthesized kinase proteins.
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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 »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, 27). 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°**’, providing support for
the hypothesis that Hsp90 and its co-chaperone p50°*” 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°*¥” 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%3” 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 (/). 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 (/). 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 Tyrl1112, 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-
502437 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 (37). 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 (37).
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 Hsp902

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-



Chapter 5 / Differential Dependence of EGFR and ErbB2 67

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

ATP binding cleft

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°*” 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°¢” and the kinase CDK4 (38).
This structure indicates that the kinase makes multiple interactions with Hsp90 and p50°<*7,
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°¢” 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 (47). 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 ErtbB2/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 CDK®6, 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°**” 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 M766ASYV (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°¢<3” 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
MS5 loop, these mutant EGFRs also readily associate with Hsp90 and p50°<¥, 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 CIN8S to activated
EGFR. CINS5 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 CINSS 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.
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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 (/). 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 oo (TGF-a), 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 (/0, 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 Cy (PLCy) pathways, and the STAT mediated pathways (/2). 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 (/4) (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 (/5) and cytosolic phospholipase A2
(16), which further activate various molecules associated with cell proliferation and
differentiation.
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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, PLCy, or the STAT signaling pathway. Each
of these signaling molecules initiate further signaling cascades, resulting in regulation of gene transcription
and cell cycle progression. STATSs 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.

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 (/7). Akt then, indirectly
phosphorylates the mammalian target of rapamycin (mTOR) (/8), 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 PLCy PATHWAY

Another prominent signaling protein activated by EGFR activation is the y1 isoform of
phospholipase C (PLC v). Upon activation, PLC 7y1 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
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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 (27). 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-a is a conventional
PKC and requires both DAG and Ca2+ for activity. One of the targets activated by PKC-a is
phospholipase D (PLD), which further hydrolyzes phosphatidylcholine (PC) to choline and
phosphatidic acid.

EGFR thus activates PLCy1 directly and Akt indirectly via PI3K. Recent evidence, how-
ever, indicates that there exists an interaction between PLCyl and Akt, which is mediated
via the PLC yl 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 (37), 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 STATS. 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 STATS are also upregulated, due, at least in part, to overexpres-
sion of EGFR. STAT?3 is required for EGFR-mediated head and neck cancer cell growth in
vitro (38), while STATSb 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 Cy-1 (47). 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. STATSs 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 STATSs 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 STATSs 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. STATSa 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 STATSs 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 (57). 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-o), interferon-gamma (IFN-y),
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 1N CANCER

In contrast to STAT3 and STATS5, 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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STAT]1 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 STATI 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-y mediated STAT1 activation leads
to growth suppression via the induction of p21/wafl (67). 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. STAT?3 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 (7/), 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 AcCTIVATION 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-o., and was
enhanced by the addition of exogenous TGF-a (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 (87). 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-a (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 kB (NF-xB) (88). Blocking NF-xB
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. STATS

STATS was originally identified as a prolactin (PRL) activated mammary gland transcription
factor (89). Shortly after this discovery, another highly homologous gene, STATSb was
identified and also found to be expressed in the mammary gland (90). STATS5a and STATSb
are encoded by two different highly homologous genes on the human chromosome 17q11.2
and mouse chromosome 11. STATS 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. STATS5 recognizes the IFN-y activated
sequence TTCNNNGAA in the promoter region of the beta-casein gene.

STATSa 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 STATS. STAT5a and STATSb 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 STATS5a is crucial for this aspect of prolactin function. (96).

The phenotype of STATSb deficient mice, on the other hand, suggests an indispensable
role in growth hormone (GH) action. The characteristics of STATSb -/- 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 STATS by various hematopoietic cytokines. In
summary, knockout studies on STATS illustrate the essential, though redundant roles of both
isoforms in a spectrum of physiological responses associated with GH and PRL signaling.

Activation of STATS 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 STATS leads to downstream signal transduction events in a similar manner as
those of the other STAT members. STATS5a and -b can form homodimers with itself or het-
erodimers with the adapter protein CrkL (98, 99).

2.7.1. STATS AcTIVATION IN CANCER

STATS is constitutively activated in a wide range of human malignancies. STATS has been
implicated as an oncogene, primarily in hematopoietic malignancies (/00). In chronic myel-
ogenous leukemia (CML), STATS5 activation has been shown to mediate the transforming
activity of Ber-Abl (/01). Activation of STAT5a in myeloma and lymphoma associated with
the TEL/JAK?2 oncogenic gene fusion is independent of cell stimulus and has been shown to
be essential for the tumorigenicity of the TEL/JAK2 oncogene (/02). Indeed, activation of
STATS is both necessary and sufficient for transformation by TEL/JAK2 and STATS activa-
tion, leading to induction of the single downstream target gene oncostatin M (OSM) and
induction of a lethal myeloproliferative disease. STATS activation has been linked to trans-
formation mediated by other fusion genes, including NPM/ALK and TEL/ABL (103, 104).
The STATSb/retinoic acid receptor alpha gene fusion has been detected in a small subset of
acute promyelocytic-like leukemias (APLL) (/05).

In solid tumors, there is emerging evidence for constitutive active STATS association with
tumorigenesis (our observations and (/06)). Constitutive activation of STATS 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 (/07). Constitu-
tive activation of STATS has been associated with better prognosis in both breast cancer and
nasopharyngeal cancer. In contrast, activated STATS correlated with high histological grade
and early disease recurrence in prostate cancer (/06). Activated STATS may also act as a
survival factor in human melanoma via the EGFR signaling axis (/08). In human melano-
mas, expression of activated STATS is driven by EGF, and is mediated through Src and JAK1
kinases (/08). The seemingly different outcomes of STATS5 activation may be contributed to
different tumor microenvironments, conflicting upstream regulating cytokines and other as
yet unidentified factors.

STAS activation appears to confer an advantage of growth proliferation to SCCHN cells
(39). STATS, 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. (97). Activated STATS
has been demonstrated to play a role in cellular proliferation of a diverse phenotype of cells,
including primary endothelial cells (/09) and myeloid cells (/10).

Targeting STATS using different approaches, including antisense oligonucleotides and
dominant negative strategies, highlights the functional diversity between the STATS5 isoforms
(111). Antisense oligos directed against STATS had no effect on growth rates of SCCHN
cells, while targeting STATSb inhibited SCCHN growth (/717). In addition, SCCHN cells
stably transfected with dominant-negative mutant STATSb failed to proliferate in vitro,
which further corroborated the generality of targteting approach.

2.7.2. EGFR Independent STATS Activation

STATS, like STAT3, can be activated by various cytokines and growth factors apart from
EGFR. STATS is essential for differentiation of erythroid cells through the erythropoietin
(EPO) receptor cytoplasmic domain (//2). STATS 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 STATS, as well as
STAT3 and EGFR in SCCHN cell lines (84). c-src induced activation of STATS5 results in an
as yet unidentified novel tyrosine phosphorylation site other than the well-characterized Y694
(for STAT5a) and Y699 for STAT5b) (1 14). Cumulative evidence suggests that STATS5a does
not translocate to the nucleus after being phosphorylated in response to c-src, while STATSb
does (66). Despite being able to translocate to the nucleus, however, c-src activated STATSb is
unable to initiate transcription (/15, 116). Thus, c-src activates STATS 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 (/-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 (HERI 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) (/0). 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 (/7).
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 (/2, 13). Furthermore,
NRGs can bind only to HER4 (/4).

2.2. Ras Activation by RTKs

EGF and other growth factors such as platelet-derived growth factor (PDGF) and cytokines
all signal via Ras (75). In 1984, Kamata and Feramisco (/6) 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 (/7). 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 (/7). 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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EGFRandHER2(27).Inhumancoloncancercells,mutantK-rasincreasedtheexpressionof EPR
and AR, thereby activating AKT, which led to the development of radioresistance in vitro (22).
In Kras™*! 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 (37). 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™! 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 (37), 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 (47), 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 uM (51). Also, the treatment of Kras*! 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 (5/-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 (/) 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, and PtdIns(3,4,5)P,
but not PtdIns(3)P increased markedly following growth factor stimulation (/0-12). 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 (/3). Two iso-
forms of the p85 protein termed p85a and p85 were described (/4-16) and the sequence
of the catalytic subunit pI10 was published shortly thereafter (/7). 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 (/9,20). Alignment
of the pl110 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 p110f and p110d (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-C2q, HsC2-PI3K and PI3K-C2y(24-27), mouse PI3K-C2a
termed p170 (28) and cpk (29) and rat PI3K-C2y (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 (3/-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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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.

2.1. Class I PI3K Catalytic Subunits

Class IA PI3K comprises p1100.(17),p110 B(21),and p1108 (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 PLCS81 whose binding to phospholipids is dependent on Ca?+ (type I)
and those such as the C2 domain in PKCd whose interaction with phospholipids occurs inde-
pendent of Ca*+ (type II). The phosphoinositide kinase (PIK) and catalytic domains form the
C-terminus. Both p110a and [ isoforms have a wide tissue distribution, whereas expression
of the & 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.

pl10y is the only class IB PI3K isoform in mammalian cells. In contrast to class TA
enzymes, pl 10y does not bind a p85 like adaptor but instead a 101 kDa protein termed p101
(41). Resolution of p110y crystal structure has allowed important insight into regulatory
mechanisms of its lipid kinase activity (37). Residues 1-143 of p110y 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 p110yis similar to the Ca’+ insensitive
type II C2 domain of phospholipase C31 (44). As in the case of the class IA PI3K enzymes,
stimulation of p110y activates both phosphoinositide and protein kinase activity, which leads
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to autophosphorylation of p110y on serine 1101 (45). In contrast to the class IA PI3K iso-
forms, however, autophosphorylation of p110y does not attenuate lipid kinase activity and
autophosphorylation is significantly enhanced by Gy 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 (/4). 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 p110o (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 p85a, p85P and p55y. In addition to p85c. and p85P, AS53 (also known as
pS5a) (53, 54), and pS0a. (55, 56) are splice variants derived from the gene encoding p85
(Pik3r1). These contain both p850a. 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™* is homologous to
AS53/p550 but is encoded by a different gene (57). p85a shows the widest tissue distribu-
tion and is expressed at the highest levels (/4). In contrast, AS53 and p50a., 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/p110y
complex to G-protein stimulation (47, 60). An additional p110y adaptor termed p84 was
recently identified (61). Like p101, binding of p84 to p110y increases the ability of Gy to
stimulate lipid kinase activity both in vitro and in vivo. The p84/p110y heterodimer, however,
is approximately four times less sensitive to GBYy. Consequently, p110y appears to have two
regulatory subunits and their significance is unclear.

3. CLASS II PI3K ENZYMES

Mammalian cells contain three class IT PI3K enzymes termed PI3K-C20, PI3K-C2f and
PI3K-C2y(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 I PI3K enzymes was the type
IT C2 domain at the C-terminus (23) that binds phosphoinositides including PtdIns(4,5)P,
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in a Ca*+ independent manner. A PI3K-C2[ 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-
C2a (62). The C-terminus of class II PI3K enzymes also contains a PX domain that in
mouse and human PI3K-C2a preferentially binds PtdIns(4,5)P, (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 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 (79, 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 (/0).

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,, 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+ as a divalent cation for this reaction, but class
IT PI3K enzymes can also use Ca*+ (69). Uniquely, the class IT PI3K isoform PI3K-
C2a 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, (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, or PtdIns(3,4,5)P..
Activation of integrin alphallb beta3 on platelets or their incubation with Ca’+ stimulates
both the production of PtdIns(3,4)P, and PI3K-C2p 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 hepatectomy 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 activity in this fraction (73). Most recently, PI3K-C2[ stimu-
lated cell migration was observed via a PtdIns(3)P dependent pathway (74, 75). Since
expression of a kinase-inactive form of PI3K-C2f inhibited PtdIns(3,4,5)P, dependent
phosphorylation of Akt and cell growth in a small cell cancer cell line, this suggests that
PI3K-C2B may also contribute to PtdIns(3,4,5)P, 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 (79-87) 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® (97). 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 carboxy] 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 Gabl unable to bind p85 was
defective in potentiating EGF receptor signaling and this effect involves PtdIns(3,4,5)P,
binding to the PH domain of Gabl (96). Furthermore, the PH domain mediates Gabl
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 Il PI3K enzymes in a manner analogous to class IA PI3K enzymes (69). Association
of the PI3K-C2p 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-C2f is recruited
to the EGF receptor as part of a multiprotein signaling complex that includes Eps8, Abil,
Sosl1, and Shc and Grb2 (98).

7. DOWNSTREAM TARGETS OF PTDINS(3, 4, 5)P, AND PTDINS(3, 9P,

A limited number of distinct protein domains that bind PtdIns(3,4,5)P, and PtdIns(3,4)P,
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 (/01). Approximately 100
amino acid residues long PH domains are found in a large number of proteins and their binding
to PtdIns(3,4)P, and PtdIns(3,4,5)P, 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,

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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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.

(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) (/04). Whilst ENTH domains bind PtdIns(4,5)P, (105, 106), the ENTH
domain of HIP1 and HIP1 related proteins binds PtdIns(3,5)P, and PtdIns(3,4)P, (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 (/09) 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
Aktl, Akt2, and Akt3 each encoded by separate genes on chromosomes 14q32, 19q13,
and 1g44 (109-113). The sequence similarity of Akt2 and Akt3 to Aktl is 81% and 83%,
respectively. Growth factor and cytokine stimulated production of PtdIns(3,4,5)P, and
PtdIns(3,4)P, results in the translocation of Akt to the plasma membrane and the binding
of these 3-phosphoinositides via its PH domain (//4). Wortmannin and LY294002 both
attenuate EGF stimulated Akt kinase activity. Mutations within the Akt PH domain block
activation of catalytic activity in vivo (//5). 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 (/16). In oesophageal cancer cells where EGF receptor is frequently overexpressed,
EGF stimulated phosphorylation of Aktl 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 (/75, 118). The Akt PH domain
binds both PtdIns(3,4,5)P, and PtdIns(3,4)P, (119). Once activated, Akt translocates to the
nucleus (/20).



Chapter 8 / EGFR Mediated PI3K Signaling 105

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,
with high affinity (/22). The catalytic activity of PDK1 appears constitutive since cell stim-
ulation does not appear to alter catalytic activity (/23). 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 (/24). Translocation of
PDK1 to the nucleus has also been shown to occur in a PI3K dependent manner (/25).

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) (/27). 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 . and p70S6K PB. There are 2 isoforms of p70S6K, p70S6K o is mainly
found in the cytoplasm, whilst p85S6K is primarily nuclear. The activity of p70S6K in situ
is inhibited by rapamycin and wortmannin (/33, 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 (/35). 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 (/36). 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 o, and PKC B IT by PDK1 is stimulated by PtdIns(3,4,5)P,
in vitro (139).

cAMP dependent protein kinase (PKA) is a complex kinase family consisting of at least
three catalytic and two regulatory subunits (/40). 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 (/47). PDK-1
mediated phosphorylation of PKA on residue threonine 197 increases kinase activity (128).
PDKI also phosphorylates the serum and glucocorticoid inducible kinase (SGK) (/23)

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 (/42). Others suggest that phosphoryla-
tion of serine 473 is the result of Akt autophosphorylation (/43). RNA interference (siRNA)
and conditional knockouts of ILK shows that loss of ILK abolishes phosphorylation of ser-
ine 473, suppresses phosphorylation of GSK-3 B and expression of cyclin D1 and simu-
lated apoptosis (/44). A complex of proteins raptor, G L, and the mammalian target of
rapamycin (mTOR) phosphorylates several proteins in a hydrophobic motif equivalent to
the serine 473 consensus (/45, 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 GBL 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 Aktl are small due to placental abnormalities (/48) and have a shorter life
expectancy than wild-type littermates (/49). 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 (/57). 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 (/52) and it is frequently over-expressed
in tumors (//2). 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 Bcel-XL and inhibits their activity (/53). 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 (/54). Akt phosphorylates
BAD on serine 136 (155, 156).

Caspase 9, a pro-apoptotic protease is phosphorylated and inhibited by Akt (/57). Akt
phosphorylates p21(Waf1/Cip1l) and p27 (Kip2) and inhibits their anti-proliferative effects
by retaining them in the cytoplasm (/58-160). 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 (/63).

9. REGULATION OF TRANSCRIPTION

The forkhead box O (FOXO) family of transcription factors are targets of Akt (164, 165).
FOXO1 (FKHR), FOXO3 (FKHRL1), FOX0O4 (AFX), and FOXOG6 are localized in the
nucleus of quiescent cells (/66) but upon stimulation they translocate to the cytosol and
bind 14-3-3 that sequesters them away from the nucleus (/67). 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'gene
(170) and Akt phosphorylates p27kip' inhibiting its anti-proliferative activity (/71). FOXO
proteins are also phosphorylated by serum and glucocorticoid-regulated kinase (SGK) (/72),
that is activated by 3-phosphoinisitides and PDK-1.

Nuclear Factor kB (NFkB) is a transcription factor for several anti-apoptotic genes (/73).
When bound to its inhibitor kB, NFkB is inactive and retained in the cytoplasm. Akt
phosphorylates and activates an IkB kinase (IKK) (/74). 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 (775).

Akt directly phosphorylates the cyclic nucleotide response element binding (CREB) protein
on serine 133 (/76). 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 (/80). 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 (/83, 184). Inhibition of GSK3
prevents phosphorylation of B-catenin inhibiting its degradation allowing it translocation to
the nucleus. There B-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 elF2B (/85). Since GSK3 is inactivated following growth factor
stimulation, this mechansism could explain their effects on translation initiation (/86). Akt
also phosphorylates and activates 6-phosphofructo-2-kinase (PFK-2), an enzyme responsible
for synthesis of fructose 2,6-biphosphate (/87). Fructose 2,6-biphosphate in turn stimulates
6-phosphofructo-1-kinase, a potent activator of glycolysis (/88).

The growth of eukaryotic cells is regulated not only by intercellular growth factors but
also by the availability of nutrients (/89-191). 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 (/92, 193). Phosphorylated TSC?2 fails to
bind TSCI1, 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 (/94). 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) (795, 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) (/97). 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 (/98). There are over 60 Rho GEFs characterized by a Dbl homology (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 Tiaml 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,
thereby allowing receptor stimulated translocation of these GEFs from the cytoplasm to the
plasma membrane (202). GAP1™ and GAP1IP4BP are GAPs for Ras and their binding to the
plasma membrane is regulated by PtdIns(3,4,5)P, (203). Centaurins also bind PtdIns(3,4,5)P,
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 ¢ 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 o and PI3K-C2p are both recruited to complexes containing activated EGF
receptor (69). Immunofluorescence staining of PI3K-C2a 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-C2o and PI3K-C2 bind clathrin directly
via clathrin-binding motif at their N-termini (208, 209). In this way, clathrin functions as an
adaptor for class I PIK enzymes and stimulating their catalytic activity. Since expression
of PI3K-C2a 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-
EGEFR 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 (/, 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”

Myristoylation and Palmitoylation Y416 Y527

A Unique | SH2 || Kinase Domain | f-cooH
SH4 Linker Negative
Regulatory Tail
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Linker

Linker

Kinase
Domain

Kinase
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' Loop
(®
Y416
Inactive Conformation Active Conformation
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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 (/0). 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 C3H10TY2 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, /7). 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
MCEF-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 (/4—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 (/8). 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 (//, 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 (/9), 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 arelatively 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 (27). 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 nucleotide-
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 B-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

L J EGFR
Ligand

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 o, 3, y subunits of a heterotrimeric G protein, and
B-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.
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(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 (4/) 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-a (TGF-a) 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(/6). Although Y845 phosphorylation
is typically associated with mitogenesis, GnRH is growth inhibitory for prostate and ovarian
cancer cells (43, 44). Stromal cell-derived factor-1a (SDF-1a), 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 AT11 receptor and causes HB-EGF to stimulate phosphorylation of Y1173 on the
EGFR in CO9 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 GB stimulation of c-Src, which in turn activates the MMP family,
releasing HB-EGF to actlvate EGFR (517). 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-a and ER-f, 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-a, in vitro and in vivo (56). The c-Src SH2 domain binds
phosphorylated Y537 of ER-a, 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-a
or ER-B, 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-y (IFN-y), 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-y
treatment of colonic epithelial cells results in activation of the Src family and TGF-o 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 (/3). 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 Ca**-independent isoform of PKC, PKC$ 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 PKCr by the Src family kinase, Fyn, has the opposite
effect, decreasing EGFR tyrosine phosphorylation and DNA synthesis (66).

Small, charged molecules, such as Zn** and hydrogen peroxide (H,O,), also have
the capability of transactivating the EGFR. Zn** 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 (/4, 15). Further work suggests the involvement of the MMP
family in EGFR transactivation, but the mechanism by which c-Src becomes activated by
Zn** has not been elucidated (/4). Similar to Zn?* treatment, H,0, 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,O, 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
Zn** and H,O, 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,
ERK?2, 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 STATS5Db, a transcription factor involved
in mitogenesis (77), 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 (STATSs 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 STATSb inhibits EGF-induced proliferation
in these cells, demonstrating that STAT5Db 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 STATSb, 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 STATSb fails to reverse the inhibition by Y845F EGFR, indi-
cating that signaling to STATSb 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, /1) 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 (27, 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 PLCy, 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 Gabl, 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). Gabl, Gab2, and Shc are all tyrosine phosph