
Edited by

Tarun B. Patel
Paul J. Bertics

Epidermal
Growth Factor

METHODS IN MOLECULAR BIOLOGY™    327

Methods and Protocols

Edited by

Tarun B. Patel
Paul J. Bertics

Epidermal
Growth Factor

Methods and Protocols



Epidermal Growth Factor



M E T H O D S  I N  M O L E C U L A R   B I O L O G Y™

John M. Walker, SERIES EDITOR

343. Agrobacterium Protocols, Second Edition:
Volume 1,  edited by Kan Wang, 2006

342. MicroRNA Protocols, edited by Shao-Yao Ying, 2006
341. Cell–Cell Interactions: Methods and Protocols,

edited by Sean P. Colgan, 2006
340. Protein Design: Methods and Applications,

edited by Raphael Guerois and Manuela López de la
Paz, 2006

339. Microchip Capillary Electrophoresis: Methods
and Protocols, edited by Charles Henry, 2006

338. Gene Mapping, Discovery, and Expression:
Methods and Protocols, edited by M. Bina, 2006

337. Ion Channels: Methods and Protocols, edited by
J. D. Stockand and Mark S. Shapiro, 2006

336. Clinical Applications of PCR: Second Edition,
edited by Y. M. Dennis Lo, Rossa W. K. Chiu, and K. C.
Allen Chan, 2006

335. Fluorescent Energy Transfer Nucleic Acid
Probes: Designs and Protocols, edited by Vladimir
V. Didenko, 2006

334. PRINS and In Situ PCR Protocols: Second
Edition, edited by Franck Pellestor, 2006

333. Transplantation Immunology: Methods and
Protocols, edited by Philip Hornick and Marlene
Rose, 2006

332. Transmembrane Signaling Protocols: Second
Edition, edited by Hydar Ali and Haribabu Bodduluri,
2006

331. Human Embryonic Stem Cell Protocols, edited by
Kursad Turksen, 2006

330. Embryonic Stem Cell Protocols, Second Edition,
Vol. II: Differentiation Models, edited by Kursad
Turksen, 2006

329. Nonhuman Embryonic Stem Cell Protocols,
Second Edition, Vol. I: Isolation and
Characterization, edited by Kursad Turksen, 2006

328. New and Emerging Proteomic Techniques, edited
by Dobrin Nedelkov and Randall W. Nelson, 2006

327. Epidermal Growth Factor: Methods and Protocols,
edited by Tarun B. Patel and Paul J. Bertics, 2006

326. In Situ Hybridization Protocols, Third Edition,
edited by Ian A. Darby and Tim D. Hewitson, 2006

325. Nuclear Reprogramming: Methods and Protocols,
edited by Steve Pells, 2006

324. Hormone Assays in Biological Fluids, edited by
Michael J. Wheeler and J. S. Morley Hutchinson, 2006

323. Arabidopsis Protocols, Second Edition, edited by
Julio Salinas and Jose J. Sanchez-Serrano, 2006

322. Xenopus Protocols: Cell Biology and Signal
Transduction, edited by X. Johné Liu, 2006

321. Microfluidic Techniques: Reviews and Protocols,
 edited by Shelley D. Minteer, 2006

320. Cytochrome P450 Protocols, Second Edition, edited by
Ian R. Phillips and Elizabeth A. Shephard, 2006

319. Cell Imaging Techniques, Methods and Protocols,
 edited by Douglas J. Taatjes and Brooke T. Mossman,
2006

318. Plant Cell Culture Protocols, Second Edition, edited by
Victor M. Loyola-Vargas and Felipe Vázquez-Flota,
2005

317. Differential Display Methods and Protocols, Second
Edition, edited by Peng Liang, Jonathan Meade, and
Arthur B. Pardee, 2005

316. Bioinformatics and Drug Discovery, edited by
Richard S. Larson, 2005

315. Mast Cells: Methods and Protocols, edited by Guha
Krishnaswamy and David S. Chi, 2005

314. DNA Repair Protocols: Mammalian Systems, Second
Edition, edited by Daryl S. Henderson, 2006

313. Yeast Protocols: Second Edition, edited by Wei
Xiao, 2005

312. Calcium Signaling Protocols: Second Edition,
edited by David G. Lambert, 2005

311. Pharmacogenomics: Methods and Protocols,
edited by Federico Innocenti, 2005

310. Chemical Genomics: Reviews and Protocols,
edited by Edward D. Zanders, 2005

309. RNA Silencing: Methods and Protocols, edited by
Gordon Carmichael, 2005

308. Therapeutic Proteins: Methods and Protocols,
edited by C. Mark Smales and David C. James, 2005

307. Phosphodiesterase Methods and Protocols,
edited by Claire Lugnier, 2005

306. Receptor Binding Techniques: Second Edition,
edited by Anthony P. Davenport, 2005

305. Protein–Ligand Interactions: Methods and
Applications, edited by G. Ulrich Nienhaus, 2005

304. Human Retrovirus Protocols: Virology and
Molecular Biology, edited by Tuofu Zhu, 2005

303. NanoBiotechnology Protocols, edited by Sandra J.
Rosenthal and David W. Wright, 2005

302. Handbook of ELISPOT: Methods and Protocols,
edited by Alexander E. Kalyuzhny, 2005

301. Ubiquitin–Proteasome Protocols, edited by
Cam Patterson and Douglas M. Cyr, 2005

300. Protein Nanotechnology: Protocols,
Instrumentation, and Applications, edited by Tuan
Vo-Dinh, 2005

299. Amyloid Proteins: Methods and Protocols,
edited by Einar M. Sigurdsson, 2005

298. Peptide Synthesis and Application, edited by
John Howl, 2005

297. Forensic DNA Typing Protocols, edited by
Angel Carracedo, 2005

296. Cell Cycle Control: Mechanisms and Protocols,
edited by Tim Humphrey and Gavin Brooks, 2005

295. Immunochemical Protocols, Third Edition,
edited by Robert Burns, 2005

http://www.humanapress.com/Product.pasp?txtCatalog=HumanaBooks&txtCategory=&txtProductID=1%2D59745%2D095%2D2&isVariant=0
http://www.humanapress.com/Product.pasp?txtCatalog=HumanaBooks&txtCategory=&txtProductID=1%2D59745%2D119%2D3&isVariant=0
http://www.humanapress.com/Product.pasp?txtCatalog=HumanaBooks&txtCategory=&txtProductID=1%2D59745%2D068%2D5&isVariant=0
http://www.humanapress.com/Product.pasp?txtCatalog=HumanaBooks&txtCategory=&txtProductID=1%2D59745%2D122%2D3&isVariant=0
http://www.humanapress.com/Product.pasp?txtCatalog=HumanaBooks&txtCategory=&txtProductID=1%2D59745%2D048%2D0&isVariant=0
http://www.humanapress.com/Product.pasp?txtCatalog=HumanaBooks&txtCategory=&txtProductID=1%2D59745%2D036%2D7&isVariant=0
http://www.humanapress.com/Product.pasp?txtCatalog=HumanaBooks&txtCategory=&txtProductID=1%2D59745%2D037%2D5&isVariant=0
http://www.humanapress.com/Product.pasp?txtCatalog=HumanaBooks&txtCategory=&txtProductID=1%2D59745%2D012%2DX&isVariant=0
http://www.humanapress.com/Product.pasp?txtCatalog=HumanaBooks&txtCategory=&txtProductID=1%2D59745%2D007%2D3&isVariant=0
http://www.humanapress.com/Product.pasp?txtCatalog=HumanaBooks&txtCategory=&txtProductID=1%2D59745%2D005%2D7&isVariant=0
http://www.humanapress.com/Product.pasp?txtCatalog=HumanaBooks&txtCategory=&txtProductID=1%2D59259%2D986%2D9&isVariant=0
http://www.humanapress.com/Product.pasp?txtCatalog=HumanaBooks&txtCategory=&txtProductID=1%2D59259%2D964%2D8&isVariant=0
http://www.humanapress.com/Product.pasp?txtCatalog=HumanaBooks&txtCategory=&txtProductID=1%2D59259%2D967%2D2&isVariant=0
http://www.humanapress.com/Product.pasp?txtCatalog=HumanaBooks&txtCategory=&txtProductID=1%2D59259%2D973%2D7&isVariant=0
http://www.humanapress.com/Product.pasp?txtCatalog=HumanaBooks&txtCategory=&txtProductID=1%2D59259%2D958%2D3&isVariant=0
http://www.humanapress.com/Product.pasp?txtCatalog=HumanaBooks&txtCategory=&txtProductID=1%2D59259%2D949%2D4&isVariant=0
http://www.humanapress.com/Product.pasp?txtCatalog=HumanaBooks&txtCategory=&txtProductID=1%2D58829%2D440%2D4&isVariant=0
http://www.humanapress.com/Product.pasp?txtCatalog=HumanaBooks&txtCategory=&txtProductID=1%2D59259%2D948%2D6&isVariant=0
http://www.humanapress.com/Product.pasp?txtCatalog=HumanaBooks&txtCategory=&txtProductID=1%2D59259%2D935%2D4&isVariant=0
http://www.humanapress.com/Product.pasp?txtCatalog=HumanaBooks&txtCategory=&txtProductID=1%2D59259%2D922%2D2&isVariant=0
http://www.humanapress.com/Product.pasp?txtCatalog=HumanaBooks&txtCategory=&txtProductID=1%2D59259%2D839%2D0&isVariant=0
http://www.humanapress.com/Product.pasp?txtCatalog=HumanaBooks&txtCategory=&txtProductID=1%2D59259%2D927%2D3&isVariant=0
http://www.humanapress.com/Product.pasp?txtCatalog=HumanaBooks&txtCategory=&txtProductID=1%2D59259%2D912%2D5&isVariant=0
http://www.humanapress.com/Product.pasp?txtCatalog=HumanaBooks&txtCategory=&txtProductID=1%2D59259%2D907%2D9&isVariant=0
http://www.humanapress.com/Product.pasp?txtCatalog=HumanaBooks&txtCategory=&txtProductID=1%2D59259%2D901%2DX&isVariant=0
http://www.humanapress.com/Product.pasp?txtCatalog=HumanaBooks&txtCategory=&txtProductID=1%2D59259%2D903%2D6&isVariant=0
http://www.humanapress.com/Product.pasp?txtCatalog=HumanaBooks&txtCategory=&txtProductID=1%2D59259%2D895%2D1&isVariant=0
http://www.humanapress.com/Product.pasp?txtCatalog=HumanaBooks&txtCategory=&txtProductID=1%2D59259%2D858%2D7&isVariant=0
http://www.humanapress.com/Product.pasp?txtCatalog=HumanaBooks&txtCategory=&txtProductID=1%2D59745%2D046%2D4&isVariant=0
http://www.humanapress.com/Product.pasp?txtCatalog=HumanaBooks&txtCategory=&txtProductID=1%2D59745%2D069%2D3&isVariant=0
http://www.humanapress.com/Product.pasp?txtCatalog=HumanaBooks&txtCategory=&txtProductID=1%2D59745%2D026%2DX&isVariant=0
http://www.humanapress.com/Product.pasp?txtCatalog=HumanaBooks&txtCategory=&txtProductID=1%2D59745%2D003%2D0&isVariant=0
http://www.humanapress.com/Product.pasp?txtCatalog=HumanaBooks&txtCategory=&txtProductID=1%2D59745%2D000%2D6&isVariant=0
http://www.humanapress.com/Product.pasp?txtCatalog=HumanaBooks&txtCategory=&txtProductID=1%2D59259%2D997%2D4&isVariant=0
http://www.humanapress.com/Product.pasp?txtCatalog=HumanaBooks&txtCategory=&txtProductID=1%2D59259%2D998%2D2&isVariant=0
http://www.humanapress.com/Product.pasp?txtCatalog=HumanaBooks&txtCategory=&txtProductID=1%2D59259%2D993%2D1&isVariant=0
http://www.humanapress.com/Product.pasp?txtCatalog=HumanaBooks&txtCategory=&txtProductID=1%2D59259%2D959%2D1&isVariant=0
http://www.humanapress.com/Product.pasp?txtCatalog=HumanaBooks&txtCategory=&txtProductID=1%2D59259%2D968%2D0&isVariant=0
http://www.humanapress.com/Product.pasp?txtCatalog=HumanaBooks&txtCategory=&txtProductID=1%2D59259%2D874%2D9&isVariant=0
http://www.humanapress.com/Product.pasp?txtCatalog=HumanaBooks&txtCategory=&txtProductID=1%2D59259%2D877%2D3&isVariant=0
http://www.humanapress.com/Product.pasp?txtCatalog=HumanaBooks&txtCategory=&txtProductID=1%2D58829%2D536%2D2&isVariant=0
http://www.humanapress.com/Product.pasp?txtCatalog=HumanaBooks&txtCategory=&txtProductID=1%2D59745%2D123%2D1&isVariant=0
http://www.humanapress.com/Product.pasp?txtCatalog=HumanaBooks&txtCategory=&txtProductID=1%2D59745%2D076%2D6&isVariant=0
http://www.humanapress.com/Product.pasp?txtCatalog=HumanaBooks&txtCategory=&txtProductID=1%2D59745%2D097%2D9&isVariant=0
http://www.humanapress.com/Product.pasp?txtCatalog=HumanaBooks&txtCategory=&txtProductID=1%2D59259%2D857%2D9&isVariant=0
http://www.humanapress.com/Product.pasp?txtCatalog=HumanaBooks&txtCategory=&txtProductID=1%2D59259%2D873%2D0&isVariant=0
http://www.humanapress.com/Product.pasp?txtCatalog=HumanaBooks&txtCategory=&txtProductID=1%2D59259%2D867%2D6&isVariant=0


M E T H O D S   I N  M O L E C U L A R  B I O L O G Y™

Epidermal Growth
Factor

Methods and Protocols

Edited by

Tarun B. Patel
Department of Pharmacology and Experimental Therapeutics

Loyola University Chicago
Maywood, IL

Paul J. Bertics
Department of Biomolecular Chemistry

University of Wisconsin
Madison, WI



© 2006 Humana Press Inc.
999 Riverview Drive, Suite 208
Totowa, New Jersey 07512

www.humanapress.com

All rights reserved. No part of this book may be reproduced, stored in a retrieval system, or transmitted in
any form or by any means, electronic, mechanical, photocopying, microfilming, recording, or otherwise
without written permission from the Publisher. Methods in Molecular BiologyTM is a trademark of The
Humana Press Inc.

All papers, comments, opinions, conclusions, or recommendations are those of the author(s), and do not
necessarily reflect the views of the publisher.

This publication is printed on acid-free paper.   ∞
ANSI Z39.48-1984 (American Standards Institute)

Permanence of Paper for Printed Library Materials.

Cover illustration: Figure 1 from Chapter 5, “Regulator of Epidermal Growth Factor Signaling: Sprouty,” by
Esther Sook Miin Wong and Graeme R. Guy.

Production Editor: Tracy Catanese

Cover design by Patricia F. Cleary

For additional copies, pricing for bulk purchases, and/or information about other Humana titles, contact
Humana at the above address or at any of the following numbers: Tel.: 973-256-1699; Fax: 973-256-8341;
E-mail: orders@humanapr.com; or visit our Website: www.humanapress.com

Photocopy Authorization Policy:
Authorization to photocopy items for internal or personal use, or the internal or personal use of specific
clients, is granted by Humana Press Inc., provided that the base fee of US $30.00 per copy is paid directly
to the Copyright Clearance Center at 222 Rosewood Drive, Danvers, MA 01923. For those organizations
that have been granted a photocopy license from the CCC, a separate system of payment has been arranged
and is acceptable to Humana Press Inc. The fee code for users of the Transactional Reporting Service is:
[1-58829-421-8/06 $30.00 ].

Printed in the United States of America. 10 9 8 7 6 5 4 3 2 1

eISBN 1-59745-012-X

ISSN 1064-3745

Library of Congress Cataloging in Publication Data

Epidermal growth factor : methods and protocols / edited by Tarun B. Patel, Paul J. Bertics.
        p. ; cm. --  (Methods in molecular biology ; 327)
   Includes bibliographical references and index.
   ISBN 1-58829-421-8 (alk. paper)
  1.  Epidermal growth factor--Laboratory manuals.
   [DNLM: 1.  Epidermal Growth Factor--analysis. 2.  Epidermal Growth Factor--physiology. 3.  Receptor,
Epidermal Growth Factor--analysis. 4.  Receptor, Epidermal Growth Factor--physiology.  WK 170 E638
2006]  I. Patel, Tarun B., 1953- II. Bertics, Paul J. III. Series: Methods in molecular biology (Clifton, N.J.) ;
v. 327.
   QP552.E59E47 2006
   612.7'91--dc22

                                                             2005016687

www.humanapress.com
www.humanapress.com


v

Preface

In compiling Epidermal Growth Factor: Methods and Protocols, we have
tried to include a wide spectrum of methods used to study this very important
developmental and therapeutic target. These methods range from the study of
the purified EGF receptor to complex signaling and processing networks in
intact cells. Because the EGF receptor system is becoming increasingly rec-
ognized for its involvement in multiple aggressive cancers, it is also a major
focus of clinical and pharmacological analyses. With this in mind, we have
also incorporated a chapter on the clinical and pharmacological considerations
in cancer therapy. We hope that the contributions of many of the leading
experts in the field will help advance the basic and clinical research on EGF.

We would like to take this opportunity to thank all of the authors for their
contributions, without which this volume would not have been possible. We also
thank Lorraine Grimsby for her administrative help in the compilation of this
volume.

Tarun B. Patel
Paul J. Bertics
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A Historical Perspective of the EGF Receptor
and Related Systems

Francis Edwin, Gregory J. Wiepz, Rakesh Singh,
Chimera Rene Peet, Deepti Chaturvedi, Paul, J. Bertics,
and Tarun B. Patel

Summary
Since the isolation of epidermal growth factor (EGF) from mouse submaxillary glands

in the early 1950s by Cohen and coworkers, this growth factor has been shown to have
various effects on numerous cellular systems. The biological and physiological role that
EGF plays during development and in adult animals led to the identification of its recep-
tor (EGFR) as well as the other members of the EGF family of growth factors and their
receptors. In this chapter we provide a historical overview of the discovery of EGF,
identification of the other members of EGF family, early studies on the actions of EGF,
as well as the discovery and structural characterization of its receptor. Further, we have
reviewed the transactivation of the EGFR by agonists for G protein-coupled receptors
(GPCRs) and other extracellular stimuli unrelated to EGF-like ligands. Finally, an over-
view of the role of the EGFR family members in various diseases, including different
forms of cancer, is provided.

Key Words: Growth factors; ligand; EGF; epiregulin; ampiregulin; EGF receptor;
dimerization; kinase domain; transmembrane domain; EGFR transactivation; GPCR;
GPCR agonists; HB-EGF; VEGF; receptor tyrosine kinase; tyrosine phosphorylation;
Src kinase; protein kinase C; MAP kinase; LPA; angiotensin II; PYK2; ADAM; TGF-α;
Jak2; integrins; growth hormones; migration; proliferation; ErbB receptors; mutations;
disease; cancer cells.

1. Discovery of EGF
Rita Levi-Montalcini, a developmental biologist, pioneered the idea of

growth factors with the discovery of nerve growth factor (NGF) in early 1950s
(1). In 1953, Dr. Stanley Cohen joined the Levi-Montalcini group and began
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working on NGF and the isolation of growth factors from salivary glands. Dur-
ing the course of these studies he observed early development of newborn mice
treated with salivary gland extract. Treated mice showed eye opening and tooth
eruption as early as 6–7 d, while in control animals the same process took 12–
14 d (2,3). These observations led Cohen to propose that salivary gland ex-
tracts contain growth-promoting substances responsible for precocious
development of mice. Further research on the system led Cohen to isolate the
substance responsible for growth acceleration, which he called epidermal
growth factor (EGF) because of its ability to stimulate the proliferation of mu-
rine epidermal and corneal epithelial cells (3).

Amino acid sequence analysis revealed EGF to be a small peptide of 53
amino acids with 6 cysteine residues (4). The cysteine residues within EGF
form three intramolecular disulfide linkages that are essential for biological
activity of growth factor (4,5). For their pioneering work on growth factor iden-
tification, Stanley Cohen and Rita Levi-Montalcini shared the 1986 Nobel Prize
in Physiology/Medicine.

2. EGF-Related Factors
To date, at least 11 different EGF-like polypeptides have been reported,

which together comprise the EGF family of growth factors. Each of these pep-
tide shares at least one EGF-like domain comprising disulfide linkages (4,6).
The EGF family includes transforming growth factor (TGF)-α, amphiregulin
(AR), heparin-binding EGF (HB-EGF), epiregulin (EPR), betacellulin (BTC),
neuregulins 1–4 (NRG1-4), and teratocarcinoma-derived growth factor
(Cripto-1) (6). Recent reports also suggest that EGFR can be activated by vi-
ruses and viral proteins, including Epstein-Barr virus (EBV)-encoded latent
membrane protein 1 (LMP1), human cytomegalovirus (HCMV)-encoded pro-
tein, respiratory syncytial virus (RSV)-encoded protein (7), and smallpox
growth factor, a protein produced by viriola virus (8).

3. Early Studies on EGF Actions
Stanley Cohen’s initial report on the precocious development of newborn

mice by EGF triggered a flurry of research to uncover the biological and physi-
ological role that EGF plays during development and in adult animals. Besides
the salivary gland, detectable levels of EGF were also found in various tissue
extracts and body fluids, including amniotic fluid, milk, saliva, gastric and
duodenal contents, pancreatic juice, bile, and urine (9). The discovery of EGF
led to its characterization as an embryotrophic factor, i.e., it enhances mitoge-
nesis, development, and implantation in different mammalian species (10). In
addition, the presence of EGF mRNA in embryonic tissues suggests its in-
volvement in early embryonic development (11). Further research has also
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implicated EGF in the morphogenesis of many organs, including teeth, brain,
reproductive tracts, skin, gastrointestinal tracts, and in cardiovascular differen-
tiation (12–15).

EGF-immunized animal studies confirm most of the earlier reports of EGF
involvement in embryonic development (16,17). These studies showed that
rats developed dry, thinner, and wrinkled skin, poorly developed hair follicle,
poor organ development, and significant lower weight (16,17). In addition to
its role in embryogenesis, it is also clear that EGF is produced in many adult
animal tissues (18). In this regard, EGF has been implicated in epithelial
cytoprotection, tissue trophism, cell survival regulation, cardiac function (15),
and accelerated wound healing in experimental animals (19,20). EGF has also
been reported to play an essential role in normal epithelial regeneration, which
occurs regularly in vital organs such as the gastrointestinal, genitourinary, res-
piratory, and corneal epithelia (21–23). These diverse actions are consistent
with the identification of EGFR on cells of different origin, including fibro-
blast, corneal cells, and breast cells (24). In this respect, because of its pleiotro-
pic actions (see below), the term “epidermal growth factor” does not reflect its
wide array of actions.

Over the past several decades, numerous reports have appeared describing
the opposing actions of EGF on processes such as proliferation (25,26) and
apoptosis (27,28) in many different cell types. Among other possibilities (see
below), these effects have been postulated to be a feature of receptor expression
levels, cell surface receptor density, and ligand concentration, all of which can
lead to biphasic responses (29).

4. Identification and Structural Aspects of the EGF Receptor
After its discovery, EGF was extensively studied for its mitogenic effects,

which included accelerated hair growth, epidermal keratinization, stimulation
of human skin fibroblast growth, and hypertrophy/hyperplasia of corneal epi-
thelial cells in organ culture (30,31). These and other studies prompted a search
for cell surface receptor for EGF, and in the late 1970s, crosslinking of
[125I]EGF to proteins on A431 cell membranes identified a protein of approxi-
mately 170 kDa as the putative EGFR (32–34). Besides binding to EGF, this
protein was ultimately identified to be a transmembrane glycoprotein that pos-
sesses an intrinsic tyrosine kinase activity stimulated by EGF binding (34).

Cloning and sequencing studies revealed the EGFR to be a 1186-amino-acid
protein with a predicted extracellular ligand binding domain, a single trans-
membrane domain, followed by an intracellular region that contains the tyro-
sine kinase domain and a regulatory domain in the carboxy terminus (35). To
date, three additional members of the EGFRs have been discovered (for re-
view, see ref. 6). Thus, the four family members are ErbB1 (EGFR), ErbB2/
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HER2/Neu, ErbB3/HER3, and ErbB4/HER4 (6). Each of these receptors ex-
hibits structural similarities in its extracellular, transmembrane, and cytosolic
domains.

Until recently, other than its amino acid sequence, relatively little was known
about the structure of the EGFR. However, in the last few years, a number of
crystal structures have been solved for the extracellular region in both the
ligand-bound and unbound states (36,37). Likewise, the crystal structure of the
intracellular tyrosine kinase domain (38) as well as the structural features of
the other members of the EGF receptor family have been characterized and are
reviewed elsewhere (39,40). These models have added a new dimension to our
understanding of how the EGFR interacts with its ligands and forms dimers
with itself and other family members. Additionally, these models have also
provided some insight into receptor activation and the mechanisms regulating
the intracellular tyrosine kinase domain.

The extracellular region of the EGF receptor has been characterized as hav-
ing four distinct subdomains (I–IV), which are composed of two sets of tan-
dem repeats that primarily make up the ligand binding site. Two of the
homologous regions (domains II and IV) are highly enriched in cysteine resi-
dues that form numerous disulfide bonds within each region (41,42). In the
absence of any ligand, the overall structure of the extracellular domain appears
to be locked into an autoinhibitory configuration (41). The purpose of this rest-
ing confirmation appears to be to prevent dimerization motifs from being ex-
posed. Scatchard analyses indicated that the receptor possessed two different
binding affinities: a low-affinity Kd of ~0.1 nM and high-affinity Kd of ~1–10
nM (43). However, the mechanism regulating the different affinities has re-
mained elusive. The unbound receptor resides predominantly in a low-affinity
state (43), but a fraction of the total population appears to exist in the high-
affinity state associated with the insoluble cytoskeletal elements (44). The re-
cently defined crystal structures have helped to explain the mechanism behind
the existence of the two affinity states. Initially, the ligand is believed to asso-
ciate with only domain I in a low-affinity state (~10 nM) (41). Once the initial
ligand-receptor association is established, a conformational change occurs in
the extracellular region due to rupturing of hydrogen bonds between domains
II and IV (the cysteine-rich regions), thereby allowing ligand interaction with
domain III, which results in a high affinity interaction (41).

The aforementioned conformational change is believed to induce the forma-
tion of receptor dimers (42). In addition, it is well known that upon binding of
ligand, the EGFR will form homodimers with another EGFR (45) or
heterodimers with another member of the EGFR family (ErbB2, ErbB3, or
ErbB4) (40). Recently described crystal structures predict the presence of a
“dimerization arm” in the extracellular domain (36,37). It has been proposed
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that when the ligand binds to the EGFR, there is a conformational change that
exposes a loop from domain II, thereby permitting its interaction with another
ligand-bound EGFR or ErbB family member to form the dimer. Additionally,
there appear to be regions in domain IV that may also play a role in dimer
formation and stabilization (46,47). Interestingly, however, it has also been
shown that domain IV appears to have a negative regulatory role in EGFR
activation, because deletion of this region increases the overall activity of the
receptor (48).

The EGFR possesses a single transmembrane domain of 23 amino acids that
anchors the receptor to the membrane but also appears to be involved in recep-
tor dimerization (39). The transmembrane domain also enhances the ability of
dimers to form when attached to the extracellular portion (49), and mutations
in ErbB2 transmembrane domain have also been shown to augment its dimer-
ization (50). Additionally, when cells are exposed to peptides corresponding to
the transmembrane domain of the EGFR, receptor autophosphorylation and
downstream signaling events are inhibited (51). It also appears that the trans-
membrane domain is involved in aligning the intracellular kinase domains upon
dimerization through rotational twisting (52,53).

The intracellular domain contains multiple domains, most notably the tyro-
sine kinase domain (~260 aa), a juxtamembrane region (~40 aa), and a carboxy-
terminal regulatory region (~232 aa) (54). This regulatory region of the receptor
also contains numerous autophosphorylation sites that act as docking sites for
SH2 domain proteins (55). Recent evidence from the defined crystal structures
suggests that the tyrosine kinase is in a constitutively active conformation but
remains inaccessible due to the regulatory region of the carboxy terminus (38),
which is consistent with earlier kinetic studies (56). It is believed that ligand
binding exposes the dimerization arms and allows the receptors to come into
close proximity such that the receptors can transphosphorylate tyrosine resi-
dues, undergo conformational changes, and remove the inhibitory constraint
on the kinase domain (57). The EGFR is now capable of phosphorylating tyrosine
residues on other substrates such as phospholipase Cγ (58), enolase, and vari-
ous cytoskeletal-associated proteins such as α-actinin (59) and protein 4.1 (60).

In addition to the autophosphorylated tyrosines, there are residues that are
phosphorylated by nonreceptor kinases including tyrosine residues (61,62), as
well as serine and threonine residues (63,64). These sites are phosphorylated
by downstream kinases that are part of the EGFR-activation cascade (55). For
instance, threonine 654 is a target for phosphorylation by protein kinase C (65),
and tyrosine 845 is a substrate for the tyrosine kinase Src (66), whereas several
serine residues can be phosphorylated by activated PKA (67). Among the resi-
dues phosphorylated, the phospotyrosines can serve as docking sites for vari-
ous proteins that contain Src homology 2 (SH2) or phosphotyrosine-binding
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domains (PTBs) (55) and thus serve as a recruitment center for members of
various cell-signaling cascades.

5. Transactivation of the EGFR
Besides being activated by its cognate ligands, the EGFR can also acts as a

signaling partner with other receptors outside its own family. Cross-communi-
cation between heterologous signaling systems and the EGFR has been shown
to be critical for a variety of biological responses. Agonists for G protein
coupled receptors (GPCRs) and other extracellular stimuli unrelated to EGF-
like ligands, including agonists for cytokine receptor family members (prolac-
tin, growth hormone), adhesion receptors (integrins), membrane-depolarizing
agents (KCl), and environmental stress factors (ultraviolet and γ irradiation,
oxidants, heat shock, hyperosmotic shock) activate the EGF receptor in several
cell systems. This phenomenon is referred to as inter-receptor cross-talk or
EGFR signal transactivation (68–71). Several studies indicate that the EGFR
transactivation mechanism is subject to different cell type-specific regulatory
influences.

5.1. Transactivation of the EGFR and Its Family Members by GPCRs

EGFR signal transactivation by GPCRs was originally described by Daub
and colleagues (68). This cross-talk mechanism has been further established in
a variety of cell types such as human keratinocytes, primary mouse astrocytes,
PC-12 cells, vascular smooth muscle cells, and cancer cells and considered as
a widely relevant pathway towards the activation of the mitogen-activated pro-
tein (MAP) kinase signaling (72–74). EGFR and HER2/neu are rapidly tyro-
sine phosphorylated after stimulation of Rat-1 cells with the GPCR agonists
endothelin-1 (ET-1), lysophosphatidic acid (LPA), or thrombin (68). Interest-
ingly, LPA-induced transactivation of the EGFR in COS-7 cells was attenuated
by pertussis toxin (PTX), which inactivates Gα subunits of the Gi/o family of G
proteins. In contrast, thrombin-stimulated EGFR tyrosine phosphorylation and
downstream signaling were not affected by PTX (72). Moreover, lyso-
phospholipids have recently been shown to transactivate HER2/neu in human
gastric cancer cells (75), while CXCR4 activation induces EGFR
transactivation in an ovarian cancer cell line (76). The transactivation of recep-
tor tyrosine kinase couples GPCR activation to the ERK pathway, induction of
c-fos gene expression, and DNA synthesis, which are abrogated either by the
selective EGFR inhibitor tyrphostin AG1478 or by expression of a dominant-
negative EGFR mutant (68). In addition, studies in vascular smooth muscle
cells suggested that the transactivation of EGFR is an obligatory event for
stimulation of protein synthesis by GPCRs (77).
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It has been shown that Gα13 subunits mediate LPA-induced actin polymer-
ization and actin stress fiber formation in Swiss 3T3 cells and mouse fibro-
blasts via EGFR transactivation (78,79). In PC-12, vascular smooth muscle
cells and intestinal epithelial cells elevation in intracellular Ca2+ concentra-
tions have been demonstrated to be necessary in Gq-coupled receptor-mediated
EGFR transactivation (73,74,80–82). Activation of the Ser/Thr protein kinase
C (PKC) has also shown to be required for Gq-coupled receptors to induce
EGFR transactivation in cell lines such as HEK-293 and PC-12 cells
(81,83,84). Besides the function of PKC in GPCR-mediated EGFR
transactivation, Matsubara and coworkers reported that in cardiac myocytes,
angiotensin II transactivated the EGFR via a Ca2+/calmodulin-dependent
mechanism (80). Similarly in PC-12 cells, Zwick and colleagues (85) demon-
strated the involvement of a Ca2+-calmodulin-dependent kinase II (CaMK II)
activity in K+-, but not bradykinin-induced EGFR transactivation (Fig. 1). Sev-
eral reports also suggested a role for proline-rich tyrosine kinase 2 (PYK2) in Gq-
mediated EGFR tyrosine phosphorylation in PC-12 (81) and intestinal epithelial
cells (86). However, bradykinin-mediated EGFR transactivation in PC-12 cells
appears to be PYK2 independent, but Ca2+ dependent (85).

Some of the mechanisms involved in EGFR transactivation are being made
apparent by more recent studies. The GPCR-EGFR cross-talk involves cell
surface processing of proHB-EGF by metalloproteinases of the ADAM (a
disintegrin and a metalloproteinase) family in response to GPCR stimulation
(87,88). GPCR ligands LPA, carbachol, and bombesin have been shown to
induce the proteolytic processing of the transmembrane proHB-EGF precursor
to yield the mature ligand. Blocking of this process with either the
metalloprotease inhibitor batimastat or the HB-EGF antagonistic diphtheria
toxin mutant CRM197 completely abrogated GPCR-induced EGFR
transactivation and Shc tyrosine phosphorylation (89). A variety of
metalloproteinases of the ADAM and matrix metalloproteinase families have
been implicated in HB-EGF precursor shedding (for review, see ref. 90), in-
cluding ADAM10 (91) and MDC9/ADAM9 (92,93) and ADAM12 (94),
whereas ADAM17 has been implicated as the major convertase of epiregulin,
TGF-α, ampiregulin, and HB-EGF-like growth factor (95) (Fig. 1). The sig-
naling molecules involved in between the GPCR and the ADAM proteins have
not been identified.

In addition to the EGFR, other receptor tyrosine kinases (RTKs) have shown
to be activated by GPCR ligands. For example, insulin-like growth factor re-
ceptor (IGF-1R) phosphorylation is induced by thrombin (96), while type 2
vascular endothelial growth factor (VEGFR-2) in human umbilical vein
endothelial cells (HUVECs) is transactivated by sphingosine 1-phosphate
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(S1P) (97). Moreover, LPA induces platelet-derived growth factor receptor
(PDGFR) tyrosine phosphorylation in L cells (98), and opioid receptor ago-
nists transactivate the fibroblast growth factor receptor-1 in rat C6 glioma cells
that lack the EGFR (99). Furthermore, agonist stimulation of ectopically ex-
pressed Gq-coupled bombesin receptor or Gi-coupled M2 muscarinic acetyl-
choline receptor has been shown to trigger EGFR transactivation followed by
tyrosine phosphorylation of Shc and formation of Shc-Grb2 complexes (100).
Some of the receptor tyrosine kinases noted above may be phosphosphorylated
following heterodimerization with the EGFR. For instance, the mechanism of
EGFR transactivation by PDGF was shown to be due to the interaction between

Fig. 1. Mechanisms of epidermal growth factor receptor (EGFR) transactivation.
The EGFR is transactivated in a variety of cell systems through a number of different
pathways, as shown. Some reports have provided evidence that elevation of intracellu-
lar Ca2+ concentrations and activation of protein kinase C (PKC) are necessary for the
G protein coupled receptor (GPCR)-mediated EGFR transactivation in different cell
types. ADAMs have been identified as the major metalloproteinases that proteolyti-
cally process the pro-ligand precursors. Src has been shown to indirectly activate
EGFR and has often been found associated with the activated EGFR. Details of sev-
eral mechanisms involved in these processes that remain to be elucidated are shown
by arrows with “?”.
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PDGFR and EGFR through hetero-dimerization of the receptors (101). Other
mechanisms similar to the release of HB-EGF may exist for transactivation of
receptor tyrosine kinases that do not heterodimerize with the EGFR. Addition-
ally, depending upon the time frame of transactivation, signals emanating from
GPCRs may stimulate the expression of growth factors that then activate their
own receptors. Such a scenario is determined by the increase in VEGF synthe-
sis in response to constitutive active Kaposi’s sarcoma-associated herpesvirus
(KSHV)-GPCR through the activation of transcription factor hypoxia-induc-
ible factor-1α (102). Similarly, angiotensin (Ang) II induces angiopoietin 2
and VEGF expression, thereby stimulating the processing of pro-HB-EGF by
metalloproteinases, and the released HB-EGF transactivates EGFR to induce
angiogenesis via the combined effect of angiopoietin 2 and VEGF (103).

5.2. Transactivation of the EGFR by Activators of p60c-src

EGFR activation by GPCR agonists was assumed to exclusively rely on
intracellular elements such as Ca2+, PKC, and Src (104) (Fig. 1). Tyrosine phos-
phorylated Src is often found in association with the EGFR (105) or with PYK2
(81,86) upon stimulation of Gq-coupled receptors and therefore has been pro-
posed to function as a mediator of EGFR transactivation. Though some reports
have demonstrated Src-independent EGFR transactivation, Shc tyrosine phos-
phorylation, and ERK activation by Src, it seems likely that Src is recruited by
the transactivated EGFR and thereby contributes to activation of the Ras sig-
naling pathway (72,106,107).

H2O2-induced transactivation of EGFR requires Src and mediates Erk1/2,
but not Akt, activation in renal cells (108). The muscarinic agonist carbachol
(CCh) transactivates the EGFR via calmodulin, Pyk-2, and Src kinase activa-
tion (86). CCh-stimulated EGFR transactivation and subsequent ERK activa-
tion, a process that limits CCh-induced chloride secretion, is mediated by
metalloproteinase-dependent extracellular release of TGF-α and intracellular
Src activation (109).

5.3. Transactivation of the EGFR by Growth Hormone and Cytokines

When growth hormone binds to its receptor, which belongs to the cytokine
receptor superfamily, it activates the Janus kinase Jak2. Jak2 provides tyrosine
kinase activity and initiates activation of several key intracellular proteins (e.g.,
members of signal transduction and activator of transcription [STAT] family)
that eventually execute the biological actions induced by growth hormone, in-
cluding the expression of particular genes. In contrast to receptors that them-
selves have tyrosine kinase activity, the signaling pathways leading to MAP
kinase activation triggered by growth hormone are poorly understood, but they
appear to be mediated by the proteins Grb2 and Shc. Growth hormone stimu-
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lates tyrosine phosphorylation of EGFR and its association with Grb2 (110).
Studies using EGFR and its mutants have revealed that growth-hormone-in-
duced activation of MAP kinase and expression of the transcription factor c-
fos requires phosphorylation of tyrosines on EGFR, but not its own intrinsic
tyrosine kinase activity (110). The tyrosine at residue 1068 of the EGFR is
proposed to be one of the important phosphorylation sites, and a Grb2-binding
site stimulated by growth hormone via Jak2 (111). These results indicate that
the growth-hormone-stimulated phosphorylation of EGFR by Jak2 provides
docking sites for Grb2 and activating MAP kinases and gene expression, inde-
pendent of the intrinsic tyrosine kinase activity of EGFR. This may represent a
novel cross-talk pathway between the cytokine receptor superfamily and
growth factor receptor (110).

5.4. Transactivation of the EGFR by Integrins

Like GPCRs, integrins have no intrinsic enzymatic activity, but couple to
cytoplasmic proteins through short intracellular tails. A key player in integrin-
mediated signaling is the focal adhesion kinase, a nonreceptor tyrosine kinase
that interacts with docking or adapter proteins, including paxillin, tensin, and
Grb2/SOS (112,113). Integrin-dependent EGFR activation is a novel signaling
mechanism involved in cell survival and proliferation in response to the extra-
cellular matrix. Li et al. (114) reported that the integrin-mediated migration of
murine B82L fibroblasts is dependent on the expression of intact EGFR, while
EGF alone had little effect on the migration in the absence of extracellular
matrix components. The molecular mechanisms underlying EGFR activation
by integrins remain to be elucidated. Integrin-dependent activation of the EGFR
and of other tyrosine kinases such as p125Fak occurs through distinct mecha-
nisms (115,116). Cytochalasin D, which disrupts the actin cytoskeleton,
strongly inhibits p125Fak tyrosine phosphorylation, but does not affect EGFR
tyrosine phosphorylation in response to integrins (117). This indicates that the
organization of actin cytoskeleton is not a primary event in integrin-dependent
EGFR activation, while it is required to bring together signaling proteins lead-
ing to p125Fak tyrosine phosphorylation. Moreover, integrins and EGF recep-
tors can associate on the membrane, forming a molecular complex, while
association of integrins with p125Fak has not been detected (118). Preliminary
experiments also show that PtdIns-3 kinase is not involved in integrin-induced
EGFR tyrosine phosphorylation, as detected by the use of specific inhibitors (119).

6. Pleiotropic Actions of EGF
As noted above, EGF was first isolated from mouse submaxillary glands

and was found to have an effect on premature eyelid and incisor eruption in
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newborn mice (2,120). Since that time EGF has been shown to have various
effects on numerous cellular systems (121). The most commonly cited effect
of EGF is its ability to induce mitogenesis in various cells types of ectodermal
and mesodermal origin (26,121). But EGF has also been shown to promote
secretion of hormones such as prolactin (122) and human chorionic gonadotro-
pin (123) as well as pituitary hormones and steroids (121). EGF also induces
the differentiation of specific cell types including the differentiation of human
trophoblasts to syncytiotrophoblasts (124). Additionally, EGF has been shown
to influence glucose metabolism (125).

One of the major factors that allow EGF to have such diverse and robust
effects is that almost all cell types possess EGFRs with the exception of he-
matopoietic tissues (121). The highest levels of EGF are found in the brain,
thyroid, lung, liver, skin, placenta, and fetal membranes (121). In addition,
most tissues produce, contain and are exposed to sufficient levels of EGF or
other ligands to activate the receptor (121,126).

To add to the overall complexity of the system and as discussed above, the
EGFR family is composed of four separate members (ErbB1, ErbB2, ErbB3,
and ErbB4), of which there are at least 11 possible ligands (EGF, TGF-α,
epiregulin, amphiregulin, betacellulin, HB-EGF, Cripto-1, and neuregulins 1–
4) that react with one or more of the receptors, which can then homo- or
heterodimerize in different combinations (40,127). This dimerization contrib-
utes to the activation of the various EGFR receptor family members and allows
for the initiation of distinct biological processes (39). Although many of the
signaling pathways are similar between the different family members, their
overall effects depend on the combination of ligands and receptor dimer com-
position (127,128). One of the main effects appears to be on the kinetics in-
volved in receptor downregulation. With the exception of the EGFR, the other
family members are endocytosis impaired (129), and formation of heterodimers
with the EGFR can modify normal receptor downregulation.

The importance of the EGFR system is underscored by the observation that
knockout mice lacking the EGFR die during gestation or shortly thereafter
(130–132). The EGFR-null mice that survive to birth are characterized by cen-
tral nervous system (CNS) defects and extensive neurodegeneration (131).
Depending on their strain type, the EGFR-null mice that survive to birth dis-
play abnormalities in skin, kidney, brain, liver, and gastrointestinal tract (132).
Additionally, when knockouts of the EGFR ligands or combinations of ligands
were evaluated, numerous cell systems were disrupted, including eye defects,
epithelial cells of the skin, gastrointestinal tract, and tooth, and underdevel-
oped mammary glands (133).
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7. Role of EGFR Family Members in Disease
Recognizing the central role that ErbB receptors and their ligands play in

proliferation, migration, cell survival, and transformation has made them an
attractive target in the development of cancer therapies. ErbB receptors were
first implicated in cancer when the avian erythroblastosis tumor virus (AEV)
was found to carry v-ErbB, a mutant homolog of the human EGFR (ErbB1).
This avian tumor virus was found to promote erythroleukemia and fibrosarco-
mas in chickens (134,135). Since these original studies on v-ErbB, it has been
realized that overexpression of ErbB receptors (and their ligands) as well as
the expression of aberrant forms of these receptors can promote disease (can-
cer) progression (136).

It has been shown that ErbB receptors play a pivotal role in cell transforma-
tion and progression of many carcinomas, including breast, ovarian, renal, non-
small cell lung (NSCLC), head and neck, colorectal, pancreas, brain (glioma),
bladder, esophagus, stomach, prostate, melanoma, thyroid, and endometrial
cancers (136). Overexpression of the EGFR, HER2, and ErbB ligands, such as
EGF and TGF-α, is commonly observed in a wide range of diseases. For ex-
ample, it is often found that tumor cells that overexpress ErbB receptors also
produce ErbB-specific ligands, and this combination allows for cancer cells to
activate themselves in an autocrine fashion. Overexpression of the EGFR alone
(without a ligand) is not enough to promote disease, unless a constitutively
active mutant receptor is expressed (see below). Although HER2 (ErbB2)
overexpression has been largely associated with breast and ovarian cancers, it
also plays a role in the development/progression of other cancers (137). It is
thought that under normal circumstances HER2 heterodimerization with other
ErbB receptors is needed to activate downstream events (138). Interestingly,
several studies suggest that HER-2 overexpression or mutation is sufficient to
promote cellular transformation (138,139). ErbB3 and ErbB4 have also been
found to be overexpressed in tumors, but not as much is known about their
roles in disease (140,141).

Even though misregulation and overexpression of ErbB receptors and their
ligands is often associated with cancer, several lines of evidence suggest that
alterations in ErbB status can also contribute to nonmalignant diseases. Most
of the research on ErbB family members and their association with nonmalig-
nant disease has focused on the participation of the EGFR and the ErbB1
ligands (EGF and TGF-α) in diseases such as polycystic kidney disease (PKD),
cirrhosis, inflammatory bowel disease, and chronic asthma (142,143).

Although overexpression of the ErbB receptors is thought to be the most
common occurrence in ErbB driven diseases, mutant forms of the EGFR have
also been found to be associated with tumorigenesis. For example, mutations
in v-ErbB are thought to be important in the initiation and progression of can-
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cers in chickens infected with the AEV (134,135). As a retrovirus, AEV can
promote cancer by insertionally activating a proto-oncogene (i.e., by integrat-
ing the retroviral genome next to proto-oncogenes) such as erbB1. In the case
of AEV, the virus is believed to have originally integrated into the host ge-
nome within the erbB1 proto-oncogene. This insertion led to a truncation of
the ErbB1-binding domain, resulting in the expression of a constitutively active
receptor (v-ErbB), providing an advantage for viral replication and leading to
development of leukemias in chickens. Subsequently, the viral gene accumu-
lated mutations such as C-terminal truncations and point mutations that facili-
tated its ability to promote leukemias and sarcomas. Depending on the viral
strain, the viral oncogene may carry one or more of the following mutations: a
267-amino-acid amino-terminal deletion that prevents ligand binding and
causes constitutive tyrosine kinase activity, several substitution mutations
mainly found in the kinase domain, a 21-amino-acid internal deletion, and a
74-amino-acid truncation from the cytoplasmic tail. Many of these mutations
were characterized separately and have been found to be differentially capable
of promoting leukemia and/or sarcoma. Specifically, the deletion of the ligand-
binding domain, which creates a constitutively active tyrosine kinase domain,
exhibits a high leukemogenic potential (144).

One of the most frequently identified forms of aberrant human EGF recep-
tor involved in cancer is EGFRvIII; this variant has a deletion of 270 amino
acids at the N-terminus, which ablates part of the ligand-binding domain. Like
v-ErbB, EGFRvIII is constitutively active and ligand independent. EGFRvIII
is found in 40% of gliomas as well as a broad range of other carcinomas, such
as medulloblastoma, prostate, breast, ovary, stomach, and lung (NSCLC) can-
cer (136). In 2004, previously unidentified aberrant forms of EGF receptor
were found in NSCLC patients. A subset of patients who responded well to
gefitinib (a small-molecule tyrosine kinase inhibitor of the EGFR) had muta-
tions in the kinase domain of their EGFR. The mutations in the kinase domain
that conferred gefitinib sensitivity consisted of small in-frame 4- to 7-amino-
acid deletions and several single amino acid substitutions (8,145,146). These
mutant EGFRs found in NSCLC still appear to be ligand dependent but pro-
mote higher proliferation rates in the presence of EGF (147). Interestingly,
these aberrant forms of EGFR found in NSCLC have not been detected in other
cancers to date (148).

Based on the information briefly reviewed above, it is clear that the EGFR
and HER-2 are two ErbB family members that represent very promising mo-
lecular targets for disease therapy. Pharmacological inhibition of ErbB recep-
tors appears ideal, because these systems are misregulated in many diseases
and are important in growth and progression of disease (see Chapter 14). ErbB
overexpression has been associated with a higher tumor grade, increased pro-
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liferation, and reduced survival of patients with many cancers (136). The EGFR
and associated ligands are also implicated in nonmalignant diseases, and for
some of these disorders, such as PKD, targeting ErbB family members may
prove beneficial (143).

There are two general approaches to inhibit ErbB receptors currently used in
cancer therapy: monoclonal antibodies (MAbs) directed against the ectodomain
of receptors and small molecule tyrosine kinase inhibitors (TKIs) that target
the catalytic tyrosine kinase domain. The MAbs were first designed in the
1980s against EGF receptor. Some MAbs used in clinical trials include
cetuximab, directed against the EGFR (brand name Erbitux™), trastuzumab
(directed against HER-2 (brand name Herceptin™), and MAb 806, which tar-
gets EGFRvIII (see also Chapter 14). In addition to the therapeutic utility of
the ErbB-directed MAbs, the use of TKIs has also shown promise, and two
small-molecule inhibitors of EGFR kinase activity being tested in clinical tri-
als are gefitinib (Iressa™) and erlotinib (Tarceva™). As mentioned, recent
studies have identified a cohort of patients with somatic mutations in the EGFR
tyrosine kinase domain that appear to confer gefitinib sensitivity (8,145,146).
In vitro studies using cell lines harboring these kinase domain mutations, which
include cells isolated from lung cancer patients as well as stable cell lines ex-
pressing aberrant forms of the receptor, have revealed that these cells are more
sensitive to gefitinib than normal cells lacking the mutant receptors (147). The
discovery of tumor-specific receptors such as EGFRvIII and the gefitinib-sen-
sitive mutant EGFRs should prove extremely valuable as therapeutic targets
because these targeted therapies have the potential to be more selective. Unfor-
tunately, most of the cancer treatments currently available are not very dis-
criminating, and patients suffer side effects from broad-based therapies that
target healthy and diseased cells alike. Conceivably, future research will find
more disease-specific ErbB family variants that can be more selectively tar-
geted to achieve more effective therapies.
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Summary
The epidermal growth factor (EGF) receptor possesses intrinsic protein–tyrosine ki-

nase activity, and both overexpressed wild-type and mutated forms have been associated
with many types of cancers. Therefore, understanding the mechanisms that modulate
receptor activity and function is essential to the development of treatments for many of
these cancers. However, to address this issue by either conventional or high-throughput
screening methods requires the availability of large amounts of highly purified and ac-
tive EGF receptor.

The technique described in this chapter utilizes immunoaffinity chromatography,
which allows for the isolation of highly purified and active preparations of EGF recep-
tor. By immobilizing an antibody that recognizes the ligand-binding domain of the re-
ceptor to Sepharose beads, the receptor can be eluted specifically from the antibody by
the addition of EGF. This association establishes a unique interaction that ensures the
isolation of a highly enriched preparation of EGF receptor. This protocol allows for the
purification of large or small batches of receptor that retain their kinase activity. Addi-
tionally, this chapter reports on the subsequent steps necessary to characterize the recep-
tor: kinase activity, mass, purity, and the ability of the receptor to undergo
autophosphorylation.

Key Words: Epidermal growth factor (EGF) receptor; tyrosine kinase;
autophosphorylation; immunoaffinity chromatography; receptor purification.

1. Introduction
The ability to study enzymes that have been isolated from their natural cel-

lular environment has permitted the extensive evaluation and characterization
of the intra- and intermolecular mechanisms regulating enzymatic activity. For
example, understanding the internal regulatory mechanisms of the human EGF



26 Wiepz et al.

receptor expressed by many types of cells has led to the generation of numer-
ous potent and highly specific therapeutics for treating various human cancers
(1). (In this regard, the reader is referred to Chapter 14 regarding the clinical
significance of developing agents that target the EGF receptor.)

The EGF receptor is a large transmembrane glycoprotein that resides in the
plasma membrane of a wide range of mammalian cells and possesses intrinsic
tyrosine kinase activity (2). Upon activation by several different ligands, e.g.,
EGF, transforming growth factor-α, or amphiregulin, the receptor undergoes
autophosphorylation on numerous tyrosine residues and tyrosine phosphory-
lates multiple substrates (3). The phosphorylated tyrosine residues in the re-
ceptor serve to regulate receptor kinase activity and trafficking and can act as
potential docking sites for many cytoplasmic signaling proteins such as Grb2
and phospholipase C (PLC)γ (4–6).

The ability to investigate substrate, inhibitor, and effector protein interac-
tions with purified receptor in vitro has allowed for a more detailed analysis of
receptor function. In this regard, multiple in-frame deletions of the EGF recep-
tor have been recently identified in non-small-cell lung cancer patients who
were nonsmokers (7). These mutations lead to an increase in receptor phospho-
rylation on tyrosines 992 and 1068, which promotes the increased activation of
downstream mediators, such as AKT and STAT5 (8). This series of mutations
also renders the receptor and the tumor susceptible to a class of tyrosine kinase
inhibitors that target the ATP-binding pocket of the EGF receptor (i.e.,
gefitinib, iressa) (8,9). To understand how these mutations alter the ATP-bind-
ing site, thereby rendering them susceptible to specific drugs, requires an evalu-
ation of the interaction of the drug with purified receptor.

The method that we employ to isolate functional EGF receptor involves the
use of immunoaffinity chromatography (10). Once the receptor is solubilized
from the cell membrane, it is bound by a Sepharose-linked mouse monoclonal
antibody (anti-EGF receptor—clone 528) that recognizes an epitope in the
ligand-binding domain. This specific interaction allows for the elution of the
receptor from the antibody using recombinant human EGF (rhEGF), i.e., the
rhEGF competes with the immobilized antibody for binding to the receptor.
The receptor, which remains functional and bound to EGF, is displaced from
the resin, and upon addition of the appropriate components (metal ions, ATP,
exogenous peptides), its tyrosine kinase activity can be readily measured (11).

Following elution of the receptor, the preparation is stored at –80°C in the
presence of several stabilizing components. The receptor is very stable at this
temperature and remains active for at least 1 yr. Following purification, the
receptor is quantified regarding mass, purity, kinase activity, and the ability to
autophosphorylate. Although this method is described for large-scale purifica-
tion of EGF receptor, it works equally well on a smaller scale to isolate mul-
tiple mutants/variants of the receptor for characterization.
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The ability to purify the EGF receptor is critical to the development of drugs
that specifically target the EGF receptor kinase and/or protein interaction mo-
tifs. Additionally, to better identify and characterize inhibitors directed toward
the kinase activity of the EGF receptor, methods that employ high-throughput
screening can be facilitated by the ready availability of purified receptor (12).
(The reader is directed to Chapter 3 by Lafky et al. for a discussion of other
receptor-quantification methods, such as those required for the detection of
soluble EGF receptor forms.)

2. Materials
2.1. Receptor Purification

1. Mammalian cells expressing EGF receptors (e.g., A431 cells).
2. Monoclonal antibody 528 which specifically recognizes the ligand binding site

of the human EGF receptor: LabVision, CA (MS-268).
3. Recombinant human EGF: Upstate Biologicals Inc. (01-407).
4. CnBr-activated sepharose 4B beads—Sigma (C-9142).
5. Receptor buffer (20 mM hydroxyethyl piperazine ethane sulfonate [HEPES], pH 7.4,

130 mM NaCl, 1 mM ethylenediaminetetraacetic acid [EDTA], 1 mM
dithiothreitol [DTT], 10% glycerol, 0.05% Triton X-100).

6. Homogenization buffer: 40 mM HEPES, pH 7.4, 10 mM ethylene glycol-bis(2
aminoethylether)-N,N,N',N'-tetraacetic acid [EGTA], 2% Triton X-100, 20%
glycerol.

7. Cell harvesting buffer (10 mM Na2HPO4, pH 7.4, 145 mM NaCl, 2.5 mM EGTA,
2.5 mM EDTA).

8. Receptor buffer/1 M NaCl: receptor buffer, 1 M NaCl.
9. Receptor buffer/1 M urea: receptor buffer, 1 M urea.

10. Receptor buffer/8 M urea: receptor buffer, 8 M urea.
11. Elution buffer: receptor buffer, 25 µg/mL rhEGF.
12. Bead storage buffer: receptor buffer, 0.05% sodium azide.
13. Coupling buffer: 100 mM NaHCO3, 50 mM NaCl.
14. Blocking buffer: 0.5 M ethanolamine in ddH2O.
15. Protease/phosphatase buffer: 2 mM Na3VO4, 100 mM NaF, 10 mM p-nitrophenyl

phosphate, 1% aprotinin, 2 mM DTT, 0.2 mM leupeptin, 8 mM benzamidine (see
Note 1).

2.2. Assay Buffers
1. Standard assay mix: 20 mM HEPES, pH 7.4, 0.2 mM Na3VO4, 20 mM MgCl2, 8

mM MnCl2, 2% (v/v) aprotinin, 0.1 mM leupeptin.
2. Angiotensin II mix: 20 mM HEPES, pH. 7.4, 3 mM angiotensin II, 50% standard

assay mix.
3. ATP mix: 20 mM HEPES, pH 7.4, 30 µM ATP, 25% standard assay mix, 0.75

µCi [γ32P]ATP/µL.
4. 20% trichloroacetic acid (TCA) in ddH2O.
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5. Autophosphorylation assay mix: 20 mM HEPES, pH 7.4, 2 µM ATP, 10 mM
MgCl2, 4 mM MnCl2, 100 µM Na3VO4, 1% (v/v) aprotinin, 0.1 mM leupeptin, 0.3
µCi [γ32P]ATP/µL.

6. Sample buffer: 20 mM Tris pH 8.0, 1.5 mM EDTA, 20 mM DTT, 2% sodium
dodecyl sulfate [SDS], 20% glycerol, 0.2% bromophenol blue.

7. Sample buffer without DTT: same recipe as above without the DTT and without
EDTA.

2.3. Additional Key Reagents

1. ATP: Adenosine 5'-triphosphate, magnesium salt (Sigma, A9187).
2. Angiotensin II: human synthetic, acetate salt (Sigma, A9525).
3. [γ32P]ATP: Amersham Pharmacia (PB10168).
4. Phosphocellulose paper (P81): Whatman (3698-915).
5. Polyacrylamide gel electrophoresis (PAGE) staining reagents: Sypro Orange,

Molecular Probes (S6650).
6. All chemicals unless otherwise stated are purchased from Sigma.

2.4. Equipment

1. Refrigerated centrifuge: table top (3200g; e.g., Beckman Allegra 6R).
2. Centrifuge: super speed (capable of 20,000g; e.g., Sorval RC5B).
3. Centrifuge: microfuge (Eppendorf 5415 or 5420).
4. Centrifuge: radioactive microfuge (Eppendorf 5415).
5. Sonicator: Branson Sonifier-250 with microtip.
6. X-ray film developer or a phosphoimager.
7. Polyacrylamide gel electrophoresis (PAGE) equipment.
8. Gel imaging and quantifying equipment.
9. Scintillation counter and scintillation fluid.

3. Methods
3.1. Cell Culture

Depending on the amount of receptor required, the cell type and cell culture
method will vary. To isolate a large amount of wild-type receptor, we prepare
approx 5 g of an A431 cell pellet. To achieve this yield, we culture about 250,
15-cm tissue culture plates in groups of 50 plates over a period of several
months.

3.1.1. Cell Splitting and Culturing

As the cells approach confluence, they are harvested by rinsing the plate
with the cell harvesting buffer and then incubating the plates in the same buffer
for 10–15 min at 4°C. The cells are then harvested by scraping with a hard edge
scraper. The cells are collected, combined into 50-mL polypropylene centri-
fuge tubes, and centrifuged at 500g (~1500 rpm in a tabletop refrigerated cen-
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trifuge) for 10 min at 4°C. The supernatant is removed, and the pellets are
frozen at –80ºC (see Note 2).

3.2. Bead Preparation

This procedure requires 24 h of preparation time. All washes of the beads
will occur in a 15-mL conical polypropylene tube centrifuged at 500g (1500
rpm in a tabletop refrigerated centrifuge) for 5 min at 4°C. This protocol is
specifically designed to prepare 1 g of CNBr-activated Sepharose beads that
will swell to a slurry volume of 3.5 mL, which in turn will then be coupled with
10 mg of anti-EGF receptor antibody. Smaller volumes can be scaled down to
accommodate fewer beads and less antibody (see Note 3).

1. Lyophylized CNBr-activated beads are suspended in 40 mL of 0.1 M HCl for 1 h
to swell and remove the stabilizer. This procedure is performed in a 50-mL gradu-
ated cylinder. Invert the beads five times; after settling, the buffer is poured off,
which contains the fines, fragments of beads, and debris. Resuspend the beads in
40 mL of buffer again, and after they settle pour off the buffer. Repeat this step
three times. Resuspend the beads in coupling buffer (10 mL) and transfer to a 15-
mL conical centrifuge tube.

2. Wash the beads two times by centrifugation (500g, 5 min) with 10 mL of cou-
pling buffer.

3. After the final wash add an equal volume of coupling buffer to the bead volume
(~3.5 mL). Add the antibody solution (approx 10 mg) directly to the beads. Incu-
bate at room temperature for 2 h with constant inversion.

4. Centrifuge the beads (500g, 5 min) and retain the supernatant (to check for anti-
body coupling efficiency).

5. Wash the beads three times with 10 mL of the coupling buffer and discard the
supernatants.

6. Block the unbound active sites on the beads with three bead volumes of blocking
buffer (0.5 M ethanolamine) overnight with constant inversion at 4°C.

7. The next day and before each use, wash the beads 10 times with 10 mL of recep-
tor buffer.

After each purification, the beads are washed with 10 mL of receptor buffer/
8 M urea, followed by 10 washes of receptor buffer (10 mL), and stored in bead
storage buffer (10 mL) at 4°C for up to 1 yr.

3.3. Receptor Isolation and Elution

To isolate the receptor from the plasma membrane, the cells are sonicated in
the presence of Triton X-100, protease, and phosphatase inhibitors. The recep-
tor is then combined with the beads so that it may bind to the agaose bound
antibody. Following the incubation for the specific interaction between the re-
ceptor and the antibody, the beads are washed under stringent conditions (1 M
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NaCl, 1 M urea) to remove all nonspecifically bound cell products. Finally, the
receptor is displaced from the antibody with EGF, which interacts with the
same binding site as the antibody.

1. Upon thawing, the cells are combined with an equal volume of homogenization
buffer that includes the protease inhibitor buffer (see Note 4).

2. The cell solution is then disrupted using a probe sonicator for 3 × 20 s bursts at a
setting of 3 (30–50% output; see Note 5).

3. Centrifuge the cell homogenate at 20,000g for 15 min at 4°C. Retain the superna-
tant, which is where the receptor will predominantly reside. Discard the pellet.

4. Add the supernatant to the prepared beads and incubate overnight at 4°C with
constant inversion (see Note 6).

5. After the overnight incubation, the beads are washed according to the following
protocol. All centrifugations are 500g for 5 min performed in a 15-mL centrifuge
tube. The volume of each of the washes is 15 mL minus the volume of the beads
(e.g., fill the tube up for each wash).

6. Centrifuge the beads and collect and retain the supernatant, which will contain
any unbound receptor (see Note 7).

7. Wash the beads 10 times with receptor buffer.
8. Wash the beads three times with receptor buffer /1 M NaCl.
9. Wash the beads three times with receptor buffer.

10. Wash the beads three times with receptor buffer/1 M NaCl.
11. Wash the beads three times with receptor buffer.
12. Wash the beads three times with receptor buffer /1 M urea.
13. Wash the beads five times with receptor buffer.

3.3.2. Receptor Elution

To elute the receptor from the beads, add an equal volume of the elution
buffer and mix by constant inversion at room temperature for 25 min. Centri-
fuge the beads and keep the supernatant, which will contain the receptor. Re-
peat this step and combine the two elution supernatants (see Note 8).

3.3.3. Receptor Storage

Freeze the supernatants in small aliquots (20–500 µL) and store at –80°C (see
Note 9).

3.3.4. Bead Storage

The beads are then washed with receptor buffer/8 M urea (see Note 10).
Next, the beads are washed 10 times with receptor buffer and finally suspended
in twice the bead volume of bead storage buffer. The beads can be used for up
to 1 yr after preparation or for a total of six separate purifications. However,
this will depend on the quality of the bead preparation, storage, and usage.
Additionally, the receptor yield should be evaluated after every purification, as
described below (see Note 11).
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3.4. Receptor Characterization

Quantification of the purified receptor involves determining three separate
parameters: receptor mass and purity, kinase activity, and the ability to un-
dergo autophosphorylation. From these data the quality and quantity of the
receptor can be established.

3.4.1. Measurement of EGF Receptor Mass

Because the receptor was eluted with buffer containing 25 µg/mL of rhEGF,
the mass must be estimated by gel electrophoresis comparing the receptor mass
to a protein standard, preferably of similar molecular weight. For this determi-
nation, a standard solution of rabbit IgG is used. Because the IgG is made up of
heavy and light chains, when prepared in the absence of a reducing agent the
molecule will remain intact and migrate at a similar rate to EGF receptor in a
10% polyacrylamide gel (see Fig. 1). This procedure also gives you an esti-
mate of purity of the receptor.

1. Prepare a 10% polyacrylamide gel.
2. Prepare the IgG standards so that you load 400, 200, 100, 50, 25 ng/well. The

volume will depend on the type of gel system and comb size that you use. These
standards are prepared in sample buffer that does not contain any reducing agents
(DTT) or EDTA.

Fig. 1. Determination of epidermal growth factor (EGF) receptor mass and purity.
Various amounts of the purified EGF receptor and rabbit IgG were separated on a 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The gel was
processed as described and stained with Sypro orange, and the bands were visualized
on a Hitachi FMBIO II laser scanner and quantified using the National Institutes of
Health Software Image. The data were then processed in Microsoft Excel to produce a
standard curve for the IgG to correlate with the EGF receptor values.
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3. Prepare dilutions of purified EGF receptor (e.g., 6, 3, 1.5 µL of receptor/well).
4. Run the gel and stain (see Note 12).
5. Quantify the bands for the receptor and the IgG standard by densitometry and

determine the protein mass for the EGF receptor per microliter (see Note 13).

3.4.2. Measurement of Receptor Kinase Activity

Kinase activity is determined by quantifying the ability of the purified re-
ceptor to phosphorylate angiotensin II under very specific assay conditions.
Although there are a number of new techniques to assess the activity of the
receptor (12), the method that we employ is the transfer of a radioactive phos-
phate from γ32P-ATP to angiotensisn II. Although fairly simple to conduct, this
assay does require the use of radioactive materials and the associated equip-
ment and regulatory clearance.

This assay is performed by adding various concentrations of the receptor
with the appropriate assay components under very specific conditions (i.e.,
time and temperature). The timing of the assay is extremely critical, as it is
important to assess receptor kinase activity using linear initial velocity condi-
tions (12). Modifying the concentration of the receptor, substrate, ATP, or the
time and the temperature will alter the measured activity of the receptor.

Steps 1–3 are performed on ice.

1. Make the appropriate dilutions of the receptor in receptor buffer. The receptor
must be diluted so that each tube will receive exactly 20 µL. Maintain the tubes
on ice at all times (see Table 1) (see Note 14).

2. Aliquot to all tubes (1.5-mL polypropylene centrifuge tubes) 20 µL of angio-
tensin II.

3. Add the receptor to the appropriate tubes (20 µL) or control solution (receptor
buffer)

4. Warm the ATP mixture in a 30°C water bath for 5 min.
5. Each tube must undergo a 2 min prewarming step prior to receiving the warm

ATP mixture to initiate the reaction, which is then incubated at 30°C for exactly
5 min. To facilitate the completion of the assay, the tubes are staggered by 15–30
s so that multiple tubes can be incubating at the same time but are all stopped at
the specified time. (see Table 1).

6. The reactions are terminated by the addition of 20 µL of 20% trichloroacetic acid
(TCA) and placed at 4°C.

7. Upon completion of the assay, each tube is centrifuged in a microfuge on max
(>10,000 rpm) for 5 min at room temperature (see Note 15).

8. To allow the angiotensin II to bind to the phosphocelluose paper, the TCA must
be diluted. The supernatant (50 µL) is combined with ddH2O (50 µL) in a sepa-
rate tube, and 90 µL of this solution is spotted onto a 1 × 1 in. piece of
phosphocellulose paper that has been prelabeled with the tube number in pencil/
pen/marker (see Note 16).



EG
F R

eceptor Isolation
33

Table 1
Typical Protocol for an Epidermal Growth Factor Receptor (EGFR) Assay

50% EGFR 25% EGFR 12.5% EGFR Receptor buffer 3 mM AII 30 µM ATP 20% TCA
Tube (µL) (µL) (µL) (µL) (µL) (µL) (µL) Start (min) Stop (min)

1 20 — — — 20 20 20 2 7
2 20 — — — 20 20 20 2.25 7.25
3 — 20 — — 20 20 20 2.5 7.5
4 — 20 — — 20 20 20 2.75 7.75
5 — — 20 — 20 20 20 3 8
6 — — 20 — 20 20 20 3.25 8.25
7 — — — 20 20 20 20 3.5 8.5
8 — — — 20 20 20 20 3.75 8.75

Total 40 40 40 40 160 160 160

33
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9. The paper is allowed to dry and is then washed in a large volume (~300 µL) of
cold 0.5% phosphoric acid three times for 10 min with constant, gentle rocking.

10. The filter papers are air dried, added to 5 mL of scintillation fluid, and the activ-
ity on each paper is determined by scintillation counting (see Note 17).

3.4.2.1. SAMPLE CALCULATIONS (TABLE 2)
3.4.2.1.1. Determination of ATP-Specific Activity

1. ATP concentration—the total concentration of ATP present in the ATP solution.
2. Total counts—the number of dpm per volume of the ATP solution (i.e., 5 µL) (see

Note 18).
3. Specific activity—the number of dpm/pmol of ATP. This number is used to con-

vert the number of dpm into the amount of phosphate incorporated into the substrate
(angiotensin II).

3.4.2.1.2. Determination of Kinase Activity

1. Disintegrations per minute (DPM)—actual uncorrected counts.
2. DPM corrected—DPM minus the counts present in the blank tubes (average back-

ground).
3. pmol 32P—DPM corrected divided by the specific activity. This value is the

amount of phosphate that was transferred to the substrate (angiotensin II).
4. pmol/assay—pmol32P incorporated multiplied by the % reaction counted.
5. % reaction counted—because only a fraction of the actual assay reaction volume

is counted, the cpm needs to be corrected. From the original assay volume, 50 µL
is removed and combined with 50 µL of water to dilute the concentration of
TCA, which permits the binding of the substrate to the P-81 paper. From this
diluted sample, 90 µL is applied to the paper. Therefore, the amount of sample
counted is 56% of the original tube (0.9 × 0.625 = 0.56).

6. Velocity (pmol/min)—pmol/assay divided by the time (min), usually 5 min.
7. Average velocity—average of the duplicates for each dilution.
8. Velocity pmol/min/µL—average velocity divided by the number of µL of recep-

tor originally used.

3.4.3. Receptor Autophosphorylation (Fig. 2)

Because the EGF receptor is known to autophosphorylate in vivo, evalua-
tion of this parameter reflects the degree to which the receptor has remained
intact following purification. This assay is similar to the standard kinase assay,
with the exclusion of any additional substrate. Following the reaction, varying
amounts of the receptor are separated by SDS-PAGE and exposed to radio-
graphic film for the appropriate amount of time (see Note 19).

1. Add 10 µL of the purified receptor at 4°C with 10 µL of the Autophosphorylation
buffer.

2. Incubate on ice for 10 min and stop the reaction with 20 µL of sample buffer.
3. Prepare a 10% PAGE and load various volumes of the reaction (e.g., 20, 10, 5,

2.5 µL, which is equivalent to 5, 2.5, 1.25, and 0.63 µL of receptor).
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Table 2
Representative Data from Epidermal Growth Factor Receptor Kinase Assaya

Specific activity
ATP concentration = 3.00E-05 M%Reaction counted = 0.56
µL counted = 0.5 Reaction time (min) = 5

Total ct Average ct dpm/µL ATP (pmol/µL) dpm/pmol

904091 887661 1775322 30 59177.40
871231

Receptor DPM Velocity Average Velocity pmol/min/µL
Tube (µL/tube) DPM  corrected pmol 32P pmol/assay pmol/min velocity SD receptor

1 10 399383 376282 6.3585 11.3545 2.2709 2.3073 0.0515 0.2307
2 10 411449 388348 6.5624 11.7186 2.3437
3 5 191287 168186 2.8421 5.0751 1.0150 0.9592 0.0789 0.1918
4 5 172787 149686 2.5294 4.5169 0.9034
5 2.5 94680 71579 1.2096 2.1599 0.4320 0.5893 0.2224 0.2357
6 2.5 146797 123696 2.0903 3.7326 0.7465

Background 1 = 24589 Average velocity/µL = 0.2
Background 2 = 21613
Average background = 23101

aThis analysis was performed in an Excel worksheet.
DPM, disintegrations per minute; SD, standard deviation.

35
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4. Run gel for the appropriate time (see Note 20).
5. Fix gel with 70% methanol/10% glacial acetic acid for 15 min.
6. Rehydrate gel with ddH2O for 20 min.
7. Wrap gel in plastic wrap and expose to film for 1–2 h or overnight. Alternatively,

a phosphoimager can be used.

4. Notes
1. As an alternative, protease inhibitor cocktail can be used in place of aprotinin,

leupeptin, and benzamidine (i.e., Sigma—Mammalian Protease Inhibitor Cock-
tail, P8340).

2. These cell pellets are very stable at –80°C and can be stored for more than a year.
3. The hybridoma clone for this antibody can be purchased from American Type

Culture Collection (www.atcc.org; HB-8509) and the antibody produced/puri-
fied using a hybridoma facility.

4. Make the protease/phosphatase inhibitor buffer just prior to use. Alternatively, a
protease inhibitor cocktail can be used (Sigma P8340) with the addition of the phos-
phatase inhibitors.

5. Always sonicate on ice and allow 1 min between sonications. The probe intensity
varies between machines, and the required amount of sonication will need to be
determined empirically by checking for intact cells by microscopy.

6. Adjust the volume to 12 mL in a 15-mL tube, or use a smaller tube to decrease the
number of beads that stick to the tube.

7. For large preps a considerable amount of receptor will remain in the solution and
can be saved and bound to the antibody beads again after the first elution.

8. If there is only a small volume of beads, decrease the tube size to better match the
volume.

9. The receptor is commonly stored in multiple small aliquots (25 µL) to avoid
repeated freeze/thaws.

10. After centrifugation, the supernatant containing the denatured protein is retained
and can be used as a 170 kDa marker for SDS-PAGE.

11. Due to the nature of the procedure, the volume of beads will go down after each
use. However, the remaining beads will retain most of their activity through multiple
purifications.

Fig. 2. Epidermal growth factor (EGF) receptor autophosphorylation. The reaction
for autophosphorylation was performed as described using purified EGF receptor (43
ng/µL). The radiographic film was exposed for 60 min.

www.atcc.org
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12. Several staining procedures are available to quantify the amount of protein
present on the gel. We routinely use Sypro Orange (Molecular Probes, Inc.) and
visualize the gel in a Laser scanner (Hitachi FMBIO II). Alternatively, depend-
ing on the concentration of protein present, other methods can be employed (i.e.,
Coomassie, silver stain)

13. Various imaging software programs are available to record and quantify the in-
tensity of each band, such as Image (Mac) and Image J (PC), both of which are
available from http://rsb.info.nih.gov/nih-image/.

14. Receptor dilution is expressed as a percentage to address a possible range in activity.
15. This procedure will make the centrifuge very radioactive, and appropriate han-

dling procedures must be adhered too.
16. To help spread the 90 µL of assay mixture on the filter paper, the papers are

suspended on straight pins that are inserted into a Styrofoam block.
17. To facilitate the drying of the phosphocellulose paper, the individual papers are

dried under a heat lamp.
18. The number of dpm is equal to the number of cpm in the scintillation counter that

we use with the appropriate scintillation cocktail.
19. Alternatively, this detection can be performed on a phosphoimager.
20. Try not to run the dye front off the gel where a major amount of the radioactivity

is located. Stop the gel before the dye front comes off the bottom, cut it off, and
discard it appropriately.
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Soluble Epidermal Growth Factor Receptor
Acridinium-Linked Immunosorbent Assay

Jacqueline M. Lafky, Andre T. Baron, and Nita J. Maihle

Summary
This chapter provides basic information for quantifying soluble epidermal growth

factor receptor (sEGFR) isoforms in human sera using an acridinium-linked
immunosorbent assay (ALISA) developed by Baron and coworkers (1). This ALISA has
been shown to be specific for epidermal growth factor receptor (EGFR) and the isoforms
of EGFR encoded by alternate transcripts (i.e., sEGFRs); it, therefore, does not detect
other EGFR/ErbB receptor family members, i.e., ErbB2, ErbB3, or ErbB4. In addition,
this ALISA recognizes EGFR and sEGFR isoforms that contain subdomains I–IV of the
extracellular domain, but it does not recognize EGFR isoforms lacking subdomain IV.
The ALISA described here also may be useful for determining EGFR and sEGFR con-
centrations in lysates of cultured cells, conditioned culture medium, or tissue/tumor
specimens, as well as in other human body fluids such as serum, plasma, ascites, urine,
saliva, and cystic fluids.

Key Words: Epidermal growth factor receptor; EGFR; soluble EGFR; sEGFR;
acridinium; acridinium-linked immunosorbent assay; ALISA; serum; biomarker; cancer.

1. Introduction
The EGFR proto-oncogene is being studied in many types of human carci-

nomas, as well as in certain other tumors such as gliomas. This proto-oncogene
encodes the epidermal growth factor receptor (EGFR), which is a 170-kDa
glycoprotein comprised of an extracellular ligand-binding domain (ECD), a
single-pass transmembrane domain, and an intracellular cytoplasmic domain
with tyrosine kinase activity (2). This receptor is expressed in many human
adult tissues (3,4) and plays an important physiological role in cell prolifera-
tion, differentiation, and survival. Hence, it is not surprising that gene amplifi-
cation, protein overexpression, and genetic alterations resulting in aberrant
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EGFR structure and signal transduction contribute to malignant transforma-
tion. Numerous investigators have reported EGFR gene amplification and/or
EGFR protein overexpression in a variety of human tumor-derived cell lines
and tissues, such as bladder, brain, breast, cervical, esophageal and gastric,
head and neck, ovarian, and pancreatic cancer cells (reviewed in ref. 5). Clini-
cally, EGFR amplification and/or EGFR overexpression in tumors has been
shown to correlate with tumor size, poor tumor differentiation, tumor invasive-
ness and a high metastatic rate, and poor patient prognosis (e.g., increased dis-
ease recurrence and decreased survival), as well as with drug resistance and
responsiveness to therapy (reviewed in ref. 5).

Soluble EGFR molecules (sEGFR), which contain only the ECD of the re-
ceptor, have also been identified (reviewed in ref. 6). Human sEGFR proteins
identified to date are generated by alternate mRNA splicing/processing events
and include 60- (7), 80- (8), 110- (9), and 115-kDa (10) isoforms. Although the
function(s) of human sEGFRs is an active area of investigation, previous stud-
ies with rat and avian sEGFRs have shown that sEGFR isoforms decrease cell
proliferation both in vitro (11,12) and in vivo (13). The mechanism underlying
decreased cell proliferation may involve competitive binding of sEGFR
isoforms to growth factors (14) and/or kinase inhibition via the ligand-depen-
dent formation of sEGFR and full-length EGFR heterodimers (15). Given the
important role of EGFR in modulating cell proliferation and transformation,
we, and others, hypothesize that sEGFR concentrations might be altered dur-
ing oncogenesis, tumor progression, and metastasis. Furthermore, with the abil-
ity to quantify serum sEGFR using noninvasive immunoassay methods
involving minimal risk to patients, sEGFR isoforms recently have become a
major focus of research aimed at evaluating their clinical utility as cancer
biomarkers for (1) identifying individuals at increased cancer risk, (2) detect-
ing preclinical cancer, (3) diagnosing a clinically detectable mass, (4) predict-
ing responsiveness to therapy, (5) monitoring responsiveness to therapy, (6)
monitoring disease recurrence, and (7) predicting disease outcome. Toward
this end, we have developed and validated an exquisitely sensitive acridinium-
linked immunosorbent assay that has utility in quantifying sEGFR levels in
human body fluids and tissues (1). The characteristics of this assay and a de-
tailed description of the techniques used in the implementation of this assay
are the focus of this chapter.

Table 1 provides a brief summary of the ALISA protocol. The ALISA im-
munoassay described here is a chemiluminescent direct sandwich
immunosorbent assay that utilizes two EGFR ECD-specific mouse monoclonal
antibodies (MAbs): a capture antibody (IgG2b isotype) and an acridinium-con-
jugated antibody (IgG2a isotype). The capture antibody is immobilized to the
surface of microplate wells that have been covalently coated with anti-mouse
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IgG2b isotype-specific antibodies. In this immunoassay, specimens containing
analytes of known or unknown concentration are incubated in the coated well
to allow analyte binding by the capture antibody. The immobilized analyte is
then incubated with the acridinium-conjugated antibody to complete the “sand-
wich.”  Sequential addition of chemiluminescent initiator reagents, a suitable
base (e.g., sodium hydroxide), and oxidant (e.g., hydrogen peroxide), initiates
acridinium decomposition, resulting in visible photon emission at a wavelength
of approx 430 nm (16). A photomultiplier tube detector in a luminometer de-
tects emitted photons as relative light units (RLUs). The RLUs are directly
related to the concentration of EGFR and/or sEGFR in the analytical standard
or the specimen.

2. Materials
1. 4-(2-Succinimidyl-oxycarbonylethyl)phenyl-10-acridinium-9-carboxylate

trifluoromethyl sulfonate (acridinium C2 NHS ester; ASSAY Designs Inc., Ann
Arbor, MI). Keep desiccated and store at –20°C. Bring to room temperature be-
fore opening.

2. Dry dimethyl formamide.
3. Labeling buffer: 0.2 M sodium phosphate, pH 8.0. Filter and store at room tem-

perature.
4. Quenching buffer: labeling buffer with 10 mg/mL lysine monohydrochloride.

Make fresh prior to use.
5. Acridinium storage buffer without bovine serum albumin (BSA): 150 mM NaCl,

0.2 M sodium phosphate, pH 6.3. Filter and store at 4°C.

Table 1
Acridinium-Linked Immunosorbent Assay Protocol Summary

Steps Incubation time and temperature

1. Add 100 µL coating antibodies to each well Overnight at 4°C
2. Wash
3. Add 200 µL blocking buffer to each well 1 h at room temperature
4. Wash
5. Add 100 µL capture antibody to each well 2 h at 37°C
6. Wash
7. Add 100 µL antigen to each well 2 h at 37°C
8. Wash
9. Add 100 µL detection antibody to each well 1 h at 37°C
10.Wash
11.Read microplate at 430 nm with a luminometer Room temperature

immediately after addition of 100 µL of each
chemiluminescent initiator reagents
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6. Acridinium storage buffer with BSA: 150 mM NaCl, 0.2 M sodium phosphate,
pH 6.3, 0.2% BSA. Filter and store at 4°C.

7. Fast desalting gel filtration columns: HiPrep™ 26/10 desalting, HiTrap™ desalting,
or disposable PD-10 desalting columns (Amersham Biosciences, Piscataway, NJ).

8. Test tubes: 50- and 15-mL conical tubes, and 1.5-mL microfuge tubes.
9. Ultracentrifugation filter units: Centricon YM-30 and Ultrafree-MC GV Cen-

trifugal Filter Units (Millipore, Billerica, MA).
10. Coating antibodies: affinity-purified goat α-mouse IgG2b specific polyclonal an-

tibodies.
11. Capture antibody: anti-EGFR MAb EGFR.1 (IgG2b isotype; Lab Vision Corpora-

tion, Fremont, CA) (17).
12. Detection antibody: anti-EGFR MAb 528 (IgG2a isotype; Santa Cruz Biotechnol-

ogy, Inc., Santa Cruz, CA) (18). This MAb will be conjugated to acridinium.
13. Purified EGFR (positive analytical standard; Sigma-Aldrich, St. Louis, MO).
14. Purified negative analytical standard. We use trpEcentrin as our negative analyti-

cal standard, which was purified by Baron and coworkers (19).
15. XENOBIND™ white 96-well microplate (XENOPORE Corp., Hawthorne, NJ).
16. Microplate sealers.
17. Multichannel pipettor, single-channel pipettor, repeat pipettor, and/or robot work-

station (optional).
18. 10-mL pipets and 1000-, 200-, and 20-µL pipet tips.
19. Manual or automated microplate washer.
20. Coating buffer: 100 mM carbonate/bicarbonate buffer, pH 9.4. Filter and store at

room temperature.
21. ALISA blocking buffer (ALBB): 2% BSA, 1 mM ethylene glycol tetraacetic acid

(EGTA), 1 mM ethylenediaminetettraacetic acid (EDTA), 0.01% rabbit serum,
0.01% mouse serum, pH 7.4. Filter and store at 4°C.

22. Tween-20 wash buffer (T20WB): 20 mM Tris-HCl buffer, pH 7.4, 400 mM NaCl,
0.05% Tween-20. Store at room temperature.

23. Chemiluminescent initiator solution 1: 0.441% nitric acid, 0.495% H2O2. Filter
and store at room temperature.

24. Chemiluminescent initiator solution 2: 0.25 M NaOH, 0.1875% cetyltrimethyl-
ammonium chloride. Filter and store at room temperature.

25. Microplate luminometer.
26. Graphing software package (optional).

3. Methods
3.1 Acridinium Labeling of Anti-EGFR MAb 528

1. Dilute the acridinium C2 NHS ester to 1 mg/mL in dry dimethyl formamide and
store in 10-µg (10-µL) aliquots at –20°C.

2. Exchange the detection antibody, anti-EGFR MAb 528, from carrier solution
into labeling buffer using a fast desalting gel filtration column. The labeling
buffer must not contain any amines (e.g., Tris or azide).
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3. Collect 0.5- or 1.0-mL column fractions. Measure the absorbance of each frac-
tion at 280 nm and combine the protein-containing fractions.

4. Concentrate the protein-containing column fractions to 0.25–1.0 mg/mL using
an ultracentrifugation filter unit. Record the final volume.

5. Add enough acridinium C2 NHS ester solution to yield a 40-fold molar excess of
the acridinium C2 NHS ester over MAb 528 protein. Vortex gently to mix solution.

6. Incubate the protein-acridinium C2 NHS ester solution for 15 min in the dark at
room temperature.

7. Add 20 µL of quenching buffer per 1 µg of acridinium C2 NHS ester used in the
protein-acridinium C2 NHS ester solution and incubate for 5 min in the dark at
room temperature.

8. Separate unbound acridinium C2 NHS ester and lysine from the acridinium-labeled
detection antibody (AC-MAb 528) by chromatography with a fast desalting gel fil-
tration column, while simultaneously exchanging the solution for acridinium storage
buffer without BSA.

9. The labeled protein fractions will occur in the first few fractions, and these should
be pooled and concentrated using an ultracentrifugation filter unit. Record the
final volume.

10. Add an equal volume of acridinium storage buffer with BSA to obtain a final
solution containing 1% BSA.

11. Determine the relative light units (RLUs)/µL of the AC-MAb 528 reagent using
a luminometer. Aliquot and store the AC-MAb 528 at –70°C.

3.2. Soluble EGFR Acridinium-Linked Immunosorbent Assay

1. Dilute the coating antibodies (goat anti-mouse IgG2b polyclonal antibodies) to
250 µg/mL in 100 mM carbonate/bicarbonate buffer, pH 9.4. Add 100 µL (25 µg/
well) of coating antibody solution to each well of a XENOBIND™ white 96-well
microplate (see Note 1).

2. Cover the microplate with a microplate sealer and incubate at 4°C overnight on a
rocker platform (see Note 2).

3. Wash the microplate three times, 300 µL per well, with T20WB (see Notes 3 and 4).
4. Add 200 µL ALBB to each well of the microplate.
5. Cover the microplate with a microplate sealer and incubate at room temperature

for 1 h on a rocker platform.
6. Wash the microplate three times, 300 µL per well, with T20WB.
7. Dilute the capture antibody (anti-EGFR MAb EGFR.1) to 0.5 µg/mL in ALBB. Add

100 µL (0.05 µg/well) capture antibody solution to each well of the microplate.
8. Cover the microplate with a microplate sealer and incubate at 37°C for 2 h in a

shaker incubator.
9. Wash the microplate three times, 300 µL per well, with T20WB.

10. Prepare an eight-tube dilution series for both the positive (EGFR standard) and
negative (user’s protein standard of choice) control antigens. The sEGFR ALISA
has a broad linear range (~1 to 4000 fmol/mL); therefore, the first tube of the EGFR
standard dilution series and negative control antigen should be diluted to approx
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4000 fmol/mL. To prepare the eight-tube dilution series, prepare 500 µL of each
analytical standard in the first tube of the dilution series. Transfer 250 µL to the
next tube of the dilution series and mix thoroughly. Continue transferring 250 µL
to the next tube of the dilution series sequentially.

11. Dilute serum (or other unknown) specimen 1:10 or 1:20 with ALBB. For a 1:10
dilution, pipet 30 µL of serum into 270 µL of ALBB. For a 1:20 dilution, pipet 15
µL of serum into 285 µL of ALBB.

12. Add 100 µL of each analytical standard and serum (or other unknown) specimen,
in duplicate, to the designated wells of the microplate.

13. Cover the microplate with a microplate sealer and incubate at 37°C for 2 h in a
forced-air environmental shaker incubator.

14. Wash the microplate three times, 300 µL per well, with T20WB.
15. Dilute the detection antibody (acridinium-labeled anti-EGFR MAb 528) to 4000–

6000 counts/µL in ALBB. Add 100 µL of detection antibody solution to each
well of the microplate.

16. Cover the microplate with a plate sealer and incubate at 37°C for 1 h in a forced-
air environmental shaker incubator.

17. Wash the microplate three times, 300 µL per well, with T20WB.
18. Read each well of the microplate with a microplate luminometer for 3 s immedi-

ately after sequentially adding 100 µL of chemiluminescent initiator solution 1
and 100 µL of chemiluminescent initiator solution 2 to the well (see Note 5).

The methods outlined above describe the current working protocol for the
ALISA, which was originally developed by Baron and coworkers (1). This
ALISA is composed of a complex assortment of reagents and equipment; there-
fore, failure to follow this protocol as described may cause altered or incompa-
rable results. In addition to the notes referred to above, the reader is encouraged
to read Notes 6–8 to minimize variability in the data.

3.3. Evaluating Results

1. Standard concentrations:

a. Determine the mean RLU for each analytical standard individually. Deter-
mine the mean RLU (zero calibrator) and standard deviation for all negative
control standards combined.

b. Plot the mean RLU (y-axis) for each EGFR standard in fmol/mL (x-axis) and
determine the best fit line using linear regression analysis. Graphing software
packages are available to simplify this procedure.

c. Determine the analytical detection limit or lower limit of detection (LLD),
which is defined as 2.5 standard deviations (SD) above the zero calibrator
(mean RLUs of negative control analyte), and the biological detection limit
(BDL), which is defined as 2 SD above the LLD (20,21).

2. Specimen concentrations:

a. Determine the mean RLU for each serum (or other unknown) specimen.
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b. Serum specimens yielding RLUs below the BDL or above the linear range of
the ALISA’s standard curve should be reassayed at a lesser or greater dilu-
tion, respectively.

c. For serum (or other unknown) specimens with RLUs within the linear range
of the assay, extrapolate the sEGFR concentration from the EGFR standard
curve’s best-fit line. For each serum (or other unknown) specimen, multiply
this concentration by the specimen’s dilution factor to obtain the final con-
centration in fmol/mL.

4. Notes
1. White microplates are used to eliminate “cross-talk” between wells, so that pho-

tons emitted from one well do not interfere with photons emitted from an adja-
cent well. The XENOBIND™ microplates are recommended, because these
enhanced microplates allow covalent binding of the anti-mouse IgG2b isotype-
specific antibodies to the microplate under the conditions described above for
coating the plate. Covalent binding allows for increased binding capacity, and
the nonreversible nature of covalent binding eliminates antibody displacement
caused by either washing procedures or by competition with serum proteins. It is
important to keep a record of the microplate lot, since variable results may occur
between different lots of microplates. It is good laboratory practice to use the
same plate lot for all the serum specimens within a particular study to decrease
both intra- and inter-assay variability.

2. We recommend that microplates be placed on a rocker or shaker during each
incubation step to ensure thorough mixing of the reagents. Mixing allows for
uniform binding of immunoreactive molecules and maintains a constant tempera-
ture of reagents within the well.

3. Incomplete washing between incubations may result in increased nonspecific
binding and higher background, which consequently leads to higher biological
detection limits and lower assay sensitivity. Improper washing may also result in
potential cross-contamination between wells; resulting in erroneous calculations
of concentrations. We recommend using an automated microplate washer with
agitation capability to eliminate cross-contamination between wells and to en-
sure consistent washing of the plate, thus reducing background noise.

4. If an automatic plate washer is used, the instrument should be flushed with water
at the end of each day. If the washing buffer is not removed, the dispensing and
aspirating nozzles may become clogged.

5. The injectors of the luminometer should be flushed with water after every day of
use. If the chemiluminescent reagents are not removed, the injectors may become
clogged, resulting in incorrect volume delivery.

6. A major source of variability in the measurement of sEGFR concentrations arises
from differences in laboratory technique between scientists. Individuals must be
accurate and consistent in sample handling and in adhering to protocol directions
to minimize pipetting errors and sources in intra- and inter-assay variability.
Quality control protocols should be developed to assess assay variability as a
result of operator differences.
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7. All assay reagents must be prepared with care and standardized. New lots of each
reagent must be tested and compared to previous lots of the same reagent to verify
lot quality. Once a new lot is validated, smaller working aliquots of the reagent
should be prepared and stored at –70°C. Additionally, reagents must be kept free
of contamination.

8. Pipettors should be routinely calibrated to assure accuracy of delivery volumes.
Moreover, an automatic robotic workstation will facilitate standardized pipetting
for optimal reproducibility and reduced variability, as well as increased throughput.
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Analysis of EGF Receptor Interactions With the �
Subunit of the Stimulatory GTP Binding Protein
of Adenylyl Cyclase, Gs

Deepti Chaturvedi, Francis Edwin, Hui Sun, and Tarun B. Patel

Summary
Besides stimulating the mitogen-activated protein kinase, phospholipase Cγ, and

phosphatidylinositol 3-kinase cascades, in certain tissues and cells such as the heart,
partotid gland, and luteal cells, activation of the epidermal growth factor (EGF) receptor
also stimulates second-messenger systems that involve the heterotrimeric G proteins.
For instance, in the heart EGF increases contractility and heart rate by elevating cellular
cyclic adenosine monophosphate (cAMP) levels. This is the result of EGF-elicited acti-
vation of adenylyl cyclase via the stimulatory guanosine 5'-triphosphate (GTP)-binding
protein Gs. In this context, the single transmembrane EGF receptor acts like a heptahelical
G protein-coupled receptor. Here we have described the methods used to study interac-
tions between the EGF receptor and heterotrimeric G proteins. Moreover, we have also
described how the stoichiometry of EGF receptor association with the α subunit of Gs

can be monitored in vitro. Several other single transmembrane receptors and proteins
can also activate heterotrimeric G proteins, and, therefore, the methodologies described
in this chapter can be adapted to other systems.

Key Words: Epidermal growth factor (EGF) receptor; GTP-binding proteins; stimu-
latory GTP-binding protein of adenylyl cyclase (Gs); adenylyl cyclase; cAMP.

1. Introduction
Ligand binding to the EGF receptor initiates both the activation of mitoge-

nic signal transduction pathways and trafficking events that relocalize the re-
ceptor on the cell surface and within intracellular compartments. Upon binding
of its ligand, the EGF receptor tyrosine kinase activity is stimulated and the
receptor is autophosphorylated on multiple tyrosine residues (1–3). Signaling
proteins with Src homology 2 (SH2) domains (4–6) bind to phosphorylated
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tyrosine residues on the receptor to initiate multiple signaling cascades such as
the extracellular regulated kinase (Erk) and phospholipase Cγ.

Studies from our laboratory (7) as well as those from other groups (8,9)
have shown that in addition to the signaling cascades mentioned above, in sev-
eral tissues and cells types EGF also activates biological processes and second-
messenger systems that are controlled by heterotrimeric G proteins. For
instance, in the heart and cardiac myocytes, EGF increases cAMP accumula-
tion and produces inotropic and chronotropic action (10–14). These actions of
EGF are mediated by activation of the heterotrimeric stimulatory guanosine 5'-
triphosphate (GTP)-binding protein of adenylyl cyclase, Gs, and stimulation of
the latter enzyme (10,13,14). This action of the EGF receptor is similar to that
of the seven transmembrane domain receptors such as the β-adrenergic recep-
tor that couples with Gs. Notably, the EGF receptor is not the only single trans-
membrane protein that can activate heterotrimeric G proteins. Other examples
are the insulin-like growth factor (IGF)-I receptor, insulin receptor, fibroblast
growth factor (FGF) receptor, platelet-derived growth factor (PDGF) receptor,
and even proteins without tyrosine kinase activity, such as the Alzheimers pre-
cursor protein (see ref. 15 for review).

The activation of G proteins as well as the more classical pathways associ-
ated with EGF receptor signaling may provide the means to extend the reper-
toire of biological actions mediated by the growth factor. Moreover, these
additional G-protein-mediated signals may provide a mode of fine-tuning other
signaling cascades activated by EGF. For instance, the activation of cAMP-
dependent protein kinase due to EGF-mediated increase in cAMP levels may
determine the extent to which the Erk cascade is activated by this growth fac-
tor. It has been demonstrated that c-Raf is inhibited, whereas B-Raf is acti-
vated by cAMP-dependent protein kinase, and, therefore, depending upon the
Raf isoform expressed, cAMP can either inhibit or augment Erk activation (16).

The recognition that single transmembrane proteins such as the EGF recep-
tor can activate heterotrimeric G proteins led to a search for mechanisms by
which these single transmembrane proteins may mimic the actions of classical,
heptahelical, G-protein-coupled receptors. To this end, studies from the
Nishimoto laboratory which showed that peptides corresponding to short (14-
or 15-amino-acid) regions in the IGF-II and β2-adrenergic receptors could
mimic the actions of the activated receptors in terms of stimulating the
heterotrimeric G proteins Gi and Gs, respectively, provided an important break-
through (17–19). From these studies, the criteria for regions within receptors
that determine the ability to couple with G proteins emerged. These criteria
are: (1) the amino-terminus of the region or peptide must contain two basic
residues; (2) the carboxy-terminus of the region or peptide must contain the
sequence B-B-X-B or B-B-X-X-B (B: basic residues; X: any residue); (3) the
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sequence length of the region or peptide must be between 14 and 18 residues
long. Based upon these criteria, a short sequence within the M4 muscarinic
cholinergic receptor was identified to be responsible for the coupling with, and
activation of, Gi (20). Moreover, because the EGF receptor can stimulate
adenylyl cyclase via activation of Gs, we investigated if the intracellular seg-
ment of the EGF receptor contained motifs that could activate G proteins. Us-
ing the criteria described above, we identified two regions in the EGF receptor
encompassed by amino acids 645–657 (EGFR-13) and amino acids 680–693
(EGFR-14) that were candidates as Gs activators. In this report, using peptides
corresponding to regions in the EGF receptor, we have presented three differ-
ent approaches by which activation of the trimeric Gs can be monitored. Addi-
tionally, using the full-length EGF receptor and recombinant Gαs, we have
provided the protocol to determine the stoichiometry of EGF receptor associa-
tion with the G protein.

2. Materials
The following methods require protein purification equipment, a scintilla-

tion counter, experience in biochemical assays, and polyacrylamide gel elec-
trophoresis and Western blotting apparatus.

2.1. Monitoring the Binding of GTPγS to Heterotrimeric Gs

1. Purified, recombinant Gαs expressed in Escherichia coli.
2. Purified βγ subunits from bovine brain.
3. Synthetic peptides EGFR 13 (RRREIVRKRTLRR), phospho-EGFR 13 (same

sequence as EGFR 13 except that Thr residue is phosphorylated), and EGFR-14
(HLRILKETEFKKIK) (see Notes 1 and 2).

4. [35S]GTPγS.
5. Unlabeled GTPγS.
6. Nitrocellulose filters (BA85, 25-mm circles) from Scheilcher & Schuell.
7. Ethylene glycol monoethyl ether
8. Binding buffer: 50 mM hydroxyethyl piperazine ethan sulfonate (HEPES), pH

8.0, 120 µM MgCl2, 100 µM ethylenediaminetetraacetic acid (EDTA), 1 mM
dithiothreitol (DTT).

9. Stopping buffer: 25 mM Tris-HCl, pH 7.4, 10 mM NaCl, 25 mM MgCl2 (see
Note 3).

10. Vacuum assisted filtration system for 25-mm diameter filters such as that made
by Millipore.

11. Scintillation counter.

2.2. Steady-State GTPase Activity Measurements

In addition to Subheading 2.1., items 1–3, the following will be required.



52 Chaturvedi et al.

1. Norit A Charcoal.
2. [γ-32P]GTP.
3. 50 mM NaH2PO4 (pH 8.0).
4. Assay medium: 25 mM HEPES, pH 8.0, 110 µM EDTA, 200 µM MgSO4, 1 mM

DTT.
5. Centrifuge for Eppendorf tubes.
6. Scintillation counter.

2.3. Adenylyl Cyclase Activity Assays With S49 cyc– Cell Membranes

In addition to Subheading 2.1., items 1–3:

1. S49 cyc– cell membranes.
2. Guanosine triphosphate (GTP)γS.
3. Guanosine diphosphate (GDP)βS.
4. [α-32P]ATP.
5. [3H]cAMP.
6. Dry ice.
7. Dowex 50 (AG50-X8) columns comprising 1 mL of Dowex AG50 resin in 10-

mL disposable plastic column from Biorad.
8. Alumina columns consisting of 0.3 g of alumina (Fisher Scientific) in 10-mL

disposable columns from Biorad.
9. Hydrochloric acid, 0.1 N.

10. Imidazole, 0.1 M.
11. Assay medium: 50 mM HEPES, pH 7.4, 1 mM MgSO4, 100 µM EDTA, 1 mM

isobutylmethylxanthine (IBMX), 1 mM cAMP, 0.1 mg/mL creatine kinase, 12
mM creatine phosphate, 0.1 mg/mL bovine serum albumin (BSA), 10 U/mL myo-
kinase and 0.1 mM [α-32P]-ATP.

12. 2X Stop buffer: 100 mM HEPES, pH 8.0, 2 mM adenosine triphosphate (ATP), 2
mM cAMP, 4% sodium dodecyl sulfate (SDS).

2.4. Determining the Stoichiometry of Association
Between the EGF Receptor and Gαααααs

1. Purified EGF receptor (Promega, Madison, WI).
2. Purified Gαs.
3. [α-32P]ATP.
4. Phosphorylation buffer: 5 mM HEPES, pH 7.4, 5 mM MgCl2, 2 mM MnCl2, 20

µg/mL each of leupeptin and aprotinin, 1 mM DTT, 10 µM ATP, 1 µM EGF.
5. Anti-EGF receptor antibody (EGFR1 from Amersham).
6. Immunoprecipitation buffer: 25 mM Tris-HCl, pH 7.4, 0.5% NP-40, 1% Triton X-

100, 1 mM EDTA, 150 mM NaCl, 20 µg/mL each of aprotinin and leupeptin.
7. X-ray film developer or phosphor-imager.
8. Scintillation counter.
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3. Methods
3.1. Purification of G�s and G�� Subunits

Purify the α-subunit of Gs according to the method in ref. 21. The Gαs is
expressed in E. coli (strain BL21/DE3) transformed with pQE-6 vector con-
taining the short form (45 kDa) Gαs cDNA inserted downstream of Lac Z gene
promoter. Express the protein overnight with IPTG (isopropyl-β-D-thio-
galactopyranoside, 0.05 mM) at 20°C. Quantify the amount of active Gαs by
performing a binding assay with GTPγS as described below with the modifica-
tions in Note 5. Typically, between 20 and 50% of the purified protein is ac-
tive. Store the purified protein at a concentration of �1 mg/mL in 20% glycerol.

Purify the βγ subunits from the membrane protein extracts of fresh bovine
brain as described in refs. 22 and 23. The sodium cholate used should be puri-
fied as described in Note 4. Pharmacia fast-protein liquid chromatography
(FPLC) equipment or its equivalent is used throughout purification.

3.2. Binding Studies Using Guanosine 5'-(�-[35S] thio) Triphosphate
1. Reconstitute heterotrimeric Gs by incubating 1 pmol recombinant Gαs with bo-

vine brain βγ subunits at a molar concentration of 1:5 on ice for 1 h. Maintain the
volume of this mix at about 10 µL. Depending upon the quality of the Gβγ pro-
tein preparation, a lower Gαs:Gβγ ratio (1:3) may also be used. See Note 6 on
how to optimize the ratio.

2. Incubate the reconstituted Gs on ice with or without the individual peptides corre-
sponding to the EGF receptor for 5 min in binding buffer.

3. Initiate the binding of GTPβγS binding by the addition of 100 nM radiolabeled
nucleotide in binding buffer as described under Subheading 2.1. The final vol-
ume of the binding assay is 100 µL.

4. To determine the total radioactivity of GTPγ35S in the assay, transfer 10 µL of
binding mix onto the filter.

5. Terminate the binding reaction by transferring into 2 mL of ice-cold stop buffer (see
Note 3).

6. To determine the specific binding of GTPγ35S, reactions similar to those in steps
1–4, are performed with the same amount of radioactive GTPγ35S but 100 µM of
the unlabeled nucleotide.

7. Separate the bound GTPγS from the free nucleotide by filtering the stopped reac-
tion mixture through Schleicher and Schull BA 85 nitrocellulose filters (under
vacuum).

8. Wash the filters from step 7 three times with 2 mL each of ice-cold stopping
buffer, place on a Whatman filter paper, and allow to air-dry.

9. Transfer the dried filters in to scintillation vials and dissolve in 2 mL of ethylene
glycol mono-ethyl-ether.

10. Monitor the amount of radioactivity associated with the filters using a scintilla-
tion counter.
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a. Protocol 1: To study the time course of GTPγ35S binding to Gs, incubate
reconstituted Gs in 1 mL of assay buffer in the presence or absence of peptides
for 5 min. Initiate binding by addition of 100 nM of GTPγ35S. At various time
points (e.g., 0, 10, 15, 20, 30 min, and so on up to 1 h) withdraw 100-µL
aliquots of the binding reaction and mix with 2 mL of ice-cold stopping buffer.
Keep the samples on ice until all the time points are collected. Determine
bound GTPγ35S as described previously. For determining GTPγ35S binding at
zero time, add 90 µL of binding buffer containing GTPγ35S and 10 µL Gs
directly to ice-cold stopping buffer.

b. Protocol 2: To study the dose-response relationship, incubate peptides of vari-
ous concentrations with the reconstituted Gs in 100 µL of assay buffer. Allow
the binding reaction to proceed for 1 h at room temperature. Terminate the reac-
tion by adding 2 mL of ice-cold stopping buffer. Determine bound
radionucleotide as described previously.

10. Subtract the nonspecific binding of GTPγS (step 6) from the total binding (step
5) divided by the specific radioactivity of the GTPγS determined from step 4.
This will yield pmol of GTPγS bound to Gαs in 90 µL of the reaction mix. Divid-
ing this number by the number of pmol of Gαs in the 90 µL of reaction mix will
yield pmol nucleotide bound to pmol G protein.

3.3. Steady-State GTPase Activity Measurements

1. To monitor the steady-state GTPase activity at various times, incubate reconsti-
tuted Gs proteins (90 µL) with or without peptides (90 µL) at 25°C in 820 µL of
medium containing the following at final concentration: 25 mM HEPES, pH 8.0,
110 µM EDTA, 200 µM MgSO4, and 1 mM DTT.

2. Initiate the reaction by adding 100 nM [γ-32P]GTP.
3. Keep a small aliquot (10 µ/L) of the reaction mixture to determine total radioac-

tivity and specific radioactivity of the [γ-32P]GTP.
4. At various time points withdraw 100-µL aliquots and mix by vortexing with 0.75

mL of ice-cold 5% (w/v) Norit A in 50 mM NaH2PO4, pH 8.0 (see Note 7).
5. Keep the mixture on ice until all the time points are collected.
6. To determine the release of radiolabeled ortho-phosphate at zero time point, add

90 µL of assay medium containing GTPγ32P into Norit A before starting the assay.
7. Centrifuge the mix at 14,000g for 10 min. Remove supernatant and subject it to a

second round of centrifugation.
8. Transfer an aliquot (0.65 mL) of the supernatant and determine 32P-labeled phos-

phate contents by scintillation counting.

a. Protocol 1: For dose–response studies, incubate reconstituted Gs proteins (10
µL) with or without the peptides (10 µL) with different concentration at 25°C in
100 µL of medium. Because the rates of GTPase activity were found to be
linear for at least 20 min of assay under all experimental conditions, this assay
can be conducted for 10 min.

9. From the total amount of 32P-labeled ortho-phosphate released and specific ra-
dioactivity of the [γ-32P]GTP (see step 3), the steady-state GTPase activity over
10 min/pmol of Gαs can be calculated.
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3.4. Adenylyl Cyclase Assays With S49 cyc– Cell Membranes

In this assay the functional activity of Gs is measured by the ability of the
activated Gs to stimulate adenylyl cyclase activity in mouse lymphoma S49
cyc– cell membranes. S49 cyc– cells do not express endogenous Gαs and, there-
fore, present a valuable system in which the activity of exogenously added G
protein can be monitored. The cell membranes were isolated as described by
Iyengar et al. (24).

1. For adenylyl cyclase activity assays, in a final volume of 100 µL, incubate recon-
stituted Gs (10 nM) in the presence or absence of peptides with GTPγS (100 nM)
for 1 h as described in GTPγS binding protocol (see Subheading 3.2.).

2. Thereafter, transfer 0.1 pmol (10 µL of the binding reaction) of Gs to 10 µg of
S49 cyc– cell membrane protein in the presence of 1 nmol of GDPβS. At this
point the incubation volume is 20 µL.

3. Initiate adenylyl cyclase assays (100 µL final volume) by adding 80 µL of assay
medium (see Note 8).

4. Let the assay proceed for 15 min at room temperature with continuous agitation (see
Note 9).

5. Terminate the reaction by adding 100 µL of 2X stop buffer containing 100 mM
HEPES, pH 8.0, 2 mM ATP, 2 mM cAMP, and 4% SDS followed by chilling on
dry ice.

6. Separate the reaction product 32P cAMP from unused substrate α-32P ATP by
sequential column chromatography with Dowex 50 column followed by alumina
column as described in ref. 25 (see Note 10).

7. Determination of recovery of cAMP after the final column chromatography is
calculated from the percentage of 3H cAMP eluted from the columns. The 32P
dpm in the cAMP fraction is corrected for the recovery and then converted to
pmole cAMP formed using the specific radioactivity of [α-32P]ATP. After divid-
ing by the time of the assay (15 min) and the protein content of S49 cyc– cells, the
data are finally expressed as pmol cAMP/mg protein/min.

3.5. Stoichiometry of Association Between the EGF Receptor and G�s

This method relies on our previous finding that the EGF receptor can sto-
ichiometrically phosphorylate the α subunit Gs (7). Essentially, after stoichiomet-
ric phosphorylation, the EGF receptor/G protein complex is immunoprecipiated
and the amount of G protein associated with the receptor calculated.

1. Incubate 50 ng (~900 fmol) of Gαs with 66 ng of purified EGF receptor in a final
volume of 20 µL with the phosphorylation buffer described under Subheading
2.4. Supplement the buffer with [γ-32P]ATP so that the specific radioactivity is
approx 1000 dpm/pmol.

2. Incubate the mixture for 1 h at room temperature.
3. Transfer 10 µL of the reaction mixture to 500 µL of immunoprecipitation buffer.
4. To the other 10 µL of the phosphorylation mix from step 2, add 20 µL of 1.5X

Laemmli sample medium and boil for 5 min.
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5. To the mixture described in step 3, add 2–3 µg/mL of EGFR1 antibody or the
anti-Gαs antibody (UBI).

6. Control immunoprecipitates like those in step 4 should be conducted with anti-
mouse IgG or anti-rabbit IgG instead of the EGFR1 and anti-Gαs antibody, re-
spectively.

7. Incubate the mixture with antibodies overnight at 4°C with constant rolling.
8. Add 20 µL of pansorbin suspension (10%, Calbiochem, CA; see Note 11) and

incubate further at 4°C for 1 h.
9. Centrifuge the mixture at 14,000g for 1 min and then wash the pellet with high-

salt buffer described under Subheading 2.4.
10. Repeat step 8, except wash with no-salt buffer as described under Subheading

2.4.
11. Resuspend the final pellet in 30 µL of Laemmli sample medium, boil sample for

5 min, and centrifuge at 14,000g for 1 min.
12. Subject the proteins in the Laemmli sample medium from steps 4 and 11, to

SDS-PAGE using 10% gels.
13. After staining and fixing proteins, dry the gel and subject to autoradiography (see

Note 12).
14. Lay the gel over the autoradiograph and mark the positions of the phosphorylated

EGF receptor and Gαs.
15. Cut out the bands corresponding to the EGF receptor and Gαs and determine the

amount of 32P label associated with each.
16. For the samples derived from step 4, divide the amount of radioactivity associated

with the EGF receptor and Gαs bands by the proteins in these bands EGF receptor (33
ng) and Gαs bands (25 ng). This will provide the dpm of 32P label/pmol of each
protein. From the specific radioactivity of [γ-32P]ATP, one can work out the pmol of
phosphate incorporated. Typically, we have found this to be around 5 mol Pi/mol
EGF receptor and 2 mol Pi/mol Gαs.

17. In the immunoprecipitated samples, divide the dpm associated with the EGF re-
ceptor and Gαs by the dpm/pmol of phosphate incorporated in each protein (step
16; also see Note 13). This will provide the pmol of each protein associated with each
other. Our experience is that 1 mol of the receptor associates with 1 mol of Gαs.

4. Notes
1. The peptides should be as pure as possible (>95%) to avoid artifacts. The

phosphothreonine in the phospho-EGFR 13 peptide corresponds to the protein
kinase C (PKC) phosphorylation site (Thr 654) on the EGFR.

2. Previous evidence from our lab had suggested that PKC-mediated phosphoryla-
tion of the EGF receptor obliterates the ability of EGF to activate adenylyl cy-
clase activity (7,26). Therefore, the phospho-EGFR 13 is a good control.

3. For each sample, a 2-mL aliquots (in a 5-mL tube) of the stop buffer should be
kept on a slush of ice.

4. Purify the sodium cholate by passing a 20% w/v solution over a 2-(diethylamino)-
ethylamine (DEAE) column (60 cm long × 5 cm diameter) several times and then
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precipitate the sodium cholate by decreasing pH. Filter and wash the powder
with ether and dry.

5. The maximal and stoichiometric binding of Gαs to GTPγS in a 100 µL volume is
assessed at a final concentration of Gαs 10 nM in the presence of 1 µM GTPγ35S
and 25 mM MgCl2 over a 60-min period at room temperature; the time may have
to be empirically determined for saturation of binding. Assuming that each mole
of GTPγS binds 1 mol of Gαs and the total molar concentration of Gs based in
protein content, the percent of active Gαs can be estimated.

6. The steady-state GTPase activity of heterotrimeric Gs is significantly lower than
that of the monomeric θ subunit. Therefore, one can titrate in the amount of Gβγ

in the reconstitution of Gs and determine the amount of Gβγ that maximally de-
creases the steady-state GTPase activity.

7. The Norit A (charcoal) suspension should be aliquoted into stop tubes while it is
stirred continuosly. This ensures an equal amount of charcoal in each tube. If the
background readings (blanks without G protein) are high, then spin the charcoal
suspension at 20,000g and remove the supernatant (this may have to be repeated
to make sure that very small charcoal particles are removed). Add back the same
volume of sodium phosphate that you remove.

8. [3H] cAMP is added in the assay mixture as an internal standard to determine
cAMP recovery after the column chromatography. Therefore, it is essential to
determine the amount of [3H]cAMP as well as the specific radioactivity of the
[α-32P]ATP.

9. The best method of continuous agitation for small assays (100 µL) that we have
found is to place the sealed Eppendorf tubes into holes on a circular foam plat-
form that is attached to a vortex mixer. The platform adapters are commercially
available.

10. Dowex 50 (AG50-X8) columns were washed with 3 mL of 0.1 N HCl and 30 mL
of deionized water. Thaw samples (200 µL each) and apply 180 µL onto 3 mL
Dowex 50 columns. Wash the columns with 3 mL of deionized water. The eluate
from this wash mainly contains unused [α-32P]ATP and can be discarded. Then
place the Dowex column over the alumina column (neutral alumina, 50–200
mesh) so that eluate drips directly on to the alumina. Wash the Dowex column
with 9 mL of deionized water. cAMP eluted from the Dowex column is retained
on the alumina column. Alumina columns are then placed over scintillation vials
and eluted with 7 mL of 0.1 M imidazole, pH 7.4. The reaction product, cAMP,
eluted in this step is collected in scintillation vials; after adding scintillation fluid,
monitor the 32P and 3H contents using a scintillation counter.

11. The pansorbin suspension should be washed with immunoprecipitation buffer;
then resuspend the pansorbin in nine times the volume of the immunoprecipita-
tion buffer prior to use.

12. To decrease the background radioactivity in the gel from free phosphate or left
over [γ-32P]ATP, wash the gel extensively in fixing buffer.

13. For the EGF receptor and Gαs bands in the samples from immunoprecipitations,
make sure to subtract the radioactivity corresponding to similar positions on the
gel in the control immunoprecipitations performed with nonspecific IgG.
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Sprouty

Esther Sook Miin Wong and Graeme R. Guy

Summary
Sprouty was first discovered through its downregulatory effect on fibroblast growth

factor (FGF) receptor pathway during tracheal development. Sprouty expression is also
induced by the epidermal growth factor receptor (EGFR) cascade in some tissues, in-
cluding the follicle cells of the ovary, the wing, and eye imaginal disc, and acts to abolish
mitogen-activated protein (MAP) kinase activated by EGFR signaling. Sprouty is an
intracellular protein that translocates to membrane ruffles upon EGF stimulation by vir-
tue of a translocatory domain within its highly conserved cysteine-rich C-terminal re-
gion. Human Sprouty2 (hSpry2) binds the catalytic RING Finger of Casitas B-lineage
lymphoma (c-Cbl), an E3 ubiquitin ligase that has been identified to target EGFR degra-
dation. Overexpressed hSpry2 induces a prolonged EGFR-mediated MAP kinase activa-
tion. hSpry2 acts to sequester c-Cbl molecules from activated EGFR and impedes EGFR
ubiquitination and downregulation, thereby potentiating the amplitude and longevity of
intracellular signals. The strategies described herein encompass various methods that
have been used to measure the status of EGFR following ectopic expression of hSpry2.

Key Words: Sprouty; c-Cbl; EGFR; MAP kinase; downregulation; ubiquitination;
endocytosis.

1. Introduction
Growth factors and their cognate receptor tyrosine kinases (RTKs) play piv-

otal roles in embryonic development, signaling in mature cells, and regulation
of pathogenesis. The mitogen-activated protein (MAP) kinase cascade is a cen-
tral intracellular signaling pathway linking activation of surface receptors to
cytoplasmic and nuclear effectors by transducing signals from RTKs to two
members of the Ras family of small G proteins, Ras and Rap1 (1). Ras interacts
directly with and activates the Raf serine/threonine kinases (c-Raf and B-Raf),
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phosphorylated Raf then activates MEK, which in turn phosphorylates and ac-
tivates the MAP kinases (ERK1 and ERK2) by double phosphorylation on
threonine and tyrosine residues. ERK1/2 have been shown to be essential for
cellular proliferation as well as phenotypic determination (2). Various regula-
tory proteins and feedback mechanisms tightly control these key pathways.

Post-RTK signal transduction is regulated primarily by receptor endocyto-
sis and degradation in lysosomes (“receptor downregulation”). The ErbB fam-
ily of RTKs exemplifies the importance of stringent regulation on signaling
potency and its impact on the formation and malignant progression of many
human cancers (3). Once triggered by ligands, phosphorylation occurs on the
intracellular tyrosine kinase domain, and receptor activation leads to the re-
cruitment and phosphorylation of several downstream intracellular substrates,
mitogenic signaling, and other growth-promoting cellular activities. Of the four
ErbB family members, ErbB-1 (or EGFR) uniquely binds to c-Cbl, and is ef-
fectively targeted for lysosomal/proteasomal degradation (4). Ubiquitination
of proteins constitutes an important cellular mechanism for targeting short-
lived proteins for degradation; it is a posttranslational modification in which
ubiquitin chains or single ubiquitin molecules are appended to target proteins,
giving rise to poly- or monoubiquitination, respectively (5,6). c-Cbl functions
as an E3 ubiquitin ligase that docks onto phosphorylated tyrosine residue 1045
(Y1045) on EGFR, bringing them in close proximity to E2 ubiquitin-conjugating
enzymes for the relay of activated ubiquitin moieties, thus marking receptors
for lysosomal/proteasomal destruction and consequent signal attenuation (7).

Drosophila Sprouty (dSpry) was identified in a genetic screen as an inhibi-
tor of EGFR-triggered cell recruitment in the eye, which is transcriptionally
induced by the pathway (8). dSpry localizes to the inside surface of the plasma
membrane and intercepts signaling at a point between the receptor and activa-
tion of Ras. Presently, four mammalian Spry proteins (Spry1–4) have been
cloned and sequenced (9,10). Spry proteins have distinctive cysteine-rich C-
terminal regions flanked by cysteine-free regions that lack any recognizable
protein–protein interaction domains. A short sequence in the N-termini of Spry
proteins and several pockets of residues distributed throughout the protein fam-
ily are also conserved. The human homolog Sprouty2 (hSpry2) is a 35-kDa
polypeptide bearing 51% amino acid identity to dSpry. An in vivo candidate
approach first employed to identify any role of hSpry2 in EGFR signaling re-
vealed that hSpry2 binds c-Cbl through a divergent, protein-interacting N-ter-
minal region of hSpry2 (11), while the conserved cysteine-rich domain targets
the protein to membrane ruffles upon EGF stimulation (12). This chapter de-
scribes a series of methodologies employed to follow-up from the initial iden-
tification of a hSpry2-c-Cbl interaction leading to elucidation of the functional
consequence of hSpry2-c-Cbl binding on the regulation of MAP kinase signal-
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ing by EGFR (13). Specifically, this chapter will discuss methods for assessing
the disposition of ligand-bound receptors, the kinetics of EGFR downregula-
tion, ubiquitination, and endocytosis, and physiological influence on the dif-
ferentiation potential of PC12 cells. For additional methods related to EGFR
ubiquitination and degradation, see Chapters 8 and 9.

2. Materials
All molecular methods highlighted in this chapter require equipment and

expertise in DNA cloning, polymerase chain reaction (PCR), sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), Western blotting,
immunofluorescence, and mammalian cell culture techniques.

2.1. Full-Length Sequences and Vectors

1. hSpry2 (GenBank™ accession number AF039843).
2. c-Cbl (X57110).
3. EGFR (X57110).
4. pGEX4T1 vector for bacterial production of glutathione-S-transferase (GST)-

tagged fusion proteins.
5. pXJ40HA, pXJ40FLAG, pMyc mammalian expression vectors.
6. pEGFP-C3 vector (CLONTECH Laboratories, Inc., Palo Alto, CA).

2.2. Confocal Microscopy and Immunofluorescence Analyses

1. COS-1 monkey kidney cells.
2. Dulbecco’s modified Eagle’s medium (DMEM) complete growth medium:

supplemented with 10 mM hydroxyethyl piperazine ethane sulfonate (HEPES)
(pH 7.4), 2 mM glutamine, 100 U/mL penicillin/streptomycin, and 10% fetal
bovine serum (FBS, HyCloneLaboratories™, Inc., Logan, UT).

3. LipofectAMINE™ reagent (Life Technologies, Inc., Carlsbad, CA).
4. Human recombinant EGF (Upstate Biotechnology, Lake Placid, NY).
5. Phosphate-buffered saline (PBS): 140 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4,

1.8 mM KH2PO4, dissolve in water, adjust to pH 7.4 with HCl.
6. PBSCM: PBS containing 10 mM CaCl2, 10 mM MgCl2.
7. 3% paraformaldehyde (Sigma Chemicals, St. Louis, MO) in PBSCM.
8. 0.1% saponin (cat. no. S-7900, Sigma).
9. Fluorescence dilution buffer FDB: 5% FBS, 2% bovine serum albumin (BSA) in

PBSCM.
10. For primary antibody staining: anti-c-Cbl (C-15) polyclonal (Santa Cruz Bio-

technology, Santa Cruz, CA); anti-EGFR (E12020) monoclonal (Transduction
Laboratories, Lexington, KY); anti-FLAG polyclonal (Affinity Bioreagents, Inc.,
Golden, CO).

11. For secondary antibody staining: Fluorescein isothiocyanate (FITC)-conjugated
AffiniPure rabbit anti-mouse IgG; Texas Red® dye-conjugated AffiniPure goat
anti-rabbit IgG (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA).
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12. Crystal mount reagent (BiØmeda Co., Foster City, CA).
13. Bio-Rad MRC-1024 confocal laser optics attached to a microscope (Zeiss,

Oberkochen, Germany) interfaced with an argon/krypton laser; LaserSharp soft-
ware (Bio-Rad).

2.3. Reagents/Special Equipment for Evaluating the Kinetics
of EGFR Downregulation

1. COS-1 monkey kidney cells.
2. LipofectAMINE™ reagent (Life Technologies, Inc., Carlsbad, CA).
3. Human recombinant EGF (Upstate Biotechnology, Lake Placid, NY).
4. Human recombinant 125I-EGF (Amersham Pharmacia Biotech, Buckinghamshire,

HP).
5. MG132 prepared in dimethyl sulfoxide (DMSO) (Sigma).
6. Chloroquine diphosphate salt (cat. no. C-6628, Sigma); use at 25 mM in PBS.
7. Binding buffer: DMEM containing 0.5% BSA, 20 mM HEPES.
8. Ligand stripping buffer: 150 mM acetic acid, 150 mM NaCl, pH 2.7.
9. Solubilization buffer: 0.1 M NaOH, 0.1% SDS.

10. Monensin sodium salt (BIOMOL Research Laboratories, Inc., Plymouth, PA).
11. 4β-Phorbol 12-myristate 13-acetate (PMA; Calbiochem, San Diego, CA).
12. LKB-Wallac 1282 CompuGamma counter.

2.4. Measuring Cell Surface Antigen Staining

1. COS-1 monkey kidney cells.
2. LipofectAMINE™ reagent (Life Technologies, Inc., Carlsbad, CA).
3. Human recombinant EGF (Upstate Biotechnology, Lake Placid, NY).
4. Assay buffer: PBS, 3% FBS, 0.1% sodium azide, pH 7.4.
5. EGFR mouse monoclonal IgG2a (clone 528, Santa Cruz Biotech, Santa Cruz, CA).
6. Texas red-conjugated goat anti-mouse IgG (Jackson ImmunoResearch Labs,

West Grove, PA).
7. Propidium iodide solution, 10 µg/mL in PBS, storage at 4°C (Sigma).
8. Flow cytometer (Beckton-Dickinson, Franklin Lakes, NJ).

2.5. Ascertaining EGFR Ubiquitination In Vivo

1. Human kidney epithelial 293T cells or Chinese hamster ovary (CHO) cells.
2. RPMI 1640 complete growth medium: supplemented with 10 mM HEPES (pH

7.4), 2 mM glutamine, 100 U/mL penicillin/streptomycin, and 10% FBS
(HyCloneLaboratories®, Logan, UT).

3. LipofectAMINE™ reagent (Life Technologies, Inc., Carlsbad, CA).
4. Human recombinant EGF (Upstate Biotechnology, Lake Placid, NY).
5. RIPA buffer: 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 0.25 mM EDTA (pH

8.0), 1% Triton X-100, 1% sodium deoxycholate, 0.2% sodium fluoride, 0.1%
orthovanadate. Add 1X protease inhibitor cocktail (Boehringer Mannheim) to a
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final concentration of: 1 mM phenylmethylsulfonyl fluoride (PMSF), 0.5 µM
sodium fluoride, 5 µg/mL aprotinin, 5 µg/mL leupeptin, 1 µg/mL pepstatin A,
and 0.1% sodium orthovanadate (phosphatase inhibitor, Sigma) before use.

6. Bio-Rad Protein Assay (Bio-Rad, Hercules, CA).
7. EGFR polyclonal conjugated to agarose (AC beads) (500 µg IgG/0.25 mL agar-

ose) (cat. no. 1005, Santa Cruz Biotech, Santa Cruz, CA).
8. 2X Laemmli SDS-PAGE sample buffer containing 2-mercaptoethanol (added

freshly).
9. SDS-PAGE equipment.

10. Blocking buffer: PBS containing 1% BSA plus 0.1% Tween 20.
11. Stripping buffer: 62.5 mM Tris-HCl (pH 6.8), 2% SDS.
12. Anti-HA and anti-FLAG monoclonal antibodies (Roche Molecular Biochemicals,

Indianapolis, IN).
13. Anti-EGFR monoclonal antibody (cat. no. E12020, Transduction Laboratories,

Lexington, KY).
14. Secondary rabbit anti-mouse antibody conjugated to horseradish peroxidase

(HRP) (Sigma).
15. Enhanced chemiluminescence (ECL) reagent (Amersham Pharmacia Biotech,

Buckinghamshire, HP).

2.6. Assaying EGFR Ubiquitination In Vitro

1. Bacterial glutathione-S-transferase (GST) expression constructs.
2. Glutathione Sepharose® 4B (Pharmacia Biotech, Uppsala, AB).
3. Elution buffer: 10 mM reduced glutathione in 50 mM Tris-HCL, pH 8.0.
4. COS-1 monkey kidney cells or A431 human epidermoid carcinoma cells.
5. EGFR polyclonal conjugated to agarose (AC beads) (500 µg IgG/0.25 mL agar-

ose) (cat. no. 1005, Santa Cruz Biotech, Santa Cruz, CA).
6. 1X Reaction buffer: 50 mM Tris-HCl (pH 7.4), 2.5 mM MgCl, 2 mM DTT, 2 mM

ATP.
7. Mammalian ubiquitin (AFFINITI Research, Mamhead, EX).
8. E1 ubiquitin-activating enzyme, 0.4 mg/mL in 50 mM HEPES, pH 7.6 (AFFINITI

Research).
9. E2 ubiquitin-conjugating enzyme, UbcH7 (AFFINITI Research).

10. 2X Laemmli SDS-PAGE sample buffer containing 2-mercaptoethanol (added
fresh).

11. SDS-PAGE equipment.
12. Blocking buffer: PBS containing 0.1% BSA plus 0.1% Tween-20.
13. Anti-ubiquitin monoclonal antibody (Sigma).
14. Anti-EGFR monoclonal antibody (cat. no. E12020, Transduction Laboratories,

Lexington, KY).
15. Secondary rabbit anti-mouse antibody conjugated to HRP (Sigma).
16. ECL reagent (Amersham Pharmacia Biotech, Buckinghamshire, HP).
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2.7. Examining Transient ERK Phosphorylation

1. Human kidney epithelial 293T cells.
2. LipofectAMINE™ reagent (Life Technologies, Inc., Carlsbad, CA).
3. Human recombinant EGF (Upstate Biotechnology, Lake Placid, NY).
4. RIPA buffer: 50 mM Tris-HCL (pH 7.4), 150 mM NaCl, 0.25 mM EDTA (pH

8.0), 1% Triton X-100, 1% sodium deoxycholate, 0.2% sodium fluoride, 0.1%
orthovanadate. Add 1X protease inhibitor cocktail (Boehringer Mannheim) to a
final concentration of: 1 mM PMSF, 0.5 µM sodium fluoride, 5 µg/mL aprotinin,
5 µg/mL leupeptin, 1 µg/mL pepstatin A, and 0.1% sodium orthovanadate (phos-
phatase inhibitor, SIGMA Chemicals) added before use.

5. Bio-Rad Protein Assay (Bio-Rad, Hercules, CA).
6. EGFR polyclonal conjugated to agarose (AC beads) (500 µg IgG/0.25 mL agar-

ose) (cat. no. 1005, Santa Cruz Biotech, Santa Cruz, CA).
7. 2X Laemmli SDS-PAGE sample buffer containing 2-mercaptoethanol (added

freshly).
8. SDS-PAGE equipment.
9. Anti-HA and anti-FLAG monoclonal antibodies (Roche Molecular Biochemicals,

Indianapolis, IN).
10. Anti-EGFR monoclonal antibody (cat. no. E12020, Transduction Laboratories,

Lexington, KY).
11. Anti-phospho-ERK1/2 and anti-pan-ERK monoclonal antibodies (Transduction Labo-

ratories).
12. Secondary rabbit anti-mouse conjugated to HRP (Sigma).
13. ECL reagent (Amersham Pharmacia Biotech, Buckinghamshire, HP).

2.8. Examining Cell Surface Membrane-Associated EGFR

1. COS-1 monkey kidney cells.
2. LipofectAMINE™ reagent (Life Technologies, Inc., Carlsbad, CA).
3. Human recombinant EGF (Upstate Biotechnology, Lake Placid, NY).
4. PBS plus protease inhibitor cocktail (Boehringer Mannheim) added to a final

concentration of: 1 mM PMSF, 0.5 µM sodium fluoride, 5 µg/mL aprotinin, 5
µg/mL leupeptin, 1 µg/mL pepstatin A, and 0.1% sodium orthovanadate (phos-
phatase inhibitor, Sigma) added before use.

5. TE: 10 mM Tris-HCl (pH 7.5) containing 0.1 mM EDTA.
6. Homogenizing buffer: 1 mM EDTA, 5 mM HEPES (pH 7.5), 50 mM sucrose.
7. 2X Laemmli SDS-PAGE sample buffer containing 2-mercaptoethanol (added fresh).
8. SDS-PAGE equipment.
9. Anti-HA and anti-FLAG monoclonal antibodies (Roche Molecular Biochemicals,

Indianapolis, IN).
10. Anti-EGFR monoclonal antibody (cat. no. E12020, Transduction Laboratories,

Lexington, KY).
11. Anti-Giα3 (3 rabbit antiserum (Upstate Biotechnology, Lake Placid, NY).
12. Rabbit anti-mouse antibody conjugated to HRP; goat anti-rabbit antibody conju-

gated to HRP (Sigma).
13. ECL reagent (Amersham Pharmacia Biotech, Buckinghamshire, HP).



Regulator of EGF Signaling 67

2.9. Examining Cell Morphology and Long-Term ERK Activation

1. Rat pheochromocytoma (PC12) cells.
2. Dulbecco’s modified Eagle’s medium (DMEM), 4500 mg/mL glucose, complete

growth medium: supplemented with 10 mM HEPES (pH 7.4), 2 mM glutamine,
100 U/mL penicillin/streptomycin, 10% heat-inactivated horse serum (Sigma),
5% FBS.

3. Collagen-coated plates (Iwaki® Chiba, Japan).
4. Poly-D-lysine hydrobromide—dilute and use at 0.1 mg/mL (Sigma).
5. Mammalian green fluorescence protein (GFP) expression constructs.
6. GenePORTER™ transfection reagent (Gene Therapy Systems, INC., San Diego,

CA).
7. Human recombinant EGF (Upstate Biotechnology, Lake Placid, NY).
8. Crystal mount reagent (BiØmeda Co., Foster City, CA).
9. Bio-Rad MRC-1024 confocal laser optics attached to a microscope (Zeiss,

Oberkochen, Germany) interfaced with an argon/krypton laser; LaserSharp soft-
ware (Bio-Rad).

3. Methods
3.1. Confocal Laser Scanning Microscopy and Immunofluorescence
Analysis to Visualize the Subcellular Localization of EGFRs

The process of receptor endocytosis has many phases, and it has been of of
interest to investigate at which stage EGFR endocytosis is inhibited by hSpry2
overexpression, e.g., on the cell surface or at different stages of incorporation
into vesicles (see Fig. 1).

1. Culture COS-1 cells in DMEM complete growth medium (see Note 1).
2. Trypsinize and spin down cells at 500g, resuspend in medium, count cells with

hemocytometer. Suspend cells at 105 cells/mL, seed 2 mL/well of a six-well plate,
each with a sterile cover slip. Incubate cells at 37°C, 5% CO2 for 18–24 h until
cells are 60–70% confluent (see Note 2).

3. Prepare transfection mixture (per transfection/well): dilute 3–6 µL (use 3 µL per
µg DNA) of LipofectAMINE reagent in an Eppendorf tube containing 250 µL
Opti-MEM® I reduced serum medium. In another tube, dilute 1–2 µg (up to 10
µL) of DNA in 250 µL OptiMEM. Combine diluted LipofectAMINE reagent and
DNA, mix well. Incubate at room temperature (RT) for 20 min. The solution may
appear cloudy, but this will not impede transfection (see Note 3).

4. Meanwhile, wash cells once with OptiMEM and add 500 µL of OptiMEM to
each well.

5. Mix gently and overlay the 500-µL lipid–DNA complexes onto the cells. Incu-
bate in an incubator at 37°C with 5% CO2 supply for 4–6 h.

6. Aspirate transfection medium and wash cells twice with complete growth me-
dium. Add 2 mL fresh growth medium and incubate at 37°C in a 5% CO2 incuba-
tor (see Note 4).

7. Following 16–24 h of incubation, wash cells twice with PBS and add 2 mL serum-
free medium to each well for cell quiescence. Incubate at 37°C for overnight.
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8. Leave quiescent cells untreated or stimulate with 100 ng/mL EGF at 37°C for 10
min, or other desired time period (see Note 5).

9. Rinse with PBSCM. Fix cells with 3% paraformaldehyde at 4°C for 30 min (see
Note 6).

10. Wash twice with PBSCM, twice with PBSCM plus 100 mM NH4Cl, and twice
with PBSCM.

11. Permeabilize cells with 0.1% saponin in PBSCM at RT for 15 min.
12. Primary antibody (1 µg) is diluted in 100 µL of FDB. Remove each cover slip,

drain off excess liquid, and invert onto a clean plastic surface containing a 100-

Fig. 1. Human Sprouty2 (hSpry2) inhibits epidermal growth factor receptor (EGFR)
endocytosis, proteins are retained at the cell surface. COS-1 cells were singly trans-
fected with 1 µg of HA-c-Cbl or FLAG-hSpry2, and subjected to serum-deprivation
for overnight prior to stimulation with 100 ng/mL EGF at 37°C for 10 min. Cells were
then fixed, permeabilized, and stained for endogenous EGFR/FITC. c-Cbl was visual-
ized with anti-c-Cbl/Texas red, and FLAG-hSpry2 was detected using anti-FLAG/
Texas red. Merged signals are labeled as overlay staining (yellow). In a representative
EGF-stimulated cell, c-Cbl staining shows a punctate pattern indicative of its incorpo-
ration into endocytic vesicles (A,C); in the same cell, EGFRs can also be observed
within those vesicles, with increased numbers on the cell periphery (B,C). Endocytic
vesicular localization of EGFR can be counteridentified by staining with an antibody
against EEA1, an established vesicle marker protein (20). hSpry2 translocates to mem-
brane ruffles upon EGF stimulation (D) and there appears to be a near total inhibition
of EGFR endocytosis; receptors were retained at the membrane surface and not appar-
ent in endocytic vesicles (E,F).
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µL droplet of the staining antibody. Incubate cover slip (cell layer facing down)
at RT for 1 h.

13. Invert cover slip back into wells (cell layer facing up). Wash three times with
PBSCM plus saponin.

14. Repeat steps 12 and 13 for secondary antibody staining, but incubate in the dark.
15. Mount cover slip with crystal mount reagent and leave to dry at RT for overnight.
16. View slides: perform simultaneous double fluorescence acquisitions using 488

nm/568 nm laser lines to excite FITC/Texas red dyes; 40X oil immersion, 1.4
numerical aperture bright-field objective and fluorescein filter sets.

3.2. EGFR Downregulation Assay and Monenesin Inihibition
of Receptor Recycling

Initial downregulation of EGFR was induced using an unlabeled ligand, and
status of the remaining surface-associated binding sites was determined by
performing a direct radiolabeled EGFR-binding assay (see Fig. 2). To circum-
vent the possibility that cell surface EGFR population is a result of the reap-
pearance of recycled receptors, we include monensin, a chemical ionophore
known to inhibit recycling of EGFRs (14), in a repeated assay. Monensin acts
to inhibit protein secretion.

1. Culture 105 COS-1 cells/mL in 24-well plates (200 µL/well) in duplicates per
transfection per time point. At 60–70% confluency, transfect cells with a total 1.5
µg of DNA, incubate for overnight before serum-starving the cells (see Sub-
heading 3.1., steps 1–7 and Notes 1–4).

2. Replace with fresh serum-free medium containing 50 µM of the proteasome in-
hibitor MG132 and 100 µM of chloroquine; pretreat at 37°C for 1 h (see Note 7).

3. Stimulate cells with unlabeled EGF (100 ng/mL) at 37°C in binding buffer (see
Notes 5 and 8).

4. At the end of incubation, remove receptor-bound EGF remaining on the cell sur-
face by a series of cold washes: three times with binding buffer, twice with ligand
stripping buffer, and twice again with binding buffer. Add fresh binding buffer and
let stand on ice for 5 min.

5. To determine the relative number of EGFR molecules (residual) on the cell sur-
face, set up duplicate incubations with either 10 ng/mL 125I-EGF alone or 125I-
EGF plus a 100-fold excess unlabeled EGF (to account for nonspecific binding);
proceed at 4°C for 2 h.

6. Stop reaction by removal of unbound ligand. Rinse cell monolayers twice with
cold binding buffer to remove nonsequestrated radioactivity.

7. Solubilize cells with 500 µL of 0.1 M NaOH containing 0.1% SDS at 37°C for 15
min (see Note 9).

8. Pipet resultant solutions into 2-mL screw-cap tubes and place in counter vials for
analysis.

9. To quantify the receptor levels following inhibition of receptor recycling,
preincubate cells at 4°C for 2 h with unlabeled EGF (100 ng/mL) in the absence
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Fig. 2. Enhanced cell surface retention of EGFRs. (A) Summary of method to mea-
sure receptor downregulation.

Fig. 2. (B) (opposite page) To quantify surface EGFR population, COS-1 cells were co-
transfected with 0.1 µg of an EGFR expression vector, together with 0.5 µg of plasmid encod-
ing c-Cbl alone (�) or with either 0.4 µg of FLAG-hSpry2 (�) or FLAG-hSpry2∆N11 (�)
cDNAs, or with 1 µg plasmid encoding the RING Finger-defective form of c-Cbl (C381A) (�).
Forty-eight hours posttransfection, starved cells were stimulated without or with 100 ng/mL
EGF at 37°C for various time periods as indicated. Bound EGF was removed and the level of
surface EGFRs, relative to the initial number of ligand binding sites was determined by incu-
bating sister cultures with 125I-EGF (10 ng/mL) at 4°C for 2–4 h, in the absence or presence of
a 100-fold excess of unlabeled EGF (1 µg/mL). Control cells were not exposed to EGF (�). (C)
COS-1 cells transiently expressing 0.2 µg EGFR were pre-treated with 100 nM PMA in the
absence (�) or presence (�) of 30 µM monensin at 37°C. EGF (100 ng/mL) was added 20 min
later. Following the indicated time periods, residual surface level of EGFR was determined in
by using a radiolabeled ligand-binding assay. Control cells were not exposed to EGF or
monensin (�).
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or presence of 30 µM monensin. This incubation is followed by a temperature
shift to 37°C for stimulation by EGF (step 3).

10. For induction of EGFR recycling, pretreat cells with 100 nM PMA for 20 min
prior to EGF stimulation at 37°C. PMA has been established to divert internal-
ized EGFR molecules from a degradative fate to a recycling pathway (15) (see
Note 10).

11. After treatments in step 9 or 10, repeat the same procedure (steps 3–8).

3.3. Cell Surface Antigen Staining for Flow Cytometry to Measure
Surface Retention of EGFR in Dual-Transfected Cells

This method measures cell-surface-retained EGFR (detectable by staining
with antibodies against the extracellular epitopes of EGFR) and, specifically
only for EGFR, hSpry2 dual-transfected cells. Nonpermeabilized cells were
stained for both endogenous and overexpressed surface EGFR using red fluo-
rescein labeling. Only cells that displayed dual fluorescence upon fluorescence-
activated cell sorting (FACS) analysis were gated and assessed for levels of
noninternalized, Texas-red-stained EGFR. The results indicate that hSpry2 in-
hibits EGFR endocytosis at a relatively early stage of the relocation/internal-
ization process (see Fig. 3).

1. Seed cells in 35-mm dishes and grow them to 60–70% confluency before trans-
fection (see Subheading 3.1., steps 3–7 and Notes 1–4) with respective amounts
of EGFR and GFP expression constructs. Incubate overnight before serum
starvation.

2. Rinse cells twice with PBS maintained in serum-free medium overnight prior to
EGF treatment (100 ng/mL) at 37°C for the various time periods (see Note 5).

3. Lift cells off plating surface by treating with PBS/EDTA (see Note 11). Collect
cells in an Eppendorf tube and spin down cells at 500g for 3 min at 4°C. Wash
cells once in PBS.

4. Repeat centrifuge to pellet cells. Carefully remove supernatant (see Note 12).
5. Resuspend cell pellet at 2.5 × 107 cells/mL in cold assay buffer. Mix 100 µL of

cells with 2 µg/100 µL diluted anti-EGFR antibody in an Eppendorf tube. Keep
on ice for 45 min.

6. At the end of incubation, add 1 mL of assay buffer and spin-down cells at 500g
(microfuge) at 4°C for 3 min. Remove supernatant, wash pellet three times with
ice-cold assay buffer.

7. Resuspend cells in 100 µL ice-cold assay buffer, and mix with 100 µL of a 1/30
dilution of the Texas-red-conjugated secondary staining reagent (as in step 5).
Cover samples with aluminium foil to shield from light in order to avoid bleach-
ing of fluorophore. Repeat step 6.

8. Resuspend cells in 300 µL ice-cold PBS containing propidium iodide (1 µg/mL)
for dead cell exclusion at 4°C for 10 min. Keep on ice and in the dark until ready
for FACS analysis.
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Fig. 3. Human Sprouty2 (hSpry2) abrogates c-Cbl-dependent ubiquitination of epi-
dermal growth factor receptors (EGFRs). (A) COS-1 cells were co-transfected with 1
µg of HA-ubiquitin and 3 µg each of vector control, c-Cbl, c-Cbl-C381A, or the dif-
ferent FLAG-Sprys. Forty-eight hours later, cells were treated with 100 ng/mL EGF at
37°C for 10 min. Total cell lysates (TCL) were subjected to immunoprecipitation (IP)
using anti-EGFR-AC beads, immunoblotted (IB) with anti-HA to distinguish
ubiquitin-conjugated EGFR, and anti-EGFR to assess the amounts of IP EGFR. TCL
blots were analyzed with anti-HA or anti-FLAG to show relative expression levels of
the various constructs. The bracket indicates the position of high molecular species of
ubiquitin-positive EGFRs. (B) IP EGFR proteins were subjected to an in vitro
ubiquitination assay in the presence of purified UbcH7 (or no added UbcH7 as control
without E2), eluted c-Cbl protein alone (or no added c-Cbl as control without E3),
recombinant c-Cbl with either GST-hSpry2, GST-mSpry4, or GST-hSpry2∆N11 fu-
sion proteins, or c-Cbl-C381A fusion protein alone, plus the essential components in
the ubiquitination system. The reaction products were analyzed via an immunoblotting
protocol using anti-ubiquitin antibodies. The bracket highlights the position of high
molecular species of ubiquitin-positive EGFRs.
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9. Detection of plasmids encoding GFP: the GFP produced has an excitation peak at
470–490 nm and an emission peak at 510 nm. The expression level of GFP can
be monitored by FACS analysis as described previously (16).

3.4. Procedure for Detecting the Extent of In Vivo EGFR Ubiquitination

Expression of inactive RING Finger mutants of c-Cbl (C381A and ∆RF)
inhibit EGFR ubiquitination and subsequent endocytosis (4,17). As hSpry2
binds directly to the functional c-Cbl RING Finger necessary for the catalytic
transfer of ubiquitin to substrate, this experiment addresses whether hSpry2
affects the ubiquitination status of EGFR (see Fig. 4A) (18).

Fig. 4. Fluorescence-activated cell sorting (FACS) analysis to assess the surface epider-
mal growth factor receptor (EGFR) population in dual-transfected cells. GFP-hSpry2 or
GFP-hSpry2∆N11 were co-transfected into cells with EGFR. Cells were stained for sur-
face EGFR using red-fluorescein labeling. Cells that displayed dual fluorescence were
gated and assessed for levels of noninternalized EGFR. The number of GFP-hSpry2
(checked bar) co-expressing cells that contain high surface EGFR content was far greater
than those co-expressing GFP-hSpry2∆N11 (lined bar) or vector control.
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1. Seed 293T cells in 100-mm dishes and grow for 24 h to 70–80% confluency,
transfect cells with the respective amounts of each expression constructs and
leave overnight before subsequent serum starvation (see Subheading 3.1., steps
3–7 and Notes 1–4).

2. Rinse cells with PBS and maintain in serum-free medium for 24 h prior to EGF
treatment (100 ng/mL) at 37°C for 10 min (see Note 5).

3. After cell induction, discard growth medium. Wash cells with cold PBS three times.
Discard PBS. Place the culture dish on ice. Lyse cells with RIPA buffer (0.5 mL/
100-mm dish). Scrape lysed cells into Eppendorf tubes. Place on ice for 10 min.

4. Preclear lysates by microfuging at 16,000g (microfuge) at 4°C for 10 min. De-
cant supernatant (total cell lysate) into new Eppendorf tubes. Aliquot 1–2 µL for
Bio-Rad protein quantitation: 800 µL of purified H2O plus 200 µL of Bio-Rad
solution plus 1–2 µL of total cell lysate (TCL), mix, read absorbance at 595 nm
with a spectrophotometer. Extrapolate from a protein standard graph to determine
the protein concentration (absorbance at 595 nm vs µg of BSA standard graph).

5. Immunoprecipitation: incubate equal amounts (~1 mg) of proteins (normalized
from step 5) with 2.5 µg of agarose-conjugated anti-EGFR at 4°C for 4 h with
constant rotation.

6. Quick-spin down IP beads at 500g (microfuge). Wash beads three times using
cold RIPA buffer.

7. Carefully decant supernatant. Add 2X Laemlli SDS-PAGE sample buffer and
boil samples at 95°C for 5 min.

8. Resolve eluted proteins by SDS-PAGE (40 mA per gel for 1 h at RT). Electro-
phoretically transfer to polyvinylidene difluoride (PVDF) membranes (see
Note 13).

9. Block membranes in PBS containing 1% BSA plus 0.1% Tween-20 for 1 h at
37°C, with shaking.

10. Immunoblot by incubating with 1 µg/mL primary antibody at RT for 1 h with
shaking.

11. Wash membrane thrice with PBS containing 0.1% Triton-X-100, for 10 min
each time.

12. As in step 11, incubate for staining with 1 µg/mL secondary antibody. Wash
three times.

13. Detect immunoreactive protein bands using ECL.
14. To reuse membrane or to reprobe blot with other antibodies for normalization

control: strip membrane in 0.8 mL of β-mercaptoethanol (added just before use)
per 100 mL of stripping buffer at 60°C for 30 min, with gentle shaking. Rinse
several times with purified H2O until the bubbles disappear. Repeat steps 10–14
as necessary.

3.5. Procedure for Assaying EGFR Ubiquitination In Vitro

In this experiment, a ubiquitination reaction was reconstituted where EGFRs
serve as substrates of c-Cbl in an in vitro enzyme mixture containing the essen-
tial ubiquitin system components. Three classes of enzymes are involved in the
conjugation of ubiquitin to proteins. E1, the ubiquitin-activating enzyme, acti-



76 Wong and Guy

vates ubiquitin through an ATP-dependent formation of a high-energy thiol-
ester bond between the C-terminal glycine carboxyl group of ubiquitin and the
active-site cysteine within E1. This E1-activated ubiquitin is then transferred
to a cysteine residue of an E2, or ubiquitin conjugating enzyme (UbC). An E2
enzyme, in conjunction with an E3 ubiquitin ligase, then transfers ubiquitin to
a lysine residue on target protein, forming isopeptide bonds that constitute
ubiquitin chain formation. Diverse combinations of E2-E3 complexes define
substrate specificity. (For these studies, please refer to Fig. 4B.)

1. Elution of GST-recombinant proteins (pGex4T1 expression vector constructs):

a. Add 2 mL of 50% slurry of glutathione Sepharose 4B (equilibrated with PBS)
per 5 mg of GST in PBS + 0.1% Triton X-100. Incubate with gentle agitation at
RT for 30 min.

b. Centrifuge suspension at 500g for 5 min to sediment the matrix. Remove su-
pernatant.

c. Wash pellet with 10 bed volumes of PBS (1 bed volume = 0.5 × volume of
50% GS4B slurry).

d. Centrifuge suspension at 500g for 5 min to sediment the matrix. Discard the
wash.

e. Repeat washing for a total of three washes.
f. To the sedimented matrix, add 1 mL of elution buffer per each mL of bed

volume of the glutathione Sepharose 4B slurry. Mix to resuspend matrix.
g. Incubate at RT (22–25°C) for 10 min to elute the bound material from matrix.
h. Centrifuge at 500g for 5 min to sediment matrix. Remove supernatant into a

new tube.
i. Repeat elution and centrifugation steps twice more. Pool the three eluates.
j. Determine yield of GST fusion protein. For GST, 1 A280 = 0.5 mg/mL.

2. Endogenous EGFR was immunoprecipitated from COS-1 cells using EGFR-AC
beads.

3. Incubate 2-µg aliquots of the protein-bound beads from step 2 with 50 µL of
reaction mixture containing the following: 1X reaction buffer, 10 µg ubiquitin,
100 ng E1 (see Note 14), 200 ng E2 (UbcH7), 1 µg E3 (GST-c-Cbl from step 1)
or 1 µg c-Cbl-C381A (ubiquitination-defective mutant) and 1 µg of each eluted
GST-tagged Spry fusion proteins (from step 1). Incubate enzymatic reactions at
37°C for 2 h.

4. Quick-spin at 500g (microfuge) to pellet treated EGFR beads, wash three times
using 1X reaction buffer.

5. Sample beads were boiled in 20 µL of 2X Laemmli SDS-PAGE sample buffer.
Resolve reaction products on a high percentage (7.5%) SDS-PAGE gel. Transfer
to membrane (see Note 13).

6. Block membrane in blocking buffer at RT for 1 h.
7. Western blot by incubating with 1 µg/mL anti-ubiquitin at RT for 1 h with gentle

rotation.
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8. Wash membrane thrice with PBS containing 0.1% Triton-X-100, 10 min each
wash, with rotation.

9. As in step 7, stain with 1 µg/mL secondary antibody. Repeat washes as step 8.
10. Detect immunoreactive protein bands using the ECL.

3.6. Measurement of Short-Term ERK Phosphorylation Induced
by EGFR Signaling

The pattern of MAPK activation can be directly visualized by
immunoblotting using an antiserum specific for the doubly-phosphorylated
form of ERK1/2 (pERK1/2). In addition, pERK1/2 staining directly reveals
some features of signaling, i.e., the intensity of signal and the kinetics of RTK
activation, which would be difficult to measure by other methods. The ability
to visualize the output of RTK signaling also permits detailed establishment of
epistatic relationships between signaling components of RTK cascades. There
has been considerable debate whether receptor internalization occurs to propa-
gate or terminate ERK signaling. (For these studies, please refer to Fig. 5A.
These methods are similar to those under Subheading 3.4., steps 1–15.)

3.7. Membrane Fractionation to Isolate Cell Surface
Membrane-Associated EGFR

To correlate the surface receptor levels with ubiquitination, a time-course
experiment was performed in which cell membrane fractions were extracted
and the surface EGFR levels were compared. From the EGFR immunoblot
shown in Fig. 5B, c-Cbl transfected cells show enhanced EGFR disappearance
(with correspondingly lower amounts of surface EGFRs) over time compared
to vector control cells; hSpry2-transfectants were shown to retain compara-
tively high receptor levels on the membrane across the same period of stimula-
tion, in line with its blockade on ubiquitination of EGFRs. To serve as a loading
control, a parallel blot was probed with an antibody specific for the hetero-
trimeric G protein Giα3 subunit, a membrane-bound protein shown to be unaf-
fected by EGF treatment.

1. Harvest 60-mm dishes 293T cells by washing with 800 µL of PBS using a Pas-
teur pipet.

2. Spin cells out of medium at 500g (microfuge) at 4°C for 3 min.
3. Reuspend cells in 200 µL of ice-cold PBS and collect cells as in step 2. Repeat

one wash.
4. Freeze cell pellets at –80°C for 1 h (freeze-thaw step for easy lysis of cells).
5. Thaw out cell pellets on ice. Resuspend in 200 µL of homogenizing buffer.
6. Dounce homogenize cells with approx 25 strokes (for 3–4 min) slowly with twisting.
7. Spin cells at 500g (microfuge) for 5 min at 4°C to remove nuclei and cell debris.
8. Transfer supernatant to fresh tubes and centrifuge at 16,000g (microfuge) for 30

min at 4°C.
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Fig. 5. Sustained ERK activity in response to prolonged epidermal growth factor
(EGF) signaling at cell surface. (A) 293T cells were co-transfected with plasmids en-
coding EGF receptor (EGFR) (0.2 µg) and HA-ubiquitin (0.2 µg), together with a
vector control, HA-c-Cbl (1.0 µg) or FLAG-hSpry2 (0.8 µg). Forty-eight hours
posttransfection, cells were incubated with 100 ng/mL EGF at 37°C for the indicated
time periods. Total cell lysates (TCL) were subjected to precipitation using anti-EGFR-
AC beads, and receptor ubiquitination was detected with an anti-HA probe against
HA-Ub-conjugated EGFR. An anti-EGFR blot shows equal amounts of IP EGFR. TCL
blots were immunoblotted (IB) with anti-phospho-ERK1/2 (p42/44) to detect corre-
sponding activated endogenous ERK levels, anti-pan-ERK to ascertain equivalent pro-
tein loading, and anti-FLAG to assess equality of expression of FLAG-hSpry2. (B)
Cell membrane extracts of a similar set of transfections as depicted in panel A were
isolated, and immunoblots of 1/10 of the sample volumes loaded were assayed with
anti-EGFR to assess the levels of surface EGFR and with anti-Giα3 to ascertain equiva-
lent amounts of loaded membrane fraction samples. TCL were analyzed for protein
expression of transfected c-Cbl and hSpry2 by immunoblotting with anti-HA and anti-
FLAG.
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9. Decant supernatant into a new Eppendorf tube. Resuspend the final pellet con-
taining the membrane fraction in 100 µL of TE buffer.

10. Use 5 µL of the membrane fraction to determine protein concentration by the
Bio-Rad protein assay.

11. Add an equal volume of 2X Laemlli SDS-PAGE sample buffer to one-tenth of
each fraction sample.

12. Resolve samples on 7.5% SDS-PAGE.
13. Perform immunoblotting similar to the procedures outlined under Subheading

3.4., steps 10–15.

3.8. Methods for Ascertaining That Sustained EGF-Induced ERK
Activation Leads to Neurite Outgrowth in PC12 Cells

A good model system to examine MAPK responses in determining cellular
phenotype is the proliferation/differentiation-responsive rat pheochromocy-
toma (PC12) cell line. There is well-supported evidence that the amplitude and
longevity of MAPK signal governs whether these cells are stimulated to prolif-
erate, or to withdraw from the cell cycle and differentiate; prolonged activation
of ERK pathways (by FGF or NGF) in cultured PC12 cells would lead to their
differentiation, as opposed to transient activation of the ERKs (EGF-induced)
that leads to proliferation (2,19). The PC12 cell system is enlisted here to dem-
onstrate whether the sustained MAPK signal induced by EGF upon hSpry2
overexpression has biological consequences on cell fate. For this purpose, GFP-
tagged Spry proteins are ideal for observing protein disposition in living cells.
For these studies, please refer to Fig. 6.

1. PC12 cells grown on collagen-coated dishes (see Notes 1, 2, 15, and 16). Coating
of cover slips:

a. Add 50 mL of sterile tissue culture grade water to 5 mg of polylysine.
b. Coat cover slip with 1 mLof solution per 25 cm2 surface area. Rock gently to

ensure even surface coating.
c. After 10 min, aspirate solution and rinse thoroughly three times with sterile

tissue-culture-grade water.
d. Allow cover slip to dry for at least 2 h before introducing cells and medium.

2. Trypsinize and spin down cells, resuspend in medium and count cells with
hemocytometer. Suspend cells at 106 cells/mL medium, plate in six-well plates (2
mL per well) containing poly-D-lysine-coated cover slips. Culture cells to 80–
90% confluency before transfection.

3. Prepare transfection mixture: per transfection, dilute 10 µL (per µg DNA) of
GenePORTER reagent in an Eppendorf tube containing 250 µL of serum-free
medium. To a separate tube, dilute 1 µg of DNA into 250 µL of serum-free me-
dium. Combine diluted transfection reagent and DNA. Mix gently and incubate
at RT for 45 min.
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4. Meanwhile, wash cells once with serum-free medium and add 500 µL of me-
dium to each well.

5. Overlay the 500 µL of transfection mixture (from step 3) onto the cells and incu-
bate at 37°C for 4–6 h.

6. Aspirate transfection medium and wash cells twice with complete growth me-
dium. Add 2 mL of fresh growth medium with 10% FBS and incubate overnight
at 37°C.

7. Following 16–24 h of incubation, wash cells twice with PBS and add 2 mL of
serum-free medium to each well for cell quiescence. Incubate overnight at 37°C.

8. Leave starved cells untreated, or supplement medium with 100 ng/mL EGF. In-
cubate at 37°C for 4 d (see Note 17).

9. Proceed as under Subheading 3.1., steps 9–16.

4. Notes
1. Selection of cell type for study: COS-1 cells are chosen for morphological stud-

ies due to their large and well-defined cellular structures; 293T cells are used in
overexpression studies due to ease of handling and susceptibility to transfections;

Fig. 6. Potentiation of epidermal growth factor receptor (EGFR) signaling leads to
neuronal extensions. PC12 cells transfected with 1 µg of a plasmid encoding either
GFP-vector control, GFP-hSpry2 or GFP-hSpry2∆N11 were grown on polylysine-
coated cover slips and fixed after 4 d of incubation in low-serum media without added
growth factor (control; A,B,C) or supplemented with 100 ng/mL EGF (D,E,F). Panels
show GFP-fluorescence (green) of representative cells from each experimental treatment.
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CHO cells have no endogenous EGFR; A431 cells express high EGFR; and PC12
cells are used for their differentiation phenotype.

2. Because transfection efficiency is sensitive to culture confluency, it is important
to maintain a standard seeding protocol from experiment to experiment. Recom-
mended cell density for transfection: COS-1 at 60–70%; 293T at 70–80%; PC12
at 80–90%.

3. Transfection parameters are adjusted: (a) when transfecting with larger amounts
of DNA and transfection reagent; and (b) when using larger tissue culture plates
(in this case, increase the amounts of all reagents in proportion to the cell-plating
area).

4. For most cell lines, add an equal volume of complete growth medium (with
double the amount of FBS) to the transfected cells after 4–6 h of incubation
without removing the transfection mixture. However, if toxicity is a problem,
remove the transfection mixture and replace with fresh normal growth medium.

5. EGF stimulation in serum-free medium is best achieved in a low-volume me-
dium, i.e., enough medium to just cover the surface of the cells. This issue is
especially true for COS-1 cells. Additionally, basal EGFR phosphorylation can
be reduced by prolonged starvation time, depending on the cell type being in-
vestigated. PC12 cells should be 70–80% confluent, i.e., one should decrease the
cell density for longer treatments to allow further growth in serum.

6. Use ice-cold methanol to fix cells at 4°C for 5 min instead of paraformaldehyde
to preserve the integrity of cell membranes for immunofluorescence staining
procedures.

7. The final concentration of DMSO (used to dissolve MG132) in culture should
not exceed 0.1% of the media volume. Subsequent buffer washes should include
20 µM of MG132. clasto-Lactacystin β-lactone is another potent, highly specific
and cell-permeable inhibitor of the proteasome. Lysosomal inhibitors include
(with decreasing potency) chloroquine, leupeptin, and methylamine (Sigma).

8. EGF stimulation can be performed at 4°C to slow down receptor endocytosis.
9. Alternatively, use ice-cold STOP solution: 5% trichoroacetic acid.

10. Monensin is soluble in DMSO (25 mg/mL) and ethanol (25 mg/mL). The dose of
recycling inhibitor administered was shown to be effective, evident in Fig. 2C,
where cells exposed to PMA in concert with monensin show significantly lower
levels of surface EGFRs compared to cells without monensin treatment.

11. Trypsinization detaches cells by nonspecific cleavage of cell surface proteins.
Because this procedure will affect ligand binding to EGFR, the use of trypsin is
not recommended for cell membrane fractionation studies. The alternative use of
PBS/EDTA solution to detach cells is dependent on the cell type being investi-
gated. Prolonged incubation times (longer than 10 min) will increase the amount
of dead cells.

12. The cell pellet is not visible at this stage, so remove the supernatant carefully.
13. Transfer to membrane thoroughly using a constant 110 V source for 1.5 h. Most

ubiquitin species are high molecular weight proteins. Overexpose blot to see
ubiquitin laddering.
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14. E1 is a critical component for the initation step in ubiquitin–protein isopeptide
bond formation. The typical E1 concentration for conjugation in vitro ranges
50–200 nM. E1 is stable to multiple freeze/thaw cycles and can be stored at –80 or
–20°C (for short periods).

15. Collagen plating: dissolve 100 mg of collagen (rat tail type I) in 1 L of 30%
ethanol plus 70% PBS. Stir at 50°C in a water bath until dissolved. Pour enough
solution to cover the plate surface and incubate for at least 2 h, but preferably
overnight. Wash twice with PBS and dry under ultraviolet light.

16. For passaging of PC12 cells, manually dissociate the cells from the plate by
pipeting medium over the collagen plate surface. If most cells have a nicely
rounded morphology, use an attached yellow tip to provide greater force to ease
dissociation from plate. If there are numerous abnormal, flattened greyish cells,
do not use yellow tip so as to avoid dissociating the abnormal (differentiated)
cells together with the normal ones.

17. Inhibitors of EGFR tyrosine kinase activity can be used during EGF treatment to
test for the specificity of the EGF signaling pathway; recommended inhibitors
include AG1478 and PD168393.

References
1. Marshall, C. J. (1998) Signal transduction. Taking the rap. Nature 392, 553,554.
2. Marshall, C. J. (1995) Specificity of receptor tyrosine kinase signaling: transient

versus sustained extracellular signal-regulated kinase activation. Cell 80, 179–185.
3. Yarden, Y. and Sliwkowski, M. X. (2001) Untangling the ErbB signaling net-

work. Nat. Rev. Mol. Cell Biol. 2, 127–137.
4. Levkowitz, G., Waterman, H., Zamir, E., et al. (1998) c-Cbl/Sli-1 regulates

endocytic sorting and ubiquitination of the epidermal growth factor receptor.
Genes Dev. 12, 3663–3374.

5. Laney, J. D. and Hochstrasser, M. (1999) Substrate targeting in the ubiquitin sys-
tem. Cell 97, 427–430.

6. Hicke, L. (2001) Protein regulation by mono-ubiquitin. Nat. Rev. Mol. Cell Biol.
2, 195–201.

7. Joazeiro, C. A. P., Wing, S. S., Huang, H. K., Leverson, J. D., Hunter, T., and Liu,
Y. C. (1999) The tyrosine kinase negative regulator c-Cbl as a RING-type, E2-
dependent ubiquitin-protein ligase. Science 286, 309–312.

8. Casci, T., Vinos, J., and Freeman, M. (1999) Sprouty, an intracellular inhibitor of
Ras signaling. Cell 96, 655–665.

9. Tefft, J. D., Lee, M., Smith, S., et al. (1999) Conserved function of mSpry-2, a
murine homolog of Drosophila Sprouty, which negatively modulates respiratory
organogenesis. Curr. Biol. 9, 219–222.

10. de Maximy, A. A., Nakatake, Y., Moncada, S., Itoh, N., Thiery, J. P., and Bellusci,
S. (1999) Cloning and expression pattern of a mouse homologue of Drosophila
Sprouty in the mouse embryo. Mech. Dev. 81, 213–216.

11. Wong, E. S. M., Lim, J., Low, B. C., Chen, Q., and Guy, G. R. (2001) Evidence
for direct interaction between Sprouty and Cbl. J. Biol. Chem. 276, 5866–5875.



Regulator of EGF Signaling 83

12. Lim, J., Wong, E. S. M., Ong, S. H., Yusoff, P., Low, B. C., and Guy, G. R. (2000)
Sprouty proteins are targeted to membrane ruffles upon growth factor receptor
tyrosine kinase activation: identification of a novel translocation domain. J. Biol.
Chem. 275, 32,837–32,845.

13. Wong, E. S. M., Fong, C. W., Lim, J., et al. (2002) Sprouty2 attenuates epidermal
growth factor receptor ubiquitylation and endocytosis, and consequently enhances
Ras/ERK signalling. EMBO J. 21, 4796–4808.

14. Gladhaug, I. P. and Christoffersen, T. (1988) Rapid constitutive internalization
and externalization of epidermal growth factor receptors in isolated rat hepato-
cytes. Monensin inhibits receptor externalization and reduces the capacity for con-
tinued endocytosis of epidermal growth factor. J. Biol. Chem. 263, 12,199–12,203.

15. Bao, J., Alroy, I., Waterman, H., Schejter, E. D., Brodie, C., Gruenberg, J., and
Yarden, Y. (2000) Threonine phosphorylation diverts internalized epidermal
growth factor receptors from a degradative pathway to the recycling endosome. J.
Biol. Chem. 275, 26,178–26,186.

16. Cheng, L., Fu, J., Tsukamoto, A., and Hawley, R. G. (1996) Use of green fluores-
cent protein variants to monitor gene transfer and expression in mammalian cells.
Nature Biotechn. 14, 606–609.

17. Waterman, H., Levkowitz, G., Alroy, I., and Yarden, Y. (1999) The RING Finger
of c-Cbl mediates desensitisation of the epidermal growth factor receptor. J. Biol.
Chem. 274, 22,151–22,154.

18. Mimnaugh, E. G., Bonvini, P., and Neckers, L. (1999) The measurement of
ubiquitin and ubiquitinated proteins. Electrophoresis 20, 418–428.

19. Kao, S. C., Jaiswal, R. K., Kolch, W., and Landreth, G. E. (2001) Identification of
the mechanisms regulating the differential activation of the MAPK cascade by
epidermal growth factor and nerve growth factor in PC12 cells. J. Biol. Chem.
276, 18,169–18,177.

20. Mu, F. T., Callaghan, J. M., et al. (1995) EEA1, an early endosome-associated
protein. EEA1 is a conserved alpha-helical peripheral membrane protein flanked
by cysteine “fingers” and contains a calmodulin-binding IQ motif. J. Biol. Chem.
270, 13,503–13,511.





Dissecting EGFR Signal Transactivation Pathway 85

85

From: Methods in Molecular Biology, vol. 327: Epidermal Growth Factor: Methods and Protocols
Edited by: T. B. Patel and P. J. Bertics © Humana Press Inc., Totowa, NJ

6

Dissecting the Epidermal Growth Factor Receptor
Signal Transactivation Pathway

Oliver M. Fischer, Stefan Hart, and Axel Ullrich

Summary
Interreceptor cross-talk has emerged as a general concept in cellular signaling cas-

cades. Therein epidermal growth factor receptor (EGFR) signal transactivation repre-
sents the so far best investigated cross-talk mechanism comprising heterogeneous
receptor families. In this signaling process G protein-coupled receptor (GPCR) stimula-
tion induces phosphorylation of the EGFR, combining the broad diversity of GPCRs
with the potent signaling capacities of this receptor tyrosine kinase. Early reports attrib-
uted this transactivation mechanism to solely intracellular pathways as no EGF-like
ligands could be detected in conditioned media of GPCR agonist-stimulated cells. How-
ever, Prenzel and colleagues demonstrated the involvement of metalloproteinase-medi-
ated release of EGF-like ligands as the predominant mechanism of EGFR signal
transactivation, providing a point of convergence for different intracellular effector pro-
teins. Since this discovery, numerous investigations revealed the broad relevance of
metalloproteinase-mediated ligand-dependent EGFR signal transactivation for coupling
GPCRs to various cellular signaling responses. Here we describe methods to investigate
GPCR-stimulated EGFR signal transactivation allowing the identification of both the
EGF-like ligands and the metalloproteinases involved.

Key Words: EGFR; Heparin-binding epidermal growth factor (HB-EGF); EGF-like
ligand; a disintegrin and a metalloproteinase (ADAM); GPCR; fluorescent activated cell
sorting (FACS); cell surface shedding; small interfering RNA (siRNA); EGFR signal
transactivation.

1. Introduction
Signal transduction networks utilize cell surface receptor cross-communi-

cation to achieve both signal diversification and integration depending on the
cellular context.
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The discovery of epidermal growth factor receptor (EGFR) signal
transactivation as a crucial mechanism combining the diverse cell surface re-
ceptor family of G protein-coupled receptors (GPCRs) and the potent signal-
ing capacities of the EGFR (1) has led to numerous reports demonstrating the
relevance of this cross-talk pathway in various cellular systems as well as in
pathophysiological signaling situations such as cardiac hypertrophy,
Helicobacter pylori-induced pathophysiological processes, cystic fibrosis, and
cancer (reviewed in ref. 2).

Different reports implicated intracellular signaling mediators including cy-
toplasmic kinases such as c-Src, focal adhesion kinase (FAK), or protein ki-
nase C (PKC), calcium levels or protein tyrosine phosphatases, in EGFR signal
transactivation (3,4). These investigations pointed towards diverging mecha-
nisms depending on the cellular system while lacking a general mechanistic
concept. However, a report by Prenzel and colleagues demonstrated that the
molecular mechanisms of EGFR signal transactivation involve processing of
transmembrane growth factor precursors by metalloproteinases (5). This
mechanism has been found in a wide variety of cellular systems, underlining
its broad mechanistic relevance in EGFR signal transactivation. Depending on
this ligand-dependent mechanism, diverse cellular responses were shown to be
induced by GPCR stimulation, including cell proliferation, migration, or
antiapoptotic responses in both physiological and pathophysiological signal-
ing contexts (2).

Recent reports implicated metalloproteinases of the a disintegrin and a
metalloproteinase (ADAM) family in EGFR signal transactivation, as these pro-
teinases have been frequently linked to the regulation of EGF-like ligand avail-
ability (reviewed in ref. 6). The EGF-like ligands used in the transactivation
process described so far comprise the heparin-binding ligands heparin-binding
EGF (HB-EGF) and amphiregulin and transforming growth factor (TGF)-α
(5,7,8). Because different combinations of ADAM proteinase and EGF-like
ligand have been reported, the use of the respective proteinase–ligand combi-
nation appears to depend on the cellular system being investigated (2). This
chapter will focus on different methods used to investigate metalloproteinase-
mediated EGFR signal transactivation and identify the components involved
in this process, namely the EGF-like ligand and the metalloproteinase. (For
additional discussion on approaches related to this topic, see Chapter 7.)

2. Materials
All of the methods described in this section require cell culture equipment

and expertise in mammalian cell culture, polyacrylamide gel electrophoresis
(PAGE), and Western blot equipment.



Dissecting EGFR Signal Transactivation Pathway 87

2.1. GPCR Ligands and Inhibitors

1. Cos7 cells.
2. αEGFR antibody, polyclonal, e.g., UBI (suitable for immunoprecipitation/West-

ern blot detection).
3. Protein A sepharose, Sigma, mix 1:1 with sepharose.
4. Cell lysis buffer: 50 mM hydroxyethyl piperazine ethane sulfonate (HEPES) (pH

7.5), 150 mM NaCl, 1 mM EDTA, 1% TritonX-100, 10% glycerin, 10 mM
Na2P4O7.

5. HNTG buffer: 20 mM HEPES (pH 7.5), 150 mM NaCl, 0.1% TritonX-100, 10%
glycerin, 10 mM Na2P4O7.

6. AG1478, EGFR kinase specific inhibitor, Alexis Corp., dissolve in dimethylsul-
foxide (DMSO) at stock concentration of 10 mM, use at final concentration of
250 nM.

7. TAPI, metalloproteinase inhibitor, Calbiochem, dissolve in DMSO at stock con-
centration of 25 mM, use at final concentration of 10 µM.

8. Epidermal growth factor (EGF), Sigma.
9. Lysophosphatidic acid (LPA), Sigma, dissolve in phosphate-buffered saline

(PBS) containing 0.1% bovine serum albumin (BSA) as a carrier.
10. PBS: 13.7 mM NaCl, 2.7 mM KCl, 80.9 Na2HPO4, 1.5 mM KH2PO4, pH 7.4.
11. Laemmli sodium dodecyl sulfate-polyacrylamine gel electrophoresis (SDS-

PAGE) equipment (9).

2.2. Flow Cytometric Analysis

1. Assay buffer: PBS, 5% fetal calf serum (FCS), 0.005% sodium-azide.
2. HB-EGF antibody (goat), RnD-Systems (see Note 10).
3. Fluorescein isothiocyanate (FITC)-conjugated second antibody anti-goat, Sigma.
4. PBS/EDTA solution: PBS containing 10 mM EDTA.
5. Propidium iodide solution, Sigma, 2 mg/mL, dilute in PBS 1:1000.
6. Flow cytometer.

2.3. Analysis of Mature EGF-Like Ligands in the Cell Culture Medium

1. Cos7 cells.
2. Mammalian expression construct for proHB-EGF.
3. Trichloroacetic acid (TCA) solution, 50%.
4. Na-DOC solution, sodium-desoxycholate, 10 mg/mL.
5. Schägger-Jagow tricine SDS-PAGE system (10).
6. Monoclonal αHB-EGF antibody, RnD-Systems.

2.4. siRNA Oligonucleotide Treatment
1. oligo small interfering RNA (siRNA) Duplexes (synthesized, purified, and an-

nealed at Dharmacon [see Note 13]) were dissolved at concentrations of 20 µM
in water under sterile conditions and stored at –20°C. The siRNA sequences
raised against EGF-like ligands and ADAM proteinases are listed in Table 1. gl2
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(directed against luciferase) is used as a control siRNA. For selection of siRNA
sequences refer to refs. 11 and 12.

2. SCC-9 cells.
3. Transfection reagent Oligofectamine™ was purchased from Invitrogen (see

Note 15).
4. Sterile polystyrene tubes (15 × 120 mm) were purchased from Becton-Dickinson

Labware.
5. Polyclonal αADAM17/Tace antibody for Western blot detection (Chemicon).

2.5. Inhibition of Endogenous ADAM-Function With Dominant
Negative ADAM Expression Constructs

1. Primer for ADAM 17 wt-HA-tagged:
5'-OLIGO-AD17WT: ACA GAA TTC GCC ACC ATG AGG CAG TCT CTC
CTA TTC
3'-OLIGO-AD17WT: TGC TCT AGA TTA AGC GTA ATC TGG AAC ATC
GTA TGG GTA TCC TCC GCA CTC TGT TTC TTT GCT GTC
5'-OLIGO-AD17DN: ACA GAA TTC GCC ACC ATG AGG CAG TCT CTC
CTA TTC CTG ACC AGC GTG GTT  CTT TTC GTG CTG GCG AGC AAT
AAA GTT TGT GGG  AAC TCG (high-performance liquid chromatography
[HPLC] purified).

Table 1
Sequences of Oligo Small Interfering RNAs Directed
Against Epidermal Growth Factor-Like and “A Disintegrin
and A Metalloproteinase” Proteins

Control gl2 AACGUACGCGGAAUACUUCGAdTdT
Amphiregulin AACCACAAAUACCUGGCUAUAdTdT

AAAAAUCCAUGUAAUGCAGAAdTdT
HB-EGF AAGUGAAGUUGGGCAUGACUAdTdT

AAUACAAGGACUUCUGCAUCCdTdT
TGF-α AAAACACUGUGAGUGGUGCCGdTdT

AAGAAGCAGGCCAUCACCGCCdTdT
ADAM10 AAUAUUAUUAUGUGCCCCGTGdTdT

AAACUUGGCUCUCAAUAAACTdTdT
ADAM12 AACCUCGCUGCAAAGAAUGUGdTdT

AAGACCUUGATACGACUGCUGdTdT
ADAM17 AAAGUUUGCUUGGCACACCUUdTdT

AAAGUAAGGCCCAGGAGUGUUdTdT

The sequences were selected according to the guidelines in refs. 11
and 12.

HB-EGF, heparin-binding epidermal growth factor; TGF, trans-
forming growth factor; ADAM, a disintegrin and a metalloproteinase.
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2. Enzymes: Pfu-polymerase, EcoRI, XbaI, CIAP, Ligase.
3. Retroviral expression construct, e.g., pLXSN-vector (BD Biosciences) and

retroviral packaging cell line, e.g., Phoenix A cells (see Note 16).
4. 2X HEPES-buffered saline (HBS): 400 mM NaCl, 50 mM HEPES (sodium salt),

1.5 mM Na2HPO4, bring up to 500 mL (pH 7.0).
5. CaCl2 solution, 1 M.
6. Chloroquine, 25 mM stock solution in PBS.
7. Polybrene, 4 mg/mL stock solution in PBS.
8. Monoclonal α-HA antibody suitable for Western blot detection (Babco).

3. Methods
3.1. Analyzing EGF-Like Ligands Involved in EGFR Signal
Transactivation Using Inhibitors

1. Seed cells of interest in six-well plates and grow them for 24 h to 60–70%
confluence.

2. Serum-starve cells for 24 h (see Notes 1 and 17).
3. Preincubate cells with AG1478 (250 nM) or TAPI (10 µM) for 20 min (see Note 2).
4. Stimulate cells with LPA (10 µM) and EGF (2 ng/mL) for 3 min.
5. Lyse cells using cell lysis buffer on ice for 10 min.
6. Collect lysates in Eppendorf cups and preclear lysates by centrifuging at 11,000g

in a cold centrifuge.
7. Immunoprecipitate EGFR by adding protein A sepharose and αEGFR antibody.
8. Incubate for 4 h at 4°C under constant rotation.
9. Spin down sepharose beads at 2800g and wash three times using HNTG buffer.

10. After final wash step carefully remove supernatant and add Laemmli sample
buffer (9).

11. Boil samples at 95°C for 5 min and subject them to gel ectrophoresis by standard
Laemmli SDS-PAGE (9).

12. Transfer proteins to nitrocellulose by blotting.
13. Perform Western blot against phosphotyrosine residues.
14. Strip membrane.
15. Perform reblot against EGFR to control equal loading (see Fig. 1).

3.2. Flow Cytometric Analysis of EGF-Like Ligand Precursors
1. Seed Cos7 cells in six-well plates at 180,000 cells per well and grow cells for 24 h.
2. Serum-starve cells for 24 h by changing  cell culture medium to serum free medium.
3. Stimulate with LPA (10 µM) for 10 min (see Notes 3 and 9).
4. Wash cells with PBS.
5. Detach cells by removing the supernatant and adding 500 µL of PBS/EDTA so-

lution per well (see Notes  4 and 5).
6. Incubate cells for 5–10 min in cell culture incubator.
7. Detach remaining adhesive cells by gentle shaking.
8. Collect cells in Eppendorf cups on ice.
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9. Centrifuge at 500g at 4°C. The following steps are carried out maintaining the samples
on ice.

10. Remove supernatant carefully (see Note 6) and resuspend cell pellet in 100 µL
assay buffer containing primary αHB-EGF antibody (dilution: 2 µg/100 µL) by
pipetting carefully up and down three to four times.

11. Incubate cell suspension with antibody for 45 min.
12. Prepare fresh Eppendorf cups containing 800 µL FCS.
13. Add 400 µL assay buffer to cell suspension and put the suspension carefully on

top of the FCS.
14. Centrifuge cells at 500g for 5 min in a cold centrifuge (see Note 7).
15. Resuspend cells in 100 µL assay buffer containing FITC-conjugated secondary

antibody (dilution: 1:1000) in the dark for 15 min.
16. Add 400 µL assay buffer to the cell suspension.
17. Prepare fresh Eppendorf cups with 800 µL FCS and put cell suspension carefully

on top.
18. Centrifuge cells at 500g for 5 min in a cold centrifuge to remove unbound second-

ary antibody.
19. Resuspend cells in PBS containing propidium iodide to exclude dead cells from

analysis.
20. Analyze cells on flow cytometer (see Note 8) (see Fig. 2A).

3.3. Analysis of Mature EGF-Like Ligands in the Cell Culture Medium

1. Seed Cos7 cells at 180,000 cells per well in a six-well plate.
2. The following day, transfect cells with an expression construct for proHB-EGF (see

Note 11).
3. Change medium to serum-free cell culture medium and grow cells for another 24 h.

Fig. 1. Epidermal growth factor receptor (EGFR) signal transactivation in response
to LPA stimulation. Cos7 cells were serum-starved for 24 h and preincubated with
AG1478 (250 nM), TAPI (10 µM), or an equal volume of dimethylsulfoxide (DMSO).
Following stimulation for 3 min, cells were lysed and EGFR phosphorylation was
assessed by immunoblot analysis.
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4. Exchange medium for 750 µL fresh cell culture medium per well (see Notes 9
and 12).

5. Stimulate with LPA (10 µM) and tetradecanoylphorbol acetate (TPA) (1 µM) as
a positive control (see Note 3) for 10 min.

6. Collect cell culture supernatant in Eppendorf cups on ice.
7. Centrifuge at 11,000g to remove any insoluble debris.
8. Add 7.5 µL of sodium-desoxycholate (10 mg/mL) and mix by inverting.
9. Add 250 µL of 50% TCA solution (final TCA concentration 10%) and mix by

inverting.

Fig. 2. Analysis of epidermal growth factor (EGF)-like ligand processing in re-
sponse to EGF receptor (EGFR) signal transactivation. (A) Decrease of cell surface
proHB-EGF content in response to EGFR signal transactivation. Cos7 cells were serum-
starved for 24 h and subsequently stimulated with LPA for 10 min. Cells were treated as
described in Subheading 3.3. and analyzed on a flow cytometer. (B) Release of mature
heparin-binding EGF (HB-EGF) in cell culture supernatant. Cos7 cells were trans-
fected with pcDNA3-HB-EGF-VSV and serum-starved for 24 h. After preincubation
with TAPI or an equal volume of dimethylsulfoxide, cells were subsequently stimulated
with lysophosphatidic acid (LPA) (10 µM) for 10 min. Conditioned media were treated
as described under Subheading 3.2. HB-EGF content was analyzed by immunoblot
analysis.
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10. Incubate on ice for 30 min.
11. Centrifuge supernatants at 11,000g in a cold centrifuge at 4°C to separate pre-

cipitated proteins.
12. Discard supernatant carefully while not touching the precipitate.
13. Resuspend protein pellet in Schägger-Jagow sample buffer (10).
14. Add Tris-HCl (pH 8.8) until the dye turns blue, indicating that the trichloroacetic

acid is neutralized.
15. Separate samples on Schägger-Jagow tricine SDS-PAGE (10).
16. Transfer proteins to nitrocellulose membrane.
17. Detect proteins by performing an immunoblot against HB-EGF (see Fig. 2B).

3.4. siRNA Oligonucleotide Treatment

The following protocol is designed for the transfection of cells in one well
of a six-well tissue culture plate. For other applications use plate(s) of different
size and adjust the reagents accordingly.

1. Trypsinize and spin down SCC-9 cells, resuspend in medium, and count the cell
number. Suspend cells at 105 cells/mL medium and plate in six-well plates (2 mL
per well). Culture for 24 h before siRNA oligonucleotide treatment (see Note 14).

2. Prepare transfection solution A (for each transfection): dilute 2–4 µL of
Oligofectamine™ reagent into medium without serum for a final volume of 15
µL. Allow diluted reagent to sit for 5–10 min.

3. Prepare transfection solution B (for each transfection): dilute 10 µL of a 20 µM
stock siRNA oligonucleotide into 175 µL of medium without serum.

4. Add diluted Oligofectamine™ reagent (solution A) to diluted oligonucleotides
(solution B), mix gently and incubate at room temperature for 15–20 min.

5. Wash cells once with medium without serum and add 800 µL of serum-free me-
dium to each six-well plate.

6. Mix gently the solution of step 6, overlay the 190 µL of complexes onto the cells
and incubate at 37°C for 4 h.

7. Add 1 mL growth medium containing two times the normal concentration of
serum without removing the transfection mixture.

8. After 24-h incubation, wash cells once with PBS and add 2 mL of serum-free
medium to each six-well plate and incubate for 24–48 h (see Note 15).

9. Stimulate cells with GCPR-ligands and EGF (1 ng/mL) for 3 min.
10. Assay lysates as described under Subheading 3.1., steps 5–15 (see Fig. 3A,B).

3.5. Inhibition of Endogenous ADAM-Function With Dominant
Negative ADAM Expression Constructs

Overexpression of ADAM proteinases lacking the pro- and the
metalloproteinase domain block the function of the endogenous ADAM pro-
teinase and therefore act as dominant negative ADAM proteinases (7) (see Fig.
4A,B).
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Fig. 3. (A) TACE small interfering RNA (siRNA) blocks endogenous ADAM17
expression. SCC-9 cells were transfected with ADAM12 and ADAM17 siRNA and
protein level of TACE was analyzed by immunoblot with polyclonal anti-ADAM17
antibody. (B) ADAM17 siRNA inhibits epidermal growth factor (EGFR) signal
transactivation in response to G protein-coupled receptor (GPCR) agonist treatment.
SCC-9 cells were transfected with siRNAs raised against ADAM12 and ADAM17
and stimulated with agonists as indicated for 3 min. Following immunoprecipitation
of cell lysates with anti-EGFR antibody, proteins were immunoblotted with antiphos-
photyrosine antibody and reprobed with anti-EGFR antibody.

Construction of an eukaryotic expression plasmid of wild type (wt) and
dominant negative (dn) ADAM17: wtADAM-17 cDNA is ligated into the
retroviral expression vector pLXSN (BD Biosciences) (see Note 16) via the
EcoRI and XbaI site after polymerase chain reaction (PCR) using placenta
cDNA as template with a 5' primer containing the starting ATG and a 3' primer
without stop codon but containing the codons for a HA-tag. The dominant nega-
tive ADAM17 construct is amplified by PCR using ADAM-17-wt as a tem-
plate with a 5' primer containing the signaling peptide and a 3' primer without
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Fig. 4. (A) Schematic representation of human TACE. The structures of full-length
human membrane-bound TACE and its dominant negative form are shown schematically.
SIG, PRO, MP, DI, CYC, TM, and CYT represent the signal sequence, prodomain,
metalloproteinase, disintegrin, cysteine-rich, transmembrane, and cytoplasmic regions,
respectively. The amino acid positions of the full-length and the dominant negative form
are shown on the right side of the construct. (B) Expression of wild-type and dominant-
negative ADAM17 constructs. SCC-9 cells were infected with pLXSN vector (mock),
ADAM17-HA wt or ADAM17-HA d.n. constructs. Forty-eight hours after infection cells
were lysed and ADAM17 was detected by immunoblot analysis against the HA tag. (C)
Dominant-negative ADAM17 blocks lysophosphatidic acid (LPA)-induced epidermal
growth factor receptor (EGFR) signal transactivation in SCC-9 cells. SCC-9 cells were
infected with dn constructs against ADAM12 and ADAM17 and stimulated with agonists
as indicated for 3 min. Following immunoprecipitation (IP) of cell lysates with anti-EGFR
antibody, proteins were immunoblotted (IB) with anti-phosphotyrosine antibody and
reprobed with anti-EGFR antibody.
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a stop codon but containing the codons for a HA-tag and ligated into the
retroviral expression vector pLXSN (BD Biosciences) via the EcoRI and XbaI
site. After transformation of an appropriate bacterial strain (DH5α, Invitrogen)
and propagation of  plasmid DNA in bacteria the correct insertion of the cDNA
into the retroviral vector is confirmed by sequencing or restriction digestion.

3.5.1. Infection of SCC-9 Cells With Retroviral Expression Construct

1. Seed 2 × 106 Phoenix A cells in 60-mm plates (volume: 3 mL medium without
antibiotics) and culture the cells for 24 h.

2. Add 5 min prior to transfection 2 µL chloroquin to each 60-mm plate.
3. For each plate, combine 8 µg of DNA, 370 µL of H2O, 122 µL of 1 M CaCl2, and

500 µL of 2X HBS, vortex 10 s, and add HBS/DNA solution dropwise onto the
60-mm plate. Incubate cells for 9 h in S2-incubator.

4. Change medium and incubate till next morning.
5. Seed the target cells in low density in six-well plates.
6. Aspirate culture medium of the 60-mm plate and add 1.3 mL of fresh medium

containing serum and incubate cells for 3 h.
7. Collect supernatant from Phoenix A cells, add 1.3 mL of fresh medium and incu-

bate for 3 h.
8. Filter medium from step 7 by 0.45 µm filter, add 1 µL polybrene per mL me-

dium, and add onto target cells after aspiration of the old medium and incubate
cells for 3 h.

9. Repeat steps 7 and 8 two times.
10. Change medium of target cells and incubate for 24 h.
11. Aspirate medium of the target cells, wash cells with PBS and add 2 mL serum-

free medium to each six-well plate.
12. Incubate target cells for 24 h (see Note 17) and analyze the cells for EGFR signal

transactivation (see Fig. 4C).

4. Notes

1. Cells must be approx 70–80% confluent on the day of stimulation.
2. In addition to AG1478 and TAPI, the diphtheria toxin mutant CRM197

(Quadratech, UK, use at 5 µg/mL) is a useful tool to block specifically HB-EGF
function. Heparin (Sigma, use at 100 µg/mL) interferes with both HB-EGF and
amphiregulin function. The combined use of both inhibitors might therefore gain
valuable insight into the EGFR signal transactivation mechanism.

3. TPA (12-O-tetradecanoylphorbol13-acetate, Sigma: dissolved in DMSO, stock
concentration 1 mM, final concentration 1 µM) induces unspecific cleavage of
cell surface proteins, including EGF-like ligands, and can therefore be used as a
positive control.

4. Trypsinization detaches cells by unspecific cleavage of cell surface proteins. As
this procedure will also affect EGF-like ligands such as HB-EGF, we do not rec-
ommend the use of trypsin.
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5. The use of PBS/EDTA solution to detach cells depends on the cell type being
investigated. Because not all cells become detached within 10 min by this treatment,
these cell types might not be used in this assay, as prolonged incubation times
using PBS/EDTA longer than 10 min will increase the amount of dead cells.

6. The cell pellet is not visible, therefore, special care has to be taken when remov-
ing the supernatant.

7. Upon centrifugation cells will pass through the FCS layer. Thereby unbound an-
tibody is removed and unspecific binding to the cells is reduced.

8. The instrument settings of the flow cytometer should be adjusted in such a way that
the signal arising from the secondary antibody alone (background control) starts in
the origin.

9. Inhibitors can be used to gain further insight into the mechanistic details of the
signaling as described under Subheading 3.1. However, it is important to in-
clude the inhibitors in any change of media performed after preincubation of the
cells with the respective inhibitory compounds.

10. The antibody used for flow cytometric detection of EGF-like ligand processing
has to be tested carefully for effective cell surface staining since some antibodies
give raise to a broad distribution of overall fluorescence intensity. As a conse-
quence, a shift in fluorescence intensity towards lower fluorescence cannot be
observed.

11. As the endogenous proEGF-like ligands are presumably retained in the extracellu-
lar matrix by binding to heparan-sulfate glycans, the pro-form of the ligand must be
overexpressed to result in detectable amounts of mature ligand released into the
cell culture medium.

12. Because basal EGF-like ligand shedding takes place, fresh cell culture medium
has to be added, as otherwise the increase in the mature growth factor might be
difficult to detect due to high background.

13. For reliable experiments we suggest purified and annealed duplex siRNA oligos,
which are ready to use in transfection after addition of water.

14. Cells should be 30% confluent on the day of transfection.
15. Efficiency of target gene mRNA downregulation depends on different param-

eters: (1) As the half-lifes of different proteins are not the same, a time course
after siRNA transfection, e.g., 24–96 h, is necessary to determine the time of
optimal knockdown. (2) The efficiency of the mRNA knockdown of  siRNAs
varies and can be enhanced by mixing two or three siRNAs raised against the
same target mRNA. (3) The transfection efficiency is often the most critical pa-
rameter and for each experiment the transfection efficiency has to be determined
either by transfection of a established siRNA or by transfection of a CY2-labeled
siRNA.

16. This protocol is designed for the use of the retroviral vector pLXSN (BD Bio-
sciences) and the packaging cell line Phoenix A, but other retroviral systems can
also be used for infection of the ADAM constructs.

17. Increased basal EGFR phosphorylation can be reduced by prolonged starvation
time, depending on the cell type investigated.
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A Sensitive Method to Monitor Ectodomain Shedding
of Ligands of the Epidermal Growth Factor Receptor
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Summary
All ligands of the epidermal growth factor receptor (EGFR) are made as membrane

anchored precursors that can be proteolytically processed and released from the plasma
membrane. This process, which is referred to as protein ectodomain shedding, is emerg-
ing as a key regulator of the function of EGFR ligands. In light of the important roles of
EGFR signaling in development and disease, it will be important to understand more
about the regulation of proteolytic processing of EGFR ligands. This chapter describes a
sensitive and semiquantitative method to measure ectodomain shedding of EGFR ligands
that was designed to facilitate studies of this process in cells.

Key Words: Epidermal growth factor receptor (EGFR); EGFR ligands; ectodomain
shedding; metalloproteinases; disintegrins; a disintegrin and a metalloproteinase
(ADAM); alkaline phosphatase-based reporter system.

1. Introduction
The epidermal growth factor receptor (EGFR) is a tyrosine kinase with criti-

cal roles in cell survival, proliferation, and differentiation in development and
disease (1,2). The EGFR is activated via binding of a set of ligands to its extra-
cellular domain, and subsequent dimerization of the receptor leads to phospho-
rylation and activation of its downstream signaling pathways (1,3–5). Seven
ligands of the EGFR have been identified to date: epidermal growth factor
(EGF), transforming growth factor (TGF)-α, amphiregulin, epiregulin, hep-
arin-binding EGF-like growth factor (HB-EGF), betacellulin, and epigen (5).
Each of these EGFR ligands is synthesized as a membrane anchored precursor
that can be proteolytically released from cells to generate soluble, biologically
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active signaling molecules. Even though membrane-bound EGFR ligands can
engage in juxtacrine signaling (cell–cell signaling) (6,7), release from the mem-
brane not only increases their signaling range, but it may also facilitate EGFR
dimerization and signaling (8). In fact, metalloproteinase-dependent release of
EGFR ligands has been shown to be critical for activation of the EGFR under
variety of circumstances. For example, EGFR-dependent cell migration and
proliferation can be blocked with a metalloproteinase inhibitor (9), and
crosstalk between G protein-coupled receptors and the EGFR also depends on
processing and release of EGFR ligands (10,11). Furthermore, mice lacking
the membrane-anchored a disintegrin and a metalloproteinase 17 (ADAM17)
protein have a phenotype that resembles that of mice lacking the EGFR, or two
of its ligands (TGF-α, HB-EGF) (12,13). Taken together, these results suggest
that release of soluble EGFR ligand extracellular domains (ectodomains) from
their membrane-tethered precursors can be critical for EGFR activation, at least
in the cases mentioned above.

In light of the key role of ectodomain shedding in activating TGF-α and
HB-EGF, and because the EGFR signaling pathway is a validated target for
cancer therapy (2), it will be important to learn more about the regulation of
enzymes responsible for shedding EGFR ligands. We have recently used cell-
based assays to uncover distinct roles for ADAM10 and ADAM17 in
ectodomain release of six EGFR ligands from mouse embryonic cells (14). In
this chapter we discuss the design of these experiments and the considerations
that went into devising what we consider a sensitive and semiquantitative ap-
proach to evaluate shedding of all currently known EGFR ligands. In addition,
the reader is referred to Chapter 6 for a further discussion of ligand processing and
its linkage to the dissection of EGFR-mediated signal transactivation pathways.

Three aspects of the procedures described below were particularly impor-
tant for identifying which ADAMs are critical for shedding ligands of the
EGFR in mouse embryonic cells. The first was the use of an alkaline phos-
phatase-based reporter system, which provides a simple and sensitive means to
monitor shedding of EGFR ligands in cell-based assays. The second was the
use of primary mouse embryonic cells lacking one or more ADAMs that are
considered to be potential sheddases for EGFR ligands in these cells. The third
was the use of a single-well shedding assay, in which the increase or decrease
in ectodomain shedding in one well following addition of an inhibitor or acti-
vator of ectodomain shedding is compared to shedding in the same well under
constitutive conditions. These three approaches are briefly outlined below.

1.1. Alkaline Phosphatase Reporter System

One of the problems in studying shedding of mouse EGFR ligands is that
few antibodies are available for their detection by Western blot analysis. In
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addition, EGFR ligands are potent signaling molecules and do not need to be
released in high amounts to activate their receptor. Once released, the soluble
ligand may be captured by the EGFR, further lowering its concentration in the
cell supernatant. The combination of these factors makes it inherently difficult
to detect shedding of overexpressed mouse EGFR ligands. In order to circum-
vent this problem, we used alkaline phosphatase (AP)-tagged versions of all
EGFR ligands for shedding assays. The shedding levels can thus be assessed
by spectrophotometric detection of AP activity in the culture supernatant or by
running the released proteins on a gel and visualizing the renatured AP in the
gel through substrate addition (Fig. 1) (see also ref. 15).

Use of primary mouse embryonic cells for shedding assays: Another impor-
tant objective of our study was to use a “loss-of-function” approach to evaluate
the contribution of different ADAMs to the shedding of EGFR ligands in cell
based assays. For this purpose, we isolated cells from knockout mice for vari-
ous ADAMs that are considered to be potential EGFR ligand sheddases (14).
Because ADAMs 9, 10, 12, and 17 had already been implicated in EGFR ligand
shedding (see ref. 14 for details), we considered any ADAM that contains a
catalytic site consensus sequence (HEXXH) and is expressed in a variety of
somatic tissues as a potential EGFR ligand sheddase (i.e., ADAMs 9, 10, 12,
15, 17, and 19). Initially, we used immortalized mouse embryonic fibroblasts
from different ADAM knockout mice for shedding studies. However, the ex-
pression levels of ADAMs and other genes varied considerably among differ-
ent clones of immortalized cells, even if they were derived from the same
animal (G. Weskamp and C. Blobel, unpublished results). Therefore, we de-
cided against using immortalized cells for comparative “loss of function” stud-
ies of EGFR ligand shedding. Instead, we chose to work with primary mouse
embryonic cells (referred to as mouse embryonic fibroblasts [mEF]) (see Note
1) for shedding studies in all cases where the corresponding knockout mice
survive long enough to allow production of fibroblasts from embryos at em-
bryonic day (E)13.5. The only exception were cells lacking ADAM10, which
had to be immortalized because adam10–/– mice die at E9.5, too early to gen-
erate sufficient numbers of primary embryonic cells for these studies (16). It is
important to note that Northern and Western blot analyses confirmed that all
candidate EGFR ligand sheddases (ADAMs 9, 10, 12, 15, 17, and 19) are ex-
pressed in wild-type mEFs, and that the wild-type mRNA was missing in cells
isolated from animals that were null for the respective ADAM locus (14). Ex-
periments involving primary mEF isolated under identical conditions from
wildtype and knockout embryos are well suited to allow direct comparison of
shedding levels in the presence or absence of any gene of interest.
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Fig. 1. An alkaline phosphatase detection system to monitor shedding of epidermal growth factor
receptor (EGFR) ligands. A. Diagram of a fusion protein containing an alkaline phosphatase (AP)
domain attached to the N-terminus of the membrane proximal EGF module of an EGFR ligand (after
removal of the signal sequence). When an EGFR ligand–AP fusion protein is expressed in cells,
shedding of its ectodomain by ADAMs (or other enzymes) into the culture supernatant can be de-
tected in two ways: (1) The AP fusion protein can be enriched using the lectin Con A, run on an
sodium dodecyl sulfate-acrylamide gel, and visualized following renaturation and color develop-
ment, or (2) the AP level can be quantitated by spectrophotometric determination of AP activity in
the culture supernatant (see text for details). Because the only AP activity in the cell supernatant
derives from the shed fusion protein, there is little or no background staining in an in-gel AP assay B.
Examples of an in-gel detection of transforming growth factor (TGF) shed from wild-type mouse
embryonic fibroblasts and the corresponding spectrophotometric assay. The sample in the first lane
corresponds to AP-TGF( released within 1 h from untreated cells (-), the sample in lane 2 was col-
lected from the same well after 1 h of stimulation of shedding with the phorbol ester PMA, whereas
the sample in lane 3 was collected from the same well after 1 h of treatment with the hydroxamic-
acid-type metalloproteinase inhibitor batimastat. The experiment shown in this figure depicts three
separate treatments of the same well and was prepared for illustration purposes only. Usually only
two sequential treatments of cells in a given well are performed (as outlined in Fig. 2). Abbrevia-
tions: AP, alkaline phosphatase; EC, ectodomain (EGF module); JM, juxtamembrane domain; TM,
transmembrane domain; CT, cytoplasmic domain; ADAM, a disintegrin and a metalloproteinase;
PMA, phorbol-12-myristate-13-acetate; BB94, batimastat.
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1.2. Single-Well Shedding Assay

Despite the evident advantages of working with mEF cells, one concern was
that it might be difficult to compare results from separate shedding experi-
ments with cells from different knockout mice or different litters as a result of
possible variations in transfection levels. Even though we ultimately found
that the transfection levels are quite similar from experiment to experiment, we
employed a single-well shedding assay for collecting all data points (Fig. 2).
This means that two samples are collected sequentially from any given well of
cells (wild-type or adam–/– mEF transfected with one of the EGFR ligands).

Fig. 2. Single-well shedding assay. The single-well shedding assay is a ratiometric
assay that allows determination of the percent increase or decrease in ectodomain shed-
ding of a given ligand following treatment with stimulatory or inhibitory compounds.
A commonly used stimulator of ectodomain shedding is the phorbol ester phorbol-12-
myristate-13-acetate (PMA), although any other stimulus, such as activators of G pro-
tein-coupled receptors, can be used. Proteinase inibitors are usually used to inhibit
ectodomain shedding (such as the hydroxamic-acid-type metalloproteinase inhibitor
batimastat [BB94]). The assay works as follows: tissue culture cells, such as primary
mouse embryonic fibroblasts, are transfected with the alkaline phosphatase (AP)-
tagged EGFR ligand. After a recovery period of 20 h, fresh medium is added and
collected after 1 h. Then a second aliquot of fresh medium including the stimulatory or
inhibitory reagent (such as PMA or BB94) is added, and collected after an incubation
period of 1 h. The percent change in AP activity in the same well following treatment
is calculated by comparing the AP activity released into the supernatant in the treated
sample to the activity found in the supernatant of untreated cells.
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The first sample corresponds to culture supernatant that has been conditioned
for 1 h to establish the levels of constitutive shedding from a certain well. Then
fresh medium containing compounds that either stimulate ectodomain shed-
ding (such as the phorbol ester phorbol-12-myristate-13-acetate [PMA], or the
phosphatase inhibitor pervanadate) or inhibit it (such as the hydroxamate-based
metalloproteinase inhibitor BB94) is added to the same well and conditioned
for an additional hour. Each single-well assay thus provides one data point to
indicate the percent stimulation or inhibition of shedding in the second sample
compared to the baseline constitutive shedding in the first sample.

2. Materials
2.1. Preparation and Culturing of Primary Mouse Embryonic Fibroblasts

1. mEF growth medium: Dulbecco’s modified Eagle’s medium (DMEM) + 10%
fetal calf serum (FCS) + penicillin/streptomycin.

2. Plain DMEM: DMEM; no FCS, no penicillin/streptomycin added.
3. PBS–Ca-Mg: phosphate-buffered saline (PBS) without calcium/magnesium.
4. 0.25% trypsin/ethylenediaminetetraacetic acid (EDTA).
5. Opti-MEM (Gibco).
6. DNAseI (Roche).

2.2. Shedding Assays

1. PMA (Sigma).
2. Batimastat (BB94) (see Note 9 for commercial sources of related hydroxamic

acid-type metalloproteinase inhibitors).
3. Cell lysis buffer: PBS + 1% Triton X-100 + Proteinase inhibitor cocktail (Roche).
4. 2.5% Triton X-100.
5. Concanavalin A (ConA) (Sigma).
6. Elution buffer: 50 mM Tris-HCl (pH 8.0), 0.5 M α-D-methyl mannoside.
7. Nitroblue tetrazolium-5-bromo-4-chloro-3-indolylphosphate (NBT/BCIP) tablets

(Roche) dissolved in 10 mL of water according to the manufacturer’s instructions.
8. 4-Nitrophenyl phosphate (4-NPP, Roche; see Note 15).
9. Alkaline phosphatase buffer: 100 mM Tris-HCl (pH 9.5), 100 mM NaCl, 20 mM

MgCl2.
10. 50% Methanol–10% glacial acetic acid.

3. Methods
Plasmids encoding AP-tagged EGFR ligands were constructed by S.

Higashiyama by inserting partial cDNAs for human TGF-α, amphiregulin,
epiregulin, HB-EGF, EGF, and betacellulin into the 3' end of human placental
AP on a pRc/CMV-based mammalian expression plasmid pAlPh (14). This
vector contains an N-terminally located HB-EGF signal sequence for proper
transport and insertion of the fusion proteins to the membrane. It should be
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noted that release of the AP module into the cell supernatant requires C-termi-
nal (membrane proximal) cleavage of the transmembrane precursor as the N-
terminal (membrane distal) cleavage site is destroyed by AP insertion.
Although our studies have identified ADAM10 and ADAM17 as membrane-
proximal-site-processing enzymes, little information is available on process-
ing at the membrane distal site. EGFR ligand-AP fusion proteins with abolished
C-terminal and preserved N-terminal cleavage sites can in theory be used in
future studies in an effort to uncover the identities of membrane distal site
processing enzymes. Our results obtained with AP-tagged EGFR ligands cor-
roborate previous results that TGF-α, HB-EGF, and amphiregulin are cleaved
by ADAM17 (14). Therefore, at least in the case of membrane proximal site
cleavage assays, the AP tag does not appear to interfere with the shedding
properties of EGFR ligands. In addition, we have observed that processed
EGFR ligand–AP fusion proteins are active in receptor binding and signaling
(ref. 14 and data not shown).

3.1. Preparation of Primary Mouse Embryonic Fibroblasts
1. Set up timed matings to generate embryos with the desired genotype, and check

for mating plugs the next day.
2. Sacrifice the pregnant female on E13.5.
3. Remove uterine horns, place into a 10-cm tissue culture dish with 10 mL of

PBS++ (PBSCa-Mg).
4. Release embryos into PBS; keep on ice from here on.
5. Transfer embryos together with placenta and fetal membrane to fresh PBS++.
6. Remove each embryo from placenta, decapitate with a sharp scalpel, and then

dissect out internal organs such as the liver, heart, lung, and intestines.
7. If genotyping is necessary, save the head for DNA isolation.
8. Wash remaining carcass once with PBS–(PBSCa-Mg).
9. Transfer embryo into a tissue culture dish with 2 mL of 0.25% trypsin/EDTA and

mince tissue with two sterile scalpels. The efficiency of the mincing greatly de-
termines the yield of mEFs. In order to remove remaining genomic DNA, 1 µL of
sterile DNAse can be added to the trypsin incubation if necessary.

10. Incubate 5 min at 37°C. Stop trypsinization by adding 8 mL of mEF growth me-
dium. Pipet up and down, first five times with a 10-mL pipet, then five times with
a 5-mL pipet and finally five times with a fire-polished Pasteur pipet to further
dissociate cell clusters.

11. Plate cells isolated from one embryo on a 150-cm2 tissue culture dish.
12. Change medium the next day. Let cells grow to confluency. After 2–3 d, one

should expect to have a confluent 150-cm2 plate with approx 1.8 × 107 cells from
one embryo. At this point, the cells can be split into several tissue culture dishes
for amplification purposes or may be used directly for shedding assays. Alterna-
tively, the cells may be frozen for future usage (see Note 2).
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3.2. Shedding Assays

A typical shedding experiment involves three major steps:

1. Transfection of cells with AP-tagged EGFR ligands.
2. Recovery of mature ligands shed from cells either constitutively or upon stimulation.
3. Analysis and quantitation of shedding.

3.2.1. Transfection of Cells With AP-Tagged EGFR Ligands

In our hands, cationic-liposome-mediated transfection of EGFR ligand–AP
constructs yields the best results (see Note 5). The procedure is quick, effi-
cient, and, unlike mammalian cell electroporation, does not require large
amounts of DNA or cells to be transfected. However, expression of transfected
cDNAs is only transient, and therefore shedding assays must be performed
whenever the highest levels of expression are achieved depending on the type
of promoter used.

Day 1: Split mEFs into six-well tissue culture dishes plating 3 × 105 cells per
well; grow overnight in mEF growth medium.

Day 2:

1. Prepare transfection mix in two separate sterile polystyrene tubes:
Solution A: 2 µg DNA per well of cells in 100 µL of plain DMEMs
Solution B: 5 µL lipofectamine (shake tube to resuspend lipids just before use) in
100 µL plain DMEM per well of cells.

2. Mix DNA and lipofectamine by pipetting Solution A into Solution B to get 200
µL mix per tube). Let stand at room temperature for 30–45 min.

3. Add 800 µL plain DMEM to the 200 µL DNA/lipofectamine mix.
4. Wash cells once with plain DMEM.
5. Add the 1 mL DNA/lipofectamine mixture prepared in step 3 to cells (1 mL per

well); incubate at 37°C for 5 h (see Note 6).
6. Remove transfection mix, replace with 2 mL of mEF growth medium. Incubate

for 24–48 h to achieve maximum levels of expression (see Note 7).

3.2.2. Recovery of Mature Ligands Shed From Cells Either Constitutively
or Upon Stimulation

All EGFR ligands are shed from cell membranes constitutively at basal lev-
els; however, in many cases shedding can be upregulated by exogenous stimu-
lants. The phorbol ester PMA is the most commonly used stimulator of
ectodomain shedding, yet other stimulants including activators of G protein-
coupled receptors such as thrombin, bombesin, carbachol, lysophosphatidic
acid (LPA), as well as the tyrosine kinase inhibitor pervanadate or calcium
ionophores have also been used for this purpose. As outlined in the introduc-
tion, recovery of shed ligands is a two-step process. In the first step, cells in a
given tissue culture well are allowed to shed constitutive levels of a particular
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ligand into conditioned medium for 1 h. In the second step, the same cells are
treated for an additional hour with either a stimulator of shedding such as PMA
or a suppressor of shedding such as the metalloproteinase inhibitor batimastat
(BB94). Upon treatment with the stimulator, shedding of certain EGFR ligands
is upregulated; such upregulation over the basal level can be calculated in terms
of percentage increase over basal shedding (see Fig. 1B). Note that the basal
level of shedding is evaluated by quantitating the amount of ligand released
into cell medium over the first hour under unstimulated conditions (see Note
8). On the other hand, upon treatment with a metalloproteinase inhibitor such
as BB94, shedding of most EGFR ligands is strongly decreased compared to
the basal level of shedding. This can be calculated and presented as a percent-
age decrease in shedding following treatment with the inhibitor and represents
the metalloproteinase-dependent component of constitutive EGFR ligand shed-
ding. The logic behind calculating percent suppression of shedding upon treat-
ment with an inhibitor is to evaluate the presence or absence of shedding
activities that are sensitive to this inhibitor in different knockout cells lacking a
particular sheddase (see Note 9); for example, our analyses revealed that
batimastat-sensitive shedding of EGF and betacellulin was abolished in
adam10–/– cells, suggesting that ADAM10 is the major batimastat-sensitive
component of constitutive EGF and betacellulin shedding (Note 10).

3.2.2.1. COLLECTION OF SHED LIGANDS—1ST HOUR: BASAL SHEDDING

1. At this point, mEFs have already been plated in six-well tissue culture dishes and
transfected with a particular EGFR ligand-AP construct 24 h prior to collection.

2. Remove cell medium, wash cells once with Opti-MEM (Gibco) or plain DMEM.
From now on, it is important to use serum-free (or reduced-serum) medium as
serum components may affect the shedding behavior. Opti-MEM works best in
our hands.

3. Add 1 mL of Opti-MEM per well of cells, incubate for 1 h at 37°C.
4. Remove conditioned cell medium into a microfuge tube, keep on ice, and pro-

ceed to Subheading 3.2.2.2., step 1. These samples are referred to as
unstimulated cell supernatants.

3.2.2.2. COLLECTION OF SHED LIGANDS—2ND HOUR: STIMULATED (OR INHIBITED) SHEDDING

1. Dilute stimulant (PMA, discussed previously) or inhibitor (i.e., batimastat, BB94)
at the appropriate final concentration into Opti-MEM, add 1 mL per well of cells,
incubate for 1 h at 37°C (see Note 11).

2. Remove conditioned cell medium into a microfuge tube; keep on ice. These
samples are referred to as stimulated or inhibited cell supernatants.

3. Lyse cells by adding 0.5 mL of lysis buffer per well; shake at 4°C for 15–30 min
(see Note 12).

4. Transfer cell lysates into microfuge tubes; keep on ice.
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5. Clear cell supernatants (unstimulated and stimulated) as well as cell lysates by
centrifugation for 30 min at 15,000g in a Sorvall tabletop centrifuge (see Note 8
for a description of how to remove precursor proteins from the culture superna-
tant, if necessary). Transfer cleared supernatants and lysates into new microfuge
tubes without disturbing the pelleted cell debris (see Note 13). At this point
samples can be frozen or analyzed directly.

3.2.3. Analysis and Quantitation of Shedding

Shed EGFR ligands in cell supernatants can be detected either through spec-
trophotometric analysis of AP activity or by running the concentrated superna-
tants on sodium dodecyl sulfate (SDS)-polyacrylamide gels and staining the
gels for AP activity. Spectrophotometric analysis is fast and sensitive, usually
100 µL of 1 mL conditioned cell medium is sufficient for detection. On the
other hand, the AP-tagged EGFR ligands in conditioned medium need to be
concentrated prior to loading on a gel. Since the alkaline phosphatase moiety is
N-glycosylated, the lectin ConA can be used as a rapid and efficient means of
concentrating the shed fusion proteins.

3.2.3.1. SPECTROPHOTOMETRIC DETECTION OF SHED EGFR LIGANDS

1. Add 100 µL of cleared unstimulated and stimulated cell supernatants to separate
wells of a 96-well microplate. Save the rest for SDS-polyacrylamide gel electro-
phoresis (PAGE) analysis (see Note 14).

2. Mix with 100 µL of 2 mg/mL 4-nitrophenylphosphate (4-NPP) per well (see Note
15). 4-NPP is a substrate of alkaline phosphatase, which converts it into
nitrophenol, resulting in increased absorbance at 405 nm.

3. Incubate the supernatant–substrate mix at 37°C for color development (yel-
low). Because it is important to measure OD405 while it is still in the linear
range, the plates should be visually monitored for color development, and
readings in an Elisa plate reader should be taken at different time intervals
(every hour over 5–6 h). Often, the plate must be incubated overnight to obtain a
good signal-to-noise ratio. Supernatant from nontransfected cells incubated with
4-NPP for the same amount of time is used as the spectrophotometric blank. The
absorbance at 405 nm correlates with the amount of shed EGFR ligand in cell
supernatant (conditioned medium). Thus, one can calculate the percent increase/
decrease in shedding over basal levels upon stimulation/inhibition after measur-
ing the amounts of shed ligands in arbitrary units in stimulated and unstimulated
cell supernatants.

3.2.3.2. VISUALIZATION OF SHED EGFR LIGANDS ON SDS-POLYACRYLAMIDE GELS

1. Add 40 µL of ConA resin (equilibrated and resuspended 1:1 in PBS) to the re-
mainder of the cell supernatants (900 µL, after removal of 100 µL for colorimet-
ric AP assay, see above).

2. Incubate at 4°C rotating for 2 h.
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3. Spin down ConA beads (at 3000 rpm in a Sorval tabletop centrifuge with adjust-
able speed for 1 min) and remove supernatant as completely as possible.

4. Elute glycoproteins from the beads by adding 20 µL of elution buffer, mix and
then incubate at 37°C for 2 h. Under these conditions, the excess α-D-methyl-
mannoside competes with glycoproteins in the cell supernatant for ConA bind-
ing, providing an efficient means of elution without having to boil the samples in
SDS–sample loading buffer, which would denature and inactivate the AP module
irreversibly (see step 6).

5. Add 5 µL of 5X SDS-sample loading buffer containing 25 mM dithiothreitol
(DTT). Do not boil the samples as AP is irreversibly inactivated at high tempera-
tures (>70°C). Spin down the beads, load supernatants directly on SDS-poly-
acrylamide gels and apply no more than 100 V to avoid excess heating of the gel
during electrophoresis.

6. When the separation is complete, remove gels and incubate them twice for 30 min in
2.5% Triton X-100, followed by a 10-min incubation in alkaline phosphatase buffer
(see Note 16).

7. Visualize the AP activity by adding detection buffer containing the substrate,
NBT/BCIP (Roche).

8. Incubate at 37°C until the color development has reached the desired intensity.
The enzyme reaction is then stopped in 50% methanol–10% glacial acetic acid
(see Note 17).

4. Notes
1. The term primary embryonic fibroblasts or mEF, frequently used in the litera-

ture, actually refers to cell preparations that contain a variety of other cell types
besides fibroblasts. The main advantage of using primary cells is that the compo-
sition of cells should be very similar from experiment to experiment as long as
cells are prepared under otherwise identical conditions from different knockout mice.

2. Primary mEFs, like all other primary cells, can be kept in cell culture for a lim-
ited number of passages. By the time the shedding assays are performed, the cells
should have been passaged no more than 3 times. After passage three the effi-
ciency of transfection is greatly diminished. However, mEFs can be passaged at
least twice before performing shedding assays. This is for amplification purposes,
because the number of freshly isolated cells (at passage 0) is usually not suffi-
cient to obtain several data points in a given shedding experiment.

3. Every time mEFs lacking a particular gene (i.e., ADAM17) are used for shedding
experiments, wild-type mEFs (preferably isolated from wild-type embryos of the
same littermate as the knockout ones) should be included as experimental con-
trols. However, if a given knockout mouse is fertile, entire litters with the same
genotype can be generated. In this case, separate matings with wild-type mice
should be set up at the same time. Nevertheless, the shedding results obtained
with the single-well shedding assay using mEFs isolated at different times also
produce highly reproducible results.
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4. Embryos at E13.5 give the best yield when primary fibroblasts are isolated. Em-
bryos at earlier stages of development are usually too small to generate a suffi-
cient number of cells, and contamination with other differentiated cell types is
usually a problem when embryos at later stages of development are used.

5. The method of cDNA transfection should be determined on a case-by-case basis
depending on the cell type and cDNA constructs used. For example, for con-
structs that are not efficiently expressed (i.e., weak promoter, low copy number),
electroporation might be preferable. Different types of cationic lipid reagents
(i.e., lipofectamine, lipofectamine 2000, fugene) are available. Each has differ-
ent transfection efficiencies depending on the cell type and density. The expres-
sion of transfected ligands should be analyzed by Western blotting or, in the case
of AP-tagged EGFR ligands, by running the cell lysate on SDS-polyacrylamide
gels and staining the gels for AP activity.

6. Lipofectamine reagent can be toxic to the cells; therefore, transfection reactions
should not be allowed to proceed for more than 5 h when primary mEFs are used.

7. Once EGFR ligands are transfected into cells, sufficient levels of expression are
usually achieved within 24 h from cytomegalovirus (CMV)-based promoters.
However, the time point where expression is appropriate needs to be established
on a case-by-case basis for different constructs. Generally, it is critical to wait for
the same amount of time before performing the shedding assay to obtain consis-
tent results in different experiments.

8. We perform shedding assays in the presence of stimuli for a time period of 1 h.
This condition was chosen because longer exposure of cells to PMA has a num-
ber of undesired pleiotropic effects that can affect the interpretation of the re-
sults, including stimulation of gene expression, protein synthesis, and
intracellular transport. Ectodomain shedding, on the other hand, can be stimu-
lated by PMA within minutes. Collecting cell supernatants for 1 h represents a
good compromise between optimizing the amount of shed AP-tagged proteins in
the supernatant, while avoiding any undesired side effects of PMA stimulation.
The fact that constitutive and stimulated shedding is strongly reduced by addition
of BB94 confirms that this assay measures release of EGFR ligands into the su-
pernatant by ectodomain shedding, rather than by increased vesicle shedding, for
example. Conversely, if full-length AP-tagged precursor proteins are found in
the supernatant sample, this is due to release of membrane fragments from cells
during the experiment or harvesting of the sample instead of membrane shed-
ding. These membrane fragments or vesicles containing precursor proteins can
be removed from the supernatant by centrifugation at 100,000g for 1 h, which
pellets membrane fragments and vesicles containing the precursor protein with-
out noticeably affecting the levels of the solubilized shed ectodomains in the
supernatant. However, since precursor proteins usually migrate more slowly than
the shed ectodomain—and to avoid interfering with the interpretation of shed-
ding results—we used this additional centrifugation step only to generate publi-
cation quality figures, if necessary.
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9. Most ectodomain shedding events are mediated by metalloproteinases; therefore,
constitutive shedding of many transmembrane proteins including EGFR ligands
will be sensitive to treatment with a hydroxamic-acid-type metalloproteinase in-
hibitor such as batimastat (BB94). However, since batimastat is not commer-
cially available, it can be substituted with other hydroxamates such as TAPI-2
(Peptides International INH-3852). Similarly, cysteine-, aspartyl-, or serine-pro-
teinase-dependent components of constitutive shedding of a shed protein can be
analyzed by treating the cells with specific inhibitors of these proteinases.

10. For proper interpretation of the ratiometric results obtained with the AP-shed-
ding assay described here, it is critical to confirm that the absolute levels of con-
stitutive shedding into the cell supernatant of cells isolated from different
knockout mice is comparable for any given ligand. If it is not, then ratiometric
results may be misleading. To better illustrate this point, assume that a given
EGFR ligand has multiple sheddases, two of which are batimastat sensitive and
one of which is not. If, hypothetically, one of the batimastat-sensitive activities
contributes 50% of ligand shedding, the second contributes 30%, whereas the
remaining 20% is not batimastat sensitive, then addition of batimastat to wild-
type cells would reduce the constitutive activity by approx 80%. However, if the
major batimastat-sensitive activity (50%) is removed in a knockout cell line, then
addition of batimastat to these knockout cells would decrease the remaining con-
stitutive activity by 60% compared to untreated cells. This might be difficult to
distinguish from an approx 80% reduction after batimastat addition to wild-type
cells. However, if absolute shedding levels are compared, then one would be able
to identify a reduction of 50% in the absence of the major sheddase. A related
issue is whether or not the transfection levels of the precursor protein in the cell
lysate should be used as a reference point for normalization of the ratiometric
data. In general, it is good practice to independently confirm that the transfection
levels as well as the levels of constitutive shedding (discussed previously) are
similar in each well of each experiment. However, one caveat of using the AP
activity in the cell lysate as a reference is that if stimulation of shedding results in
significant consumption of the precursor, then calculating the ratio of protein
shed into the supernatant to the remaining precursor in the cell lysate might result
in overestimation of the apparent shedding levels. On the other hand, if only a
small amount of the total precursor protein is consumed by shedding when cells
are stimulated, or if inhibition of the sheddase does not lead to significant accu-
mulation of the precursor (which can be determined in separate experiments),
then the AP activity in the cell lysate can be used as a reference point for normal-
ization in shedding experiments.

11. The final PMA concentration should be 20 ng/mL. We prepare a stock solution of
5 mg/mL in ethanol, which is kept at –80°C. From this 250,000× master stock,
small aliquots of 1000× stocks (further diluted in ethanol) can be prepared and
kept at –20°C. PMA should never be allowed to stay at room temperature. Note
that it is also light sensitive. We store batimastat (BB94) at –80°C and use at a
final concentration of 1 µM.
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12. When lysing the cells, proteinase inhibitors must be included in the lysis buffer.
Lysis should be carried out at 4°C, and cell lysates must be kept on ice or frozen
immediately to prevent protein degradation.

13. The cell lysates should be analyzed to confirm the expression of transfected
cDNAs. They can also be used to confirm equal expression levels in different cell
types and experiments.

14. When analyzing the AP levels in cell supernatants spectrophotometrically, av-
erages of duplicate or triplicate readings from a given sample provide more reli-
able results.

15. Prepare a 50 mg/mL stock solution of 4-NPP and keep at 4°C, protected from
light. For spectrophotometric analysis of AP activity, dilute the 4-NPP stock 1:25
to 2 mg/mL in 100 mM Tris (pH 9.5), 100 mM NaCl, 20 mM MgCl2.

16. Gels should not be washed for longer periods than suggested, because this will
cause the AP signal to diffuse, thereby creating fuzzy bands.

17. AP is active under slightly basic conditions; thus the reaction is performed in 100
mM Tris (pH 9.5), 100 mM NaCl, 20 mM MgCl2. Addition of 50% methanol–
10% glacial acetic acid will not only stop the AP reaction by lowering the pH but
also fix the proteins in the gels, creating sharper bands.
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In Vitro and In Vivo Assays of Monoubiquitination
of Receptor Tyrosine Kinases

Menachem Katz, Yaron Mosesson, and Yosef Yarden

Summary
Growth factor receptors, such as the epidermal growth factor receptor (EGFR), stimu-

late a variety of signal transduction pathways upon binding a ligand molecule at the cell
surface. Desensitization of signaling initiates when active receptors are recruited to
clathrin-coated regions of the plasma membrane and subsequently sorted to intracellular
degradation in lysosomes. Sorting for lysosomal degradation entails receptor conjuga-
tion with ubiquitin molecules, which are recognized by the endocytic machinery. Unlike
degradation in the 26S proteasome, which requires a chain of four or more units of ubiquitin
(polyubiquitination), covalent addition of a monomeric ubiquitin (monoubiquitination)
appears sufficient for receptor sorting to lysosomal degradation. In this chapter we de-
scribe two methods that contrast polyubiquitination with monoubiquitination of EGFR.
Because monoubiquitination enables evasion from proteasomal degradation, the meth-
ods we describe may be useful for the analysis of other monoubiquitination events.

Key Words: E3 ubiquitin ligase; epidermal growth factor; endocytosis; ErbB/HER;
signal transduction; tyrosine kinase; ubiquitin.

1. Introduction
Protein ubiquitination refers to the covalent conjugation of the 76-amino-

acid polypeptide ubiquitin to substrate proteins. This process involves the se-
quential transfer of the ubiquitin moiety through three enzymes:
ubiquitin-activating enzyme (E1); ubiquitin-conjugating enzyme (E2); and
ubiquitin ligase (E3), which is important for the specific recognition of the
substrate. The E3 either accepts ubiquitin and directly transfers it to the sub-
strate or serves as a bridge between the E2 and the substrate (reviewed in ref.
1). As a result, an isopeptide bond is formed between the glycine located at the
carboxyl-terminus of ubiquitin and the ε-amino group of a lysine in the sub-
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strate protein. Proteins can be conjugated with ubiquitin in three different
modes (Fig. 1): (1) monoubiquitination refers to the addition of one ubiquitin
molecule to a lysine of the target protein; (2) multiple monoubiquitination
(hereinafter multiubiquitination) indicates the conjugation of several
monoubiquitins to several distinct lysines in the acceptor protein; (3)
polyubiquitination refers to conjugation of a polymerized ubiquitin to one or
several lysines of a substrate. Within the chain of polymeric ubiquitin, the
carboxyl-terminal glycine of ubiquitin is linked to a lysine of the preceding

Fig. 1. Distinct patterns of protein ubiquitination. (A) Attachment of a single
ubiquitin molecule to a lysine residue of the substrate protein (monoubiquitination).
(B) Attachment of several monoubiquitins to several lysines of the substrate protein
(multiubiquitination). (C) The addition of a polymeric ubiquitin chain to a lysine of
the substrate protein (polyubiquitination).
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ubiquitin. Lysine 48 of ubiquitin commonly serves as the acceptor lysine in the
chain, although lysines 11, 29, and 63 were also found to serve as acceptor
lysines (reviewed in ref. 2).

The pattern of ubiquitination of a given protein may dictate the fate of the
protein. Usually proteins that are conjugated with a polyubiquitin chain, at least
four ubiquitins long (3), are destined for degradation by the 26S proteasome.
On the other hand, membrane proteins that are conjugated with monoubiquitin
or a chain of diubiquitin are usually sorted for endocytosis and degradation in
lysosomes (reviewed in ref. 4). The plasma membrane receptor of the epider-
mal growth factor (EGFR, also known as ErbB-1) is one of the most exten-
sively characterized receptor tyrosine kinases. EGFR undergoes internalization
and sorting to the lysosome, following the binding of EGF or other ligands.
This process is accompanied by the ubiquitination of the receptor, which is
mediated by the E3 ubiquitin ligase c-Cbl (5,6). Since both poly-ubiquitination
and mono-/multiubiquitination may serve as signals for protein degradation,
either by the proteasome or by the lysosome, respectively, elucidating the pat-
tern of ubiquitination is important for understanding the process of receptor
degradation. (The reader is also encouraged to refer to Chapter 9 regarding
discussion of additional concepts and methods related to this subject.)

Ubiquitylation of substrate proteins, including EGFR, usually manifests as
a smeary appearance of protein bands when separated by polyacrylamide gel
electrophoresis. However, polyubiquitination and multiubiquitination give rise
to indistinguishable electrophoretic patterns, which calls for alternative ana-
lytical methods. The assays detailed below, as well as additional tests, enabled
identification of EGFR ubiquitination, following stimulation by EGF, as multi-
rather than polyubiquitination (7,8). The simplest approach used to identify the
type of ubiquitin modification of the EGFR is by immunoprecipitation of the
receptors from cells followed by Western blotting utilizing specific
antiubiquitin antibodies. These antibodies can be used to differentiate between
receptor polyubiquitination and receptor multiubiquitination (7). The immu-
nological technique, however, is limited to cells in which the expression of
both ubiquitin and receptors is substantially high. Alternatively, ectopically
expressed peptide-tagged forms of mutant ubiquitin molecules can be used.
Expression of an ubiquitin mutant impaired in its ability to form polymeric
chains (primarily an ubiquitin whose lysine 48 is replaced by an alanine) will
allow one to distinguish between poly- and multiubiquitylation. However, the
interpretation of experiments based on expression of mutant ubiquitin mol-
ecules is complicated, since cells endogenously express wild-type ubiquitin,
which may form mixed ubiquitin chains composed of wild-type and mutant
ubiquitins.
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Two alternative methods are used to elucidate the type of protein ubiquitin-
ation. One method utilizes mutant ubiquitins in a cell-free system (see Notes 1
and 2; Fig. 2). Isolated receptors are incubated with a rabbit reticulocyte lysate
supplemented with a recombinant peptide-tagged ubiquitin, either wild-type or
a mutant with all its lysines knocked-out (KO). The ubiquitylated receptors are
then subjected to Western blot analysis directed to the tagged ubiquitins. Re-
ceptors which are modified with multiple monoubiquitins will appear similarly
whether incubated with wild-type or mutated ubiquitin. On the other hand,
polyubiquitylated receptors will appear smeared after incubation with wild-
type ubiquitin and as a distinct band following incubation with the lysine-less
ubiquitin mutant. The other method is based on simultaneous ectopic expres-
sion of two different peptide-tagged ubiquitins mutated in the major chain-
branching residues (i.e., lysines 11, 29, 48, and 63). Sequential rounds of
immunoprecipitation and elution, followed by Western blotting, enable deter-
mination of the type of ubiquitination (Fig. 3).

2. Materials
2.1. Equipment

1. Tissue culture facilities.
2. A refrigerated benchtop centrifuge.
3. Gel electrophoresis apparatus and a power supply.

Fig. 2. Multiple monoubiquitination of EGFR in vitro. EGFR immunoprecipitates
from A431 cells were subjected to ubiquitination in vitro in the presence of reticulo-
cyte lysate, together with either wild-type or lysine-less ubiquitin produced in bacteria
(His-HA-Ub-WT or -KO, respectively). GST-Cbl was added as indicated. Reaction
mixtures were incubated at 30°C for 60 min before immunoblotting (IB) with the indi-
cated antibodies. Note that similar patterns of ubiquitination were obtained with the
two distinct forms of ubiquitin.
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4. A trans-blot blotting apparatus and a power supply.
5. Heating block (100°C).
6. Film-developing apparatus.

2.2. Reagents

1. Phosphate-buffered saline (PBS): 8 g/L NaCl, 0.2 g/L KCl, 1.44 g/L Na2HPO4,
0.24 g/L KH2PO4, adjust pH to 7.2–7.4 with HCl.

2. Solubilization buffer: 50 mM hydroxyethyl piperazine ethan sulfonate (HEPES)
(pH 7.5), 150 mM NaCl, 10% glycerol (w/v), 1% (w/v) Triton X-100, 1 mM
ethylenediaminetetraacetic acid (EDTA), 1 mM ethylene glycol tetraacetic acid
(EGTA), 10 mM NaF, 30 mM β-glycerol phosphate, 0.2 mM Na3VO4 and a pro-
teinase inhibitor cocktail (from Sigma). Note: Na3VO4 and the proteinase inhibi-
tor cocktail are freshly added to the buffer. They are stored in stock solutions at
–20°C.

3. HNTG buffer: 20 mM HEPES (pH 7.5), 150 mM NaCl, 0.1% (w/v) Triton X-
100, and 10% (w/v) glycerol.

4. RIPA buffer: 25 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.5% Na–deoxycholate,
1% (w/v) NP-40, and 0.1% (w/v) sodium dodecyl sulfate (SDS).

5. TBST buffer: 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.05% (w/v) Tween 20.
6. Antibodies: An anti-EGFR monoclonal antibody suitable for immunoprecipita-

tion and commercial antibodies to the hemagglutinin (HA) and Flag peptides.
Secondary antibodies conjugated to horseradish peroxidase (HRP) are commer-
cially available.

7. Protein gel sample buffer (sixfold concentrated): 350 mM Tris-HCl (pH 8.8),
30% glycerol, 10% SDS, 9.3% dithiothreitol (DTT), and 0.12 mg/mL bromophe-
nol blue. The solution is kept at –20°C in aliquots and thawed at 37°C to dissolve
the SDS.

8. Coomassie stain: 0.25% (w/v) Coomassie brilliant blue in 50% (v/v) methanol.
9. Nitrocellulose membranes.

10. Enhanced chemiluminescence (ECL) reagent.
11. X-ray films.
12. Bradford protein-detection reagent.
13. Blocking solution: 5% low-fat milk in TBST buffer.
14. Stripping buffer: 100 mM 2-mercaptoethanol, 2% SDS, 62.5 mM Tris-HCl (pH 6.7).
15. Bacterial expression vectors: c-Cbl cloned into pGEX vector (Pharmacia

Biotech); HA-tagged ubiquitin, either wild-type or a lysine-less mutant (KO),
cloned into the pET28 plasmid (Novagen). Note: The pET28 vector itself adds a
polyhistidine peptide tag.

16. Bacterial strains: BL21 (DE3) Escherichia coli bacteria (Invitrogen); Rosetta
DE3 pLysS E. coli bacteria (Novagen).

17. Antibiotics: ampicillin (100 mg/mL) and kanamycin (50 mg/mL).
18. 2× YT medium: tryptone (16 g/L), yeast extract (10 g/L), NaCl (15g/L); adjust to

pH 7.0 with NaOH.
19. 100 mM isopropyl-β-D-thio-galactopyranoside (IPTG)
20. Triton X-100, 20% (w/v) stock solution.
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21. Dialysis bag with a 6000–8000 Da nominal molecular weight cut-off.
22. Glutathione elution buffer: 7.5 mM glutathione, 50 mM Tris-HCl (pH 8.0).
23. Agarose beads: Ni2+-conjugated agarose beads; anti-mouse IgG coupled to agar-

ose beads; anti-HA antibodies coupled to agarose beads; anti-FLAG antibodies
coupled to agarose beads. Glutathione-coupled agarose beads.

24. His-wash buffer: 50 mM NaH2PO4, 300 mM NaCl, 20 mM imidazole, 15% (w/v)
glycerol. Adjust pH to 8.0 with NaOH.

25. His-lysis buffer: 50 mM NaH2PO4, 300 mM NaCl, 15% glycerol, 10 mM imida-
zole, 1% Triton X-100, fresh bacterial proteinase inhibitors cocktail (amount as
suggested by the manufacturer); adjust pH to 8.0 with NaOH.

26. His-elution buffer: 50 mM NaH2PO4, 300 mM NaCl, 250 mM imidazole, adjust
pH to 8.0 with NaOH.

27. Rabbit reticulocyte lysate (from a commercial source).
28. In vitro wash buffer: 40 mM Tris-HCl (pH 7.5), 5 mM MgCl2, 2 mM DTT.
29. In vitro ubiquitination buffer: 40 mM Tris-HCl (pH 7.5), 5 mM MgCl2, 2 mM

dithiothreitol, 2 mM ATP, 5 µL rabbit reticulocyte lysate, and 0.2 µg GST-Cbl
protein, per reaction. The enzymes and ATP are unstable in this solution. Hence
it is recommended to prepare this buffer fresh prior to each experiment.

30. Cell growth medium: Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal calf serum (FCS), penicillin (100 U/mL), streptomycin
(0.1 mg/mL), and pyruvate (1 mM).

31. Cell lines: confluent 100-mm plates of A431 cells (these cells express high levels
of EGFR) and similar plates of HEK-293T cells ready for transfection (80%
confluence).

32. Ca2+-phosphate transfection reagent: 1.25 M CaCl2; 2X HBS: 280 mM NaCl, 10
mM KCl, 1.5 mM Na2HPO4, 12 mM dextrose, 50 mM HEPES (pH 7.05). Sterilize
the solution after preparation, and keep it sterile.

Fig. 3. (opposite page) Multiple monoubiquitination of epidermal growth factor receptor
(EGFR) in living cells. (A) Scheme of the experimental procedure. (B) HEK-293T cells trans-
fected with vectors encoding EGFR and c-Cbl together with a mixture of two plasmids encod-
ing Flag-ubiquitin and HA-ubiquitin, either wild-type or 4KR (lysines 11, 29, 48, and 63 are
substituted with arginines). Forty-eight hours after transfection, cells were incubated at 37°C
for 10 min without or with EGF (100 ng/mL). Cell lysates were subjected to three steps of
sequential immunoprecipitation (IP) with the following antibodies: an antiEGFR antibody, an
anti-Flag antibody, and an anti-HA antibody (see A), followed by immunoblotting (IB) with
anti-EGFR or anti-HA antibodies, as indicated (left column). The middle column shows the
respective immunoblotting of 10% of the first immunoprecipitation. The right panel shows
immunoblotting of whole cell lysates with an anti-EGFR antibody. Note that an elongation-
defective mutant of ubiquitin (4KR) yielded a pattern similar to wild-type ubiquitin, which
excludes polyubiquitination of EGFR in living cells. Because successive immunoprecipitation
with two antipeptide tags resulted in smeary receptor patterns, it is conceivable that multiple
lysines of each receptor are simultaneously monoubiquitylated.
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33. Mammalian expression vectors containing the following cDNAs: EGFR; c-Cbl;
HA- or Flag-tagged ubiquitin, either wild-type or a mutant whose lysines 11, 29,
48, and 63 were replaced by arginines (4KR).

34. Starvation medium: cell growth medium containing 0.1% FCS.
35. EGF (100 µg/mL).
36. Immunoprecipitation (IP) elution buffer: 2% SDS, 50 mM Tris-HCl (pH 7.5).

3. Methods
3.1. In Vitro Ubiquitination of EGFR (see Fig. 2 and Notes 1–7)

In this assay, a cell-free system is used to compare the pattern and intensity
of receptor conjugation with either wild-type or lysine-less ubiquitin (KO). A
recombinant E3 ubiquitin ligase (i.e., c-Cbl) and the wild-type and lysine-less
ubiquitins may be prepared in advance and stored at –70°C. The EGFR must
be purified on the day of the experiment.

3.1.1. Purification of a GST-c-Cbl Fusion Protein From Bacteria

This protocol follows the standard protocol of the manufacturer (Pharmacia).
Because full-length c-Cbl is expressed at low levels in bacteria, it is recom-
mended to use large volumes of bacterial cultures (see Note 3).

1. Transform BL-21 E. coli bacteria with a glutathione-S-transferase (GST)-c-Cbl
bacterial expression vector (pGEX) using the heat shock method.

2. Inoculate 10 mL of 2X YT medium supplemented with 10 µL ampicillin (to final
concentration of 100 µg/mL) using a single colony of BL-21 transformed cells.

3. Incubate the cells overnight at 37°C with vigorous shaking.
4. Transfer the 10 mL culture into pre-warmed 2X YT medium (1 L) supple-

mented with 1 mL of ampicillin. Incubate the culture at 30°C with shaking (~250
rpm) until the OD at A600 reaches 0.4.

5. Add 5 mL of the IPTG solution to final concentration of 0.5 mM and continue the
incubation for an additional 4 h.

6. Pellet the bacteria by centrifugation at 2700g for 10 min at 4°C, and resuspend on
ice in 50 mL ice-cold PBS. Disrupt bacteria using sonication, followed by incu-
bation for 30 min at 4°C with 1% Triton X100.

7. Centrifuge at 12,000g for 10 min at 4°C, transfer the supernatant to fresh 50-mL
conical tubes (divide the lysate into two tubes, 25 mL each).

8. Add to each of the tubes 0.5 mL of a 50% slurry of glutathione-agarose equili-
brated with PBS. Incubate for 1 h at 4°C while shaking.

9. Centrifuge the tubes at 1000g for 5 min. Discard supernatant being careful not to
resuspend the beads. Add to the tube 10 mL of ice-cold PBS and mix; repeat this
step three times.

10. Resuspend the beads in 250 µL of PBS. Combine the beads from the two tubes
into a fresh 1.5-mL tube using a trimmed pipet tip.
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11. Remove the PBS from the beads after a short spin at 14,000 rpm using a benchtop
microcentrifuge. Elute the GST-Cbl fusion protein from the beads by adding 1.2
mL of glutathione elution buffer and incubating the tube at room temperature for
10 min. Collect the eluted proteins into a fresh tube. Repeat this step three times.

12. Transfer 20 µL of each elution fraction into a fresh tube and add 4 µL of the 6X
protein gel sample buffer. Make a small hole in the lid of each tube using a needle.
Incubate the sample at 95°C for 5 min, then centrifuge briefly at 14,000 rpm.

13. Load the samples onto a 10% acrylamide SDS-polyacryalmide gel electrophore-
sis (PAGE) minigel using long narrow pipet tips. Run the gel at 100 V for approx
1.5 h (size of GST-Cbl is approx 150 kDa). Stain the gel-resolved proteins by
using a Coomassie stain or equivalent gel stain methods in order to determine
levels of the eluted GST fusion in the series of fractions.

14. Dialyze the fractions containing high levels of GST-Cbl for 24 h at 4°C against
PBS. Replace dialysis buffer at least thrice to reach a 106:1 ratio of PBS to sample.
Proteins can be stored in aliquots at –70°C.

3.1.2. Purification of His-HA-Tagged Ubiquitin From Bacteria
1. Transform Rosetta DE3 pLysS bacteria with His-HA-tagged ubiquitin (either

wild-type or KO mutant) bacterial expression vector (cloned into the pET vector)
using the heat shock method.

2. Inoculate 4 mL of 2X YT medium supplemented with 4 µL of kanamycin (to
final concentration of 50 µg/mL) using a single colony of the Rosetta transformed
cells.

3. Incubate the cells overnight at 37°C with vigorous shaking.
4. Transfer 4 mL of the culture into 400 mL of prewarmed 2X YT medium supple-

mented with 400 µL of kanamycin. Incubate the culture at 30°C with shaking
(~250 rpm) until an OD of 0.5 at A600 is reached.

5. Add 2 mL of the IPTG solution to final concentration of 0.5 mM, and continue
the incubation for an additional 4 h.

6. Weigh empty centrifuge buckets. Transfer the culture into the buckets and pellet
the bacteria by centrifugation at 2700g for 10 min at 4°C. Drain the pellet and
weigh the bucket again to estimate the weight of bacterial pellet.

7. Resuspend the pellet, on ice, in 3 mL of ice-cold His-lysis buffer per gram pellet.
8. Disrupt bacteria using sonication.
9. Centrifuge at 12,000g for 20 min at 4°C and transfer the supernatant to a fresh tube.

10. Add to 4 mL of clear lysate a slurry (50%) of Ni2+-conjugated agarose beads (1
mL). Incubate for 1 h at 4°C while rotating.

11. Centrifuge the tubes at 1000g for 5 min. Discard supernatant while being careful
not to resuspend the beads. Add to the tube 10 mL of ice-cold His-wash buffer,
repeat this step three times.

12. Elute the His-HA-tagged ubiquitin from the beads by adding His-elution buffer
in a volume equivalent to the bead bed volume. Incubate for 20 min at room
temperature with shaking.
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13. Centrifuge for a short spin at 14,000 rpm, collect the supernatant into a fresh tube.
14. Dialyze the His-HA-ubiquitin eluate for 24 h at 4°C against PBS using low mo-

lecular weight cut-off dialysis tubing (discussed previously).
15. Transfer 20 µL of dialyzed protein into a fresh tube and add 4 µL of 6X protein

gel sample buffer. Make a small hole in the lid of each tube, using a needle.
Incubate the sample at 95°C for 5 min, then centrifuge briefly at 14,000 rpm.

16. Run the sample on a SDS-PAGE minigel (15% acrylamide) and Coomassie stain
in order to verify the purity of the prepared ubiquitin. The size of His-HA-
ubiquitin is around 10 kDa. Thereafter, protein concentration should be estimated
by using the Bradford method. Proteins can be stored in aliquots at –70°C.

3.1.3. Immunoprecipitation of EGFR From A431 Cells

For each in vitro ubiquitination reaction receptors are produced from one
confluent 100-mm plate of A431 cells.

1. Remove 20 µL of 50% slurry of anti-mouse IgG-agarose beads per reaction into
a tube and wash twice with 500 µL of solubilization buffer.

2. Resuspend the beads in approx 300 µL of solubilization buffer and add 2 µg of an
anti-EGFR mouse monoclonal antibody per reaction.

3. Incubate the beads with gentle agitation at 4°C for 1 h to allow coupling of the
anti-EGFR antibodies.

4. Wash the beads twice with 1 mL of solubilization buffer and resuspend in 50 µL
of solubilization buffer per reaction.

5. Place a confluent 100-mm plate of A431 cells on ice. Wash the cell monolayer
once with 5 mL of ice-cold PBS.

6. Add to the plate 1 mL of ice cold solubilization buffer. Collect the lysate in a
prechilled 1.5-mL tube using a cell scraper.

7. Vortex the mixture and incubate on ice for 20 min.
8. Spin the tube using a benchtop microcentrifuge at 14,000 rpm for 20 min at 4°C.
9. Transfer the supernatant into a tube containing 50 µL of a slurry of agarose beads

precoupled to an anti-EGFR antibody. For several reactions, precoupling (steps
1–4) can be carried out in a 15-mL tube, and the cleared lysates can be pooled
into this tube.

10. Incubate the tube while gently rotating for one hour at 4°C to allow immunopre-
cipitation of the receptors.

11. Wash the beads twice with 1 mL of HNTG, and then twice with the in vitro wash
buffer. At this stage the receptors are immobilized, purified, and ready for use in
an in vitro ubiquitination reaction.

3.1.4. In Vitro Receptor Ubiquitination Assay
1. Purify EGFR from A431 cells as described in Subheading 3.1.3. If the receptor

protein was pooled, aliquot evenly into separate 1.5-mL tubes, and carefully re-
move residual buffer following brief centrifugation.

2. Thaw aliquots of GST-Cbl (prepared as in Subheading 3.1.1.), His-HA-
ubiquitins, either wild-type or KO (see Subheading 3.1.2. and Note 4), and the
rabbit reticulocyte lysate. Prepare a fresh in vitro ubiquitination buffer.
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3. Add 40 µL of in vitro ubiquitination buffer to each reaction tube on ice. Subse-
quently add 0.5 µg of the purified wild-type or KO ubiquitin.

4. Incubate the tube for 1 h at 30°C with gentle agitation.
5. Wash the beads four times with 1 mL of RIPA buffer.
6. At the end of the last wash, leave approx 40 µL of buffer on top of the beads. Add

to the beads 8 µL of 6X protein gel sample buffer.
7. Make a small hole in the lid of each tube, using a needle. Incubate the sample at

95°C for 5 min, then centrifuge for a brief spin at 14,000 rpm.
8. Load the sample onto a 6.5% acrylamide minigel using long narrow pipet tips.

Run the gel at 100 V for around 1.5 h (size of EGFR is 170 kDa).
9. Transfer the proteins from the gel onto a nitrocellulose membrane, using 200 mA

electrical current (approx 75 min). It is important to keep the transfer buffer cold
during this step.

10. Block the membrane by incubating in a blocking solution for 30 min at room
temperature with shaking.

11. Remove the blocking solution and wash the membrane three times with TBST
buffer. Incubate the membrane with antibody directed either to the HA tag or to
ubiquitin (diluted as suggested by the manufacturer) overnight at 4°C with con-
stant shaking.

12. Remove the antibody from the membrane and wash three times (5 min each) with
TBST. Add the appropriate secondary antibody conjugated to HRP to the mem-
brane and incubate for 30 min with shaking at room temperature.

13. Wash the membrane three times with TBST. Develop the blot using an ECL kit,
according to the manufacturer’s instructions. Expose to an x-ray film. The mem-
brane can be further stripped and blotted for the receptor as indicated in Sub-
heading 3.2.3., step 4 (see Notes 5–7).

3.2. Receptor Ubiquitination in Living Cells Analyzed by Sequential
Immunoprecipitation (see Fig. 3)

3.2.1. Cell Transfection and Preparation of Cleared Cell Lysates

1. Transfect four plates of HEK-293T cells (see Note 10) using the Ca2+-phosphate
method. Two plates are to be transfected with plasmids encoding EGFR and c-
Cbl, together with vectors for wild-type ubiquitin conjugated to an HA tag and an
ubiquitin conjugated to a Flag tag. The other two plates are transfected with EGFR
and c-Cbl plasmids, together with a plasmid-driving expression of ubiquitin-4KR,
an ubiquitin mutated in all of four lysines known to form ubiquitin branching
(i.e., lysines 11, 29, 48, and 63). Both HA- and Flag-tagged 4KR-ubiquitins are used.

2. Thirty-six hours after transfection, replace the cell medium with 5 mL of starvation
medium.

3. Forty-eight hours after transfection, prepare fresh solubilization buffer (it is ad-
vised to perform Subheading 3.2.2., steps 1–3 at this time). Prewarm to 37°C 10
mL of starvation medium and 10 mL of starvation medium containing 10 µL of
EGF (final concentration 100 ng/mL).
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4. Aspirate the medium from the cells and add starvation medium to one of the
plates that was transfected with wild-type ubiquitin and to one of the plates trans-
fected with 4KR-ubiquitin. Add medium containing EGF to the other two plates.

5. Transfer the cells to a 37°C incubator and incubate for 10 minutes.
6. At the end of the incubation, place the cells in an ice bucket. Gently wash the

cells with 4 mL of ice-cold PBS (Note: HEK-293T cells easily detach from the
plate), and add to the plate 1 mL of solubilization buffer.

7. Collect the lysate in a prechilled 1.5-mL tube using a cell scraper. Vortex mix the
tube and incubate on ice for 20 min.

8. Spin the tube using a benchtop microcentrifuge at 14,000 rpm for 20 min at 4°C
and transfer the supernatant into a fresh tube.

9. Perform a Bradford assay to ensure equal loading of proteins in the immunopre-
cipitation reaction.

3.2.2. Sequential Immunoprecipitation

1. Remove 100 µL of 50% slurry of anti-mouse IgG-agarose beads into a tube and
wash twice with 500 µL of solubilization buffer.

2. Resuspend the beads in approx 300 µL of solubilization buffer and add 10 µg of
an anti-EGFR mouse monoclonal antibody.

3. Incubate the beads with gentle agitation at 4°C for 1 h to allow coupling of the
anti-EGFR antibodies.

4. Wash the beads twice with 1 mL of solubilization buffer and resuspend them in
200 µL of solubilization buffer.

5. Aliquot 50 µL of the beads into four 1.5-mL tubes using a trimmed pipet tip and
add equal amounts of total cell lysate (prepared as described under Subheading
3.2.1.). Note: Take as much as possible from the sample containing the least
amount of protein and respective volumes from the other samples.

6. Incubate the tube while gently rotating for 1 h at 4°C to allow immunoprecipita-
tion of the receptors.

7. During incubation, remove 100 µL of 50% slurry of agarose precoupled to an
anti-Flag antibody. Place beads into a tube and wash twice with 1 mL of solubi-
lization buffer. Resuspend the beads in 200 µL of solubilization buffer and ali-
quot 50 µL of the beads into four 1.5-mL tubes. Add to the tube 900 µL of
solubilization buffer.

8. After the immunoprecipitation, wash the beads three times with HNTG (1 mL each).
9. After the last wash, transfer 100 µL of beads resuspended in HNTG into a fresh

tube using a trimmed pipet tip (this is 10% of the amount of receptor subjected to
immunoprecipitation). Pellet the beads by short centrifugation, aspirate the buffer
and leave approx 40 µL of buffer on top of the beads. Add to the beads 8 µL of
6X protein gel sample buffer. This is the first IP sample.

10. Centrifuge the remaining beads for a short spin, aspirate the medium, and elute
the immunoprecipitated EGFR from the beads by adding 50 µL of IP elution
buffer, mixing the tube, and incubating at 95°C for 5 min (make a small hole in
the lid of each tube using a needle). Thereafter, centrifuge the tube briefly at
14,000 rpm.
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11. Transfer the supernatant to a tube containing agarose beads conjugated to anti-
Flag antibodies. Incubate the tube, while gently rotating, for 1 h at 4°C, to allow
immunoprecipitation of the receptors that were conjugated with Flag-ubiquitin.

12. At the time of the incubation, remove 100 µL of a 50% slurry of anti-HA
precoupled agarose beads and repeat step 7.

13. After the Flag-immunoprecipitation, repeat steps 8–10 ending with the second IP
sample (10% of the anti-Flag IP) and the eluant from the Flag immunoprecipitation.

14. Transfer the supernatant to the tube containing the anti-HA conjugated beads and
perform immunoprecipitation for 1 h.

15. Wash the IP as above, and at the last wash leave approx 40 µL of buffer on top of
the beads. Add to the beads 8 µL of 6X protein gel sample buffer, and heat the
sample as above. This is the third IP sample.

16. At the end of the immunoprecipitation steps there will be three protein samples
from each plate: first IP (10% of the anti-EGFR IP); second IP (10% of the anti-
FLAG IP); and third IP (the whole anti-HA IP). Make a small hole in the lid of
each tube using a needle. Heat the samples at 95°C for 5 min; centrifuge briefly.

3.2.3. Western Blot Analysis

1. Separate the proteins by SDS-PAGE using 6.5% acrylamide gels (see Note 7),
and electrophoretically transfer the proteins onto a nitrocellulose membrane (as
detailed under Subheading 3.1.4., steps 8 and 9).

2. Block the membrane by incubating in a blocking solution for 30 min at room
temperature (with shaking).

3. Remove the blocking solution and wash the membrane three times with TBST
buffer. Incubate the membrane with an antibody directed to the EGFR overnight at
4°C with constant shaking. Thereafter, follow the protocol under Subheading
3.1.4., steps 12 and 13.

4. In order to confirm that the immunoprecipitated receptors in the third IP are in-
deed conjugated with both HA- and Flag-ubiquitins, antibodies on the membranes
are stripped by incubating the membrane in a stripping buffer for 30 min at 50°C.
Extensively wash the blots with TBST, block the membrane as described previ-
ously and reprobe the blot with an anti-Flag antibody, and then with an anti-HA
antibody.

4. Notes
1. Because reticulocyte lysate contains ubiquitin, one potential concern is that the

endogenous wild-type ubiquitin may be incorporated in mixed chains with the
ectopic, peptide-tagged ubiquitin, which could complicate interpretation of the
results.  However, the level of ectopic ubiquitin used in this assay is considerably
in excess and therefore competes out the endogenous protein in the reaction. This
can be controlled by examining receptor ubiquitination in the absence of ectopic
ubiquitin. An alternative approach is to use an ubiquitin-free fraction of reticulo-
cyte lysates (fraction II) (9). A more stringent approach is to employ individual
components, i.e., recombinant E1, specific E2s, recombinant c-Cbl, and ubiquitin.
In this case, the reaction generates predominantly a monoubiquitylated receptor,
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regardless of whether wild-type or KO ubiquitin is used, which indicates that
further factors are probably involved in causing multiubiquitination (8).

2. The in vitro system is useful to study other aspects of EGFR ubiquitination. For
instance, the assay can be employed to determine whether a given protein is an
EGFR-directed E3 ligase. Here, c-Cbl is simply replaced with the putative ligase.
Also, the method can be used to clarify the regions in the receptor directly in-
volved in its ubiquitination. To achieve this, receptors are mutated as desired,
produced in highly expressing cells such as human kidney cells (HEK-293T) or
Chinese hamster ovary (CHO) cells, and subjected to the in vitro reaction.

3. All prepared proteins (e.g., GST-c-Cbl and HA-tagged ubiquitin) should be kept
frozen at –70°C. These proteins are sensitive to repeated cycles of freezing and
thawing, and thus it is better to freeze them in small aliquots that will be thawed
prior to each experiment.

4. The 4KR ubiquitin mutant used in receptor ubiquitination assays is mutated at
four lysine residues, which are known to serve as elongation sites. It does, how-
ever, retain three additional lysines at positions 6, 27, and 33. These residues
were not modified for the in vivo assay because a lysine-less mutant is generally
observed to be poorly expressed.  In contrast, the in vitro ubiquitination assay
enables the use of a lysine-less (KO) mutant since its expression and efficacy in
the reaction cascade is unaffected compared to the wild-type protein.

5. A number of controls may be used to validate the specificity of the in vitro reac-
tion. First, the assay can be performed in the absence of ATP or in the presence of
an inactive form of Cbl in which the E2 or substrate recognition sites are defec-
tive (6,10). Under such conditions, very little or no ubiquitination should be ob-
servable. Second, the efficacy of KO ubiquitin as a chain terminator can be
checked using substrates known to undergo polyubiquitination but not
multiubiquitination (e.g., β-catenin, Iκβ, or p105 of NF-κB).

6. The intensity of the signal can affect the analysis of such experiments. If too
weak, the signal can be improved by calibrating increasing amounts of ubiquitin
in the reaction mixture. Alternatively, a more sensitive approach is to radiolabel
the recombinant ubiquitins with 125I prior to the reaction.  In this case, the poly-
acrylamide gel is dried after electrophoresis and exposed directly to x-ray film.

7. When running gels to be blotted for ubiquitination, it is advisable to use 10-well
combs rather than the 15-well combs. The wider lanes better resolve high mo-
lecular weight smears of ubiquitylated proteins.

8. A simpler version of the sequential triple IP method is to perform only a double
IP, for example, for the receptor and one of the ubiquitin tags, and blot for the
second tag. Thus, a receptor is isolated that is conjugated to the 4KR ubiquitin
mutant, and subsequent detection using an antibody directed to the other tag is
indicative of multiubiquitination. This approach is simpler and yields a stronger
signal, but on the other hand, the chances for increased background are also
higher.

9. Alternative tags, other than HA and Flag (e.g., His or Myc), can be used. However,
there are two points to take into consideration when choosing a tag. First, the tag
should be applicable both for immunoprecipitation and for immunoblotting. Sec-
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ond, a peptide tag should retain its ability to be immunoprecipitated even after
heating at 95°C. GST tag, for example, does not bind glutathione after such treat-
ment and therefore cannot be pulled down.

10. Other cell lines can be used in ubiquitination experiments, but it is better to use
highly expressing cells since proteins are analyzed after three rounds of IP. In
addition, it is recommended to use cells that express low levels of endogenous
EGFR, such as CHO or HEK-293T, in order to prevent saturation of the beads
with receptors from cells that were not transfected with the peptide-tagged
ubiquitin.
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Assays to Monitor Degradation of the EGF Receptor

Mirko H. H. Schmidt and Ivan Dikic

Summary
Recently the life cycles of receptor tyrosine kinases (RTKs) have become a focus of

signal transduction research. Ligand-induced ubiquitination of RTKs followed by their
internalization and degradation has, in particular, been extensively studied. This chapter
describes the basic methods used to measure ubiquitination and degradation of RTKs
using the example of the epidermal growth factor receptor (EGFR). Common sources for
endogenous and recombinant EGFR as well as cell lines used to conduct receptor down-
regulation assays are described. Monitoring of ubiquitination and degradation of the
EGFR subsequent to stimulation with the receptor ligand EGF is described. Finally, pro-
tocols to quantitatively measure degradation of the EGFR by pulse chase experiments or
using radiolabeled ligands such as 125I-EGF are presented.

Key Words: Casitas B-lineage lymphoma (Cbl); degradation; downregulation; en-
docytosis; epidermal growth factor receptor (EGFR); internalization; monoubiquitination;
polyubiquitination; receptor tyrosine kinase (RTK); ubiquitin; ubiquitination.

1. Introduction
Receptor tyrosine kinases (RTKs) are cell membrane-spanning proteins that

transmit signals via the cellular membrane by binding to specific stimulators
on the outside of the cell (1). Association with such a ligand often causes oligo-
merization of the receptor that initiates an intracellular signaling cascade, which
in turn affects cell proliferation, cellular adhesion or apoptosis (1). In order to
regulate the lifetime of this system, activated RTKs also initiate a negative-
feedback loop that eventually leads to the removal of the RTK complex from
the cell membrane by endocytosis (2). Recent studies have shown that this
process is mediated by ubiquitin ligases such as the members of the Cbl protein
family, which are recruited to activated RTKs (i.e., the EGFR) and are acti-
vated by phosphorylation during this process (3,4). This leads to the transloca-
tion of intracellular C-Cbl-interacting protein of 85 kDa (CIN85)-endophilin
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complexes to Cbl, and by the action of endophilins it causes a negative curva-
ture of the plasma membrane, which initiates endocytosis (5,6). Cbl-mediated
multiple monoubiquitination of RTKs that occurs in parallel directs the recep-
tor containing vesicle to a degradation route and thereby leads to the termination
of the RTK signal (7,8).

In this chapter we will present methods that can be used to display and mea-
sure the processes described above. Expression and immunoprecipitation stud-
ies will show how the EGFR becomes associated with Cbl proteins subsequent
to stimulation with EGF and how this leads to the covalent attachment of
ubiquitin moieties to the receptor. In parallel, the amount of EGFR as detected
in Western blots decreases. We will present a protocol that describes how this
decrease can be quantified by a pulse chase assay. Finally, we will show how
the amount of receptor physically present at the cellular surface can be mea-
sured by radiolabeled 125I-EGF using a gamma counter and how this value de-
creases over time when the EGFR is exposed to its ligand EGF. We describe
three major variations of how to monitor ligand-induced downregulation of
RTKs using as an example EGFR. (For additional approaches and methodolo-
gies to assess receptor downregulation in general, the reader is referred to Chap-
ters 8 and 10.)

2. Materials
2.1. Immunoprecipitation and Immunoblotting
2.1.1. Materials for the Expression of Recombinant Proteins
in Mammalian Cells

1. Dulbecco’s modified Eagle’s medium (DMEM) + penicillin/streptomycin + 10%
fetal calf serum (FCS).

2. Serum-free DMEM.
3. DMEM + 2X penicillin/streptomycin + 20% FCS.
4. Mammalian expression plasmids encoding for EGFR, Cbl, and Flag-tagged

ubiquitin.
5. Transfection reagents such as lipofectamine (Invitrogen; see Note 1).
6. 100 mg/mL human recombinant EGF (BD, Sigma) stock solution.
7. Liquid nitrogen.

2.1.2. Immunoprecipitation

1. Lysis buffer: 50 mM hydroxyethyl piperazine ethane sulfonate (HEPES) (pH 7.5),
150 mM NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA), 1 mM ethylene
glycol tetraacetic acid (EGTA), 10% glycerol, 1% Triton X-100, 25 mM NaF, 10
µM ZnCl2. Store at 4°C. Prior to use add 1 mM sodium orthovanadate, 1 mM PMSF,
10 µg/mL aprotinin and 2 µg/mL leupeptin (see Note 2).

2. Anti-EGFR, anti-Cbl, and anti-Flag (M2, Sigma) antibodies (see Note 3).
3. Protein A-Agarose conjugate (Roche; see Note 4).
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4. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample
buffer (see Note 5).

2.1.3. Immunoblotting (see Note 6)

1. SDS-PAGE and blotting system (BioRad, Invitrogen).
2. Prestained protein markers (BioRad, Invitrogen).
3. Nitrocellulose membrane 0.4 µm (Osmonics)
4. Anti-EGFR, anti-Cbl, anti-Flag (M2, Sigma), and anti-phosphotyrosine antibodies.
5. Horseradish peroxidase (HRP)-conjugated secondary antibodies and HRP-con-

jugated protein A.
6. Tris-buffered saline (TBS): 20 mM Tris-HCl (pH 7.5), 150 mM NaCl.
7. TBST: 0.5% Triton X-100 in TBS.
8. Blocking solution 1: 5% bovine serum albumin (BSA) in TBS.
9. Blocking solution 2: 5% milk powder in TBS.

10. Chemiluminescence detection system.

2.2. EGFR Pulse Chase Assay

1. See Subheading 2.1.
2. Promix (Amersham-Pharmacia).
3. Gel drying system (BioRad).
4. Phosphoimager system (BioRad).
5. Cycloheximide (optional).

2.3. 125I-EGF Receptor Downregulation Assay

1. F12K medium (Kaighn’s modification) + penicillin/streptomycin + 10% FCS.
2. Serum-free F12K.
3. Mammalian expression plasmids encoding for EGFR and Cbl.
4. Transfection reagents such as lipofectamine (Invitrogen; see Note 1).
5. Internalization medium: F12K + 0.1% BSA + 10 mM HEPES (pH 7.5).
6. Stripping solution: phosphate-buffered saline (PBS) + 0.1% BSA (pH 3.4 with

acetic acid).
7. Cell lysis solution: 1 M NaOH (see Note 7).
8. 100 mg/mL human recombinant EGF (BD, Sigma) stock solution.
9. 5 µCi 125I-EGF human recombinant EGF (Amersham-Pharmacia; see Note 8).

10. Gamma counter (1470 Wizard, Perkin Elmer; see Note 9).

3. Methods
3.1. EGFR Downregulation Measured by Immunoprecipitation
and Immunoblotting (see Note 10)
3.1.1. Expression in Mammalian Cells (HEK293) and Incubation With EGF

1. Human embryonic kidney (HEK)293 cells (see Note 11) are cultured under stan-
dard conditions (37°C, 5% CO2, 95% humidity) in DMEM (10% FCS plus anti-
biotics) and are harvested 3 d prior to the experiment.

2. 200,000 to 500,000 cells per well are seeded in a six-well plate.
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3. The next day, at 80% confluence, cells are transfected with 1 µg of EGFR encod-
ing plasmid (pRK5-EGFR), 0.5 µg of Cbl encoding plasmid (pRK5-Cbl), and 1
µg of Flag-tagged ubiquitin encoding plasmid (pcDNA3-Ub-Flag) (see Note 12)
using 5 µL of lipofectamine (Invitrogen) per well in 1.2 mL of serum-free me-
dium according to the manufacturer’s guidelines (see Note 1).

4. Five hours later 1.2 mL of medium containing the double amount of serum and
antibiotics is added (see Note 13).

5. The next day medium is very carefully exchanged to 1 mL of serum-free medium.
6. Twenty hours later EGF-stimulation experiments are performed (see Note 14).
7. 1 mL of serum-free medium containing 100 ng/mL of human recombinant EGF

is added and cells are incubated at 37°C for individual time points, usually 0, 2,
5, 10, 30, and 120 min. The well marking time point zero receives 1 mL of se-
rum-free medium only (see Note 15).

8. After the incubation medium is removed, cells are frozen in liquid nitrogen. Cells
can be stored at –80°C until immunoprecipitation is performed.

3.1.2. Cell Lysis and Immunoprecipitation

1. Frozen cells on a six-well plate are thawed on ice (see Note 16). Then 1 mL of
lysis buffer is added and the suspension is incubated for 10 min on ice.

2. Cells are scraped off with a cell lifter and transferred to a 1.5-mL tube.
3. Tubes are centrifuged for 15 min at 4°C and 16,200g in order to remove cellular

debris.
4. Supernatant is transferred to a fresh tube and 50 µL of the solution is mixed with

SDS-PAGE sample buffer (called total cell lysate [TCL]).
5. The rest is incubated with an anti-EGFR antibody known to have high specificity

and binding efficiency (i.e., 0.3 µL MAb 108) and rotated at 4°C for 30 min. The
amount of other antibodies needs to be titrated.

6. Subsequently, 30 µL of protein A-agarose conjugate (Roche; see Note 4) are
added and the suspension is incubated for 2 h up to overnight at 4°C.

7. Agarose beads are collected by centrifugation for 2 min at 4°C and 16,200g.
8. Supernatant is removed, beads are washed with 1 mL of lysis buffer, and recol-

lected by centrifugation.
9. After the third washing step, supernatant is removed and beads are centrifuged

for 30 s at 4°C and 16,200g. Excessive liquid is removed by vacuum suction.
10. Agarose beads are suspended in 30 µL of SDS-PAGE sample buffer (see Note 5)

and heated at 95°C for 5 min.
11. Subsequently, samples are transferred on ice and may be stored at –80°C until

further analysis (see Note 17).

3.1.3. Immunoblotting (see Note 6)

1. SDS-PAGE should be performed according to standard procedures. In brief, pre-
pare gels with 4% stacking gel and 7% separation gel in a Tris-glycine system or
use precasted 4–12% gradient gels (Invitrogen).

2. Thaw samples on ice and boil at 95°C for 5 min. Then cool on ice and precipitate
agarose beads by centrifugation for 5 min at 4°C and 16,200g.
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3. Load 10 µL of sample solution per well and flank samples by prestained markers
(see Note 18).

4. Run Tris-glycine gels for approx 1 h at 0.02 A per gel, Invitrogen gels according
to the manufacturer’s guidelines.

5. Transfer proteins from the gel onto nitrocellulose membrane (see Note 19) using
a standard blotting procedure.

6. Block membrane for >30 min with blocking solution 1.
7. Incubate membrane for 1 h with anti-EGFR antibody or anti-Cbl antibody in

blocking solution 1 to detect EGFR and Cbl levels in immunoprecipiates and
TCL. Additionally, use anti-Flag antibody (M2, Sigma) to detect attachment of
Flag-ubiquitin to EGFR molecules in immunoprecipitates and TCL. Addition-
ally, detect EGFR phosphorylation by using any phosphotyrosine-specific anti-
body (i.e., PY99, Santa Cruz Biotechnology).

8. Remove the antibody solution and wash membranes four times for 5 min with
TBST.

9. Incubate membranes for 1 h with a 1:6000 dilution of secondary antibody or a
1:7000 dilution of HRP-conjugated protein A in blocking solution 2.

10. Remove antibody solution and wash membranes two times for 5 min with TBST
and three times for 10 min in TBS.

11. Develop the blots using any chemiluminescence system (see Note 20).

3.2. Monitoring EGFR Levels by Pulse Chase (see Note 21)

1. HEK293 cells are transfected with EGFR and Cbl expression plasmid (see Sub-
heading 3.1.1.).

2. The next day cells are incubated at 37°C in DMEM depleted of cysteine and
methionine (Sigma) for 1 h.

3. Medium is removed and cells are labeled with Promix (50–100 µCi/mL) in 1 mL
of standard serum-free medium containing cysteine and methionine for 2–5 h.

4. EGF stimulation is performed with 50 ng/mL EGF as described above (see Note 22).
5. Medium is removed, cells are washed two times in ice-cold serum-free medium.

Cells are lysed, EGFR is immunoprecipitated (see Subheading 3.1.2.) and pro-
teins are resolved by SDS-PAGE (see Subheading 3.1.3.).

6. The gel is dried for 2 h at 85°C using a gel-drying system (BioRad).
7. The 35S signal of precipitated EGFR is measured and quantified using a

phosphoimager system (BioRad) (see Note 23).

3.3. Quantification of Membrane Standing EGFR by 125I-EGF Labeling
(see Note 8)

1. Chinese hamster ovary (CHO)-K1 cells are cultured under standard conditions
(37°C, 5% CO2, 95% humidity) in F12K medium (Kaighn’s modification), in-
cluding 10% FCS plus antibiotics and are harvested 3 d prior to the experiment.

2. 1,000,000 cells are seeded in a 10-cm cell culture dish.
3. The next day at 80% confluence cells are transfected with 2 µg of EGFR express-

ing plasmid (pRK5-EGFR) and 1.5 µg of Cbl expressing plasmid (pRK5-Cbl)
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(see Note 12) using 15 µL of lipofectamine (Invitrogen) per well in 6 mL of
serum-free medium according to the manufacturer’s guidelines (see Note 24).

4. Five hours later, medium is removed and changed to standard incubation medium.
5. The next day, cells are split into the wells of a 12-well plate.
6. At d 3 cells are washed two times with serum-free medium.
7. Internalization of the EGFR is initiated with 50 ng/mL of EGF for various time

points between 0 and 60 min. Each time point is measured in triplicate.
8. Plates are transferred on ice, and each well is incubated with ice-cold stripping

solution for 5 min to remove surface-bound EGF.
9. Plates are washed two times with ice-cold internalization medium.

10. Cells are incubated with 500 µL of internalization medium contain approx
100,000 counts of 125I-EGF for 1 h.

11. Supernatant is removed, and cells are washed two times with ice-cold internal-
ization medium.

12. Cells are lysed with 500 µL of 1 M NaOH solution (see Note 7) for 15 min.
13. Lysates are measured in a γ counter (1470 Wizard, Perkin Elmer; see Note 9).

4. Notes
1. Any other transfection reagent may be used. Calcium-phosphate-based methods

work fine for HEK293 cells. In brief, 1–2 million HEK293 cells are seeded per
10-cm dish and transfection is performed the next day. A mixture of 437 µL of
TE buffer (10 mM Tris, pH 7.9, and 0.1 mM EDTA) containing a maximum of
20–30 µg DNA is combined with 63 µL of 2 M CaCl2 solution. Solution is slowly
added to 500 µL of 2X HBS solution (50 mM HEPES [pH 7.12], 280 mM NaCl,
10 mM KCl, and 1.5 mM Na2HPO4) along a 1-mL pipet under permanent bub-
bling in order to form a fine DNA precipitate. Please note that the pH of HBS
depends on the cell line to be transfected. Solution is added to cells under perma-
nent shaking of the cell culture dish and incubated in the cell culture incubator
for 4–5 h. Subsequently, medium is replaced by fresh medium, and cells may be
harvested after 24 to 48 h.

2. Phosphatase and proteinase inhibitors should be stored in separate containers at
–20°C until used. PMSF is unstable in water and toxic but can be replaced by
AEBSF (Sigma) or Pefabloc SC (Fluka).

3. Anti-Flag M5 antibody may also be used, but is more sensitive than M2 and can
result in a strong background staining of the blot.

4. Any other protein A–agarose is fine. Some antibodies do not bind to protein A. In
this case protein G–agarose should be used. Chicken antibodies are difficult over-
all in immunoprecipitation experiments. A protein A/G combination can be used,
but usually with a low pull-down efficiency.

5. Any self-made or commercial Laemmli buffer is fine. However, one should take
care that the agarose beads are resolved in a 2X concentrated SDS-PAGE sample
buffer.

6. Other blotting methods should be fine as well. However, we achieved highest
sensitivity through the combination of Tris-glycine or Invitrogen gels for SDS-
PAGE, nitrocellulose membrane for blotting, HRP-conjugated secondary anti-
bodies for immunodetection, and a chemiluminescence system for visualization.
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7. Any other lysis buffer may be used.
8. Special caution is necessary while working with γ radiation; please contact your

radiation safety department for further information. In brief, a 3-mm lead foil is
adequate to block γ radiation. However, evaporation of radioactive material is
critical since it might be incorporated into the thyroid. Therefore, experiments
should be done in a hood.

9. Liquid scintillation counters able to detect 125I can be used.
10. In this assay it is demonstrated how immunoprecipitated EGFR becomes

ubiquitinated and degraded in response to EGF stimulation. However, the effect
is also measurable in the TCL fractions. Loading approximately 5 µL of TCL and
blotting for EGFR while coexpressing pcDNA3-Ub-Flag leads to an EGFR band
that becomes “smeary” after stimulation with EGF. This is due to the attachment
of ubiquitin moieties and secondary modifications of the receptor but not to
polyubiquitination, because co-expression of a pcDNA3-Ub-mut-Flag vector that
encodes an ubiquitin molecule with three mutations thus unable to form ubiquitin
chains causes the same “smeary” pattern. Eventually, EGFR band and smear start
to disappear subsequent to stimulation with EGF.

11. Any cell line can be used to perform this experiments, but HEK293 have been
shown to be easily transfected and handled. However, in order to avoid transfec-
tion of recombinant EGFR, cell lines can be used that express high amounts of
endogenous EGFR, such as HeLa cervix carcinoma cell line, SW480 colon carci-
noma cell line, as well as U87 and LNZ308 glioma cell lines. These cell lines are
more difficult to transfect (Invitrogen’s LP2000 or Roche’s Fugene 6 may be
used), and they are of tumorogenic origin, which represents a problem for the
subsequent data analysis. Signaling pathways in these cell lines might be altered
in a tumor-type-specific manner.

12. DNA amount depends strongly on the expression plasmid used and must be tested
up front.

13. Transfection medium can also be removed and be replaced by standard cultiva-
tion medium containing FCS. However, the proposed procedure is preferred be-
cause HEK293 cells do easily detach during medium exchange. This loss of cells
leads to variations in the amount of transfected cells and makes it more difficult
to reach a stable expression level of recombinant proteins.

14. At this stage HEK293 cells are barely attached to the cultivation dish. Cells must
be handled very carefully because every bump may lead to the complete detach-
ment of cells, which terminates the experiment.

15. The no-EGF control also receives serum since the mechanical force caused by
pipetting can induce a weak activation of transfected EGFR.

16. Cells will look “wet” when thawed.
17. Freezing and storing time should be minimal since phosphates tend to fall off

their proteins, which is a problem if the phosphorylation status of a protein is to
be checked.

18. The markers will help you later on if you intend to cut your membrane into sev-
eral pieces to detect multiple proteins on a single blot.
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19. Polyvinylidine fluoride (PVDF) membrane will also work but cannot effectively
be stripped for further use.

20. Afterwards blot may be stripped of antibody for 10 min in 0.2 M NaOH solution to be
reused.

21. Special caution is necessary while working with 35S; please contact your radia-
tion safety department for further information. Evaporation of radioactive mate-
rial is critical, and all experiments should be done in a hood.

22. Effects can be intensified by addition of 60 µg/mL cycloheximide to the cell cul-
ture medium for an additional 1 h before and during the EGF-stimulation experi-
ment (CHX chase).

23. If you do not have a gel dryer and phosphoimager system, you can also perform
a Western blot after the SDS-PAGE and detect the 35S signal by an x-ray film.

24. The cell density is very critical. If CHO cells are too dense, they will not effec-
tively express any transfected plasmid. If cells are not dense enough, they will
die from the lipofectamine. If you are not experienced, you should test your trans-
fection protocol before running a big experiment.
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Assessment of Degradation and Ubiquitination
of CXCR4, a GPCR Regulated by EGFR Family Members

Adriano Marchese

Summary
The ErbB2/HER2 receptors are aberrantly expressed in certain mammary epithelial

cancers. A recent study has shown that in a subset of these breast cancers, the HER2
receptors contribute to increased cell surface levels of the chemokine receptor CXCR4,
which in turn results in increased metastasis of the breast cancers. Therefore, informa-
tion concerning the mechanisms regulating CXCR4 receptors levels is essential to our
understanding of its role in cancer cell metastasis. CXCR4 is a member of the G protein-
coupled receptor (GPCR) family, and herein we describe methods to monitor the
ubiquitination, degradation, and downregulation of CXCR4.

Key Words: ErbB2/HER2; CXCR4; chemokine; ubiquitination; endocytosis; SDF-
1; downregulation; G protein-coupled receptor.

1. Introduction
Multiple factors contribute to cancer metastasis, but detailed cellular and

mechanistic insight into this process is lacking. Recently, a subset of
chemokines and their cognate receptors has been implicated in breast cancer
metastasis (1). Chemokines belong to a group of low molecular weight,
cytokine-like proteins that act through G protein-coupled receptors (GPCRs)
to mediate leukocyte chemotaxis (2). Recent developments have revealed that
the chemokine receptor CXCR4, whose cognate ligand is stromal-cell-derived
factor 1α (SDF-1α; CXCL12), is overexpressed in a subset of breast cancers,
which appears to contribute to the metastatic potential of breast cancer cells to
organs that express CXCL12 (1). In addition, CXCR4 expression appears to be
increased in several other types of cancer including lung (3,4), prostate (5),
and pancreatic cancer (6). However, the mechanisms contributing to increased
expression of CXCR4 remain largely unknown.
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CXCR4 expression levels are regulated by multiple pathways, including at
the level of transcription (7), translation (8), and posttranslationally (9). In-
triguingly, a recent study has suggested that aberrant regulation of CXCR4
protein levels may contribute to metastasis of some cancers in which HER2 is
overexpressed (8). HER2 is a receptor tyrosine kinase belonging to the epider-
mal growth factor receptor family (10). It is activated by homodimerization or
by growth factors upon heterodimerization with other members of the ErbB2
family (10). Aberrant HER2 expression is observed in approx 30% of breast
cancers and is an important therapeutic target in breast cancer therapy (11).
Herceptin, an anti-HER2 monoclonal antibody, has proven to be effective
therapy in breast cancers in which HER2 is overexpressed. A recent study has
linked HER2 overexpression to CXCR4 overexpression in a subset of breast
cancers (8). It appears that aberrant HER2 expression impairs the ability of
CXCR4 to become ubiquitinated and thus degraded, thereby contributing to
higher than normal cell surface levels of CXCR4. The increase in CXCR4 lev-
els contributes towards increased metastasis of the cancer cells. This link be-
tween overexpression of HER2 and increase in cell surface CXCR4
underscores the need to study the regulation of CXCR4 turnover with a view of
designing strategies to decrease CXCR4 activity or amounts in breast cancers.

CXCR4 regulation is complex and involves the sequential and concerted
action of several distinct proteins. Upon agonist stimulation, CXCR4 under-
goes rapid internalization through clathrin-coated pits in a G protein-coupled
receptor kinase (GRK)- and arrestin-dependent manner (12). Also, CXCR4 is
regulated by ubiquitin modification upon agonist activation (see Fig. 1).
CXCR4 undergoes agonist-dependent monoubiquitination, which serves as an
endosomal sorting signal targeting the receptor to lysosomes for degradation
(9). Mechanistic insight into this process has revealed that the Nedd4-like
HECT domain E3 ubiquitin ligase AIP4 mediates agonist-dependent ubiquitin-
ation of CXCR4 at the plasma membrane, revealing that the ubiquitination
status of the receptor correlates with its ability to be degraded (13). Recently a
new study revealed that HER2 directly regulates CXCR4 receptor levels by
blocking the ability of the receptor to become ubiquitinated and thus degraded,
thereby contributing to increased CXCR4 levels on the surface of the plasma
membrane, which then leads to greater cancer metastasis (8).

Here we describe relatively straightforward methods that we have used to
detect CXCR4 degradation and ubiquitination in a rapid and highly accurate
manner. These protocols can be applied to any number of receptors either
overexpressed or endogenous from several different cell lines.

2. Materials
1. HeLa cells (American Tissue Type Collection) and human embryonic kidney

cells (Microbix, Toronto, ON).
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2. DNA expression constructs: HA-tagged CXCR4 in pcDNA3; 3X FLAG-tagged
ubiquitin in pCMV-10.

3. Antibodies: anti-CXCR4 (2B11); anti-HA (Covance, Berkeley, CA); anti-FLAG
M2 (Sigma, St. Louis, MO); anti-β-tubulin (Accurate Chemical and Scientific
Corporation, Westbury, NY); anti-mouse IgG conjugated with horseradish per-
oxidase (Vector Laboratories, Burlingame, CA); anti-rat IgG conjugated with
horseradish peroxidase (Jackson Lab).

4. Phosphate-buffered saline (PBS): 137 mM NaCl, 2.7 mM KCl, 10.22 mM
Na2HPO4, 1.7 mM KH2PO4 (pH 7.4).

5. 2X Sample buffer for electrophoresis: 0.0375 M Tris-HCl (pH 6.5), 8% sodium
dodecyl sulfate (SDS), 10% glycerol, 5% β-mercaptoethanol, 0.003% bromophe-
nol blue.

Fig. 1. Overexpression of HER2 contributes to increased cell surface levels of
CXCR4 leading to increased cell migration. Upon agonist (CXCL12) binding, CXCR4
is internalized via clathrin-coated pits through an arrestin- and GRK-dependent path-
way (12). In addition, upon agonist binding CXCR4 is rapidly monoubiquitinated by
the E3 ubiquitin ligase AIP4 (13). The ubiquitin moiety (Ub) serves as a sorting signal
to enter the multivesicular body (MVB) for subsequent degradation of the receptor in
lysosomes. Overexpression of HER2 attenuates the ubiquitination of CXCR4 by an
unknown mechanism and subsequent targeting to lysosomes, leading to increased lev-
els of CXCR4 (8). Mistargeting to lysosomes could potentially lead to recycling of
CXCR4 back to the cell surface. The increased surface expression of CXCR4 makes
the cells more responsive to CXCL12 stimulation and can result in increased metastasis.
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6. 10% SDS–polyacrylamide (PAGE) gels
7. Tris-buffered saline (50 mM Tris-HCl [pH 7.4], 150 mM NaCl) containing

0.05% Tween-20 (TBST). Also, TBST containing 5% (w/v) nonfat dry milk
(TBST–5% milk).

8. Lysis buffer: 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 5 mM
ethylenediametetraacetic acid (EDTA), 0.5% sodium deoxycholate (w/v), 1%
nonidet P-40 (NP40; v/v), 0.1% SDS (w/v).

9. Protease inhibitors are added fresh each time with the following final concentra-
tions: 10 µg/mL aprotinin, 10 µg/mL leupeptin, 0.2 mg/mL benzamidine, and 1 µg/
mL pepstatin-A.

10. NEM is added fresh each time at a final concentration of 20 mM.
11. SDS–running buffer (25 mM Tris-HCl [pH 7.4], 0.192 mM glycine, 1% SDS [w/v]).
12. SDS–transfer buffer (25 mM Tris-HCl [pH 7.4], 0.192 mM glycine, 20% methanol).
13. SuperSignal® chemiluminescent substrate (Pierce, Rockford, IL).
14. FuGene6 transfection reagent and protein-A agarose beads (Roche, Indianapolis, IN).
15. Dulbecco’s modified Eagle’s medium (DMEM) (Mediatech, Herndon, VA) and

fetal bovine serum (FBS) (Atlanta Biologicals, Atlanta, GA).
16. Stromal-cell-derived growth factor-1α (SDF, also known as CXCL12, a CXCR4

agonist) (PeproTech, Rocky Hill, NJ) dissolved in DMEM containing 0.5% FBS.

3. Methods
3.1. Degradation Assay

1. Seed HeLa cells onto 6-cm tissue culture dishes (see Note 1).
2. After 24 h the cells should be approx 80–90% confluent. Wash cells once with 1

mL of warm DMEM.
3. Incubate cells in 1.5 mL of prewarmed DMEM supplemented with FBS (10% v/

v) plus vehicle (DMEM + 0.5% FBS) or 100 nM SDF at 37°C. The time of incu-
bation is typically 3 h (see Note 2).

4. After stimulation, cells are washed with 2 mL of room-temperature PBS.
5. To lyse cells, add 600 µL of 2X sample buffer directly to cells, scrape, and care-

fully transfer lysate to a fresh microcentrifuge tube (see Note 3).
6. Sonicate sample at the lowest setting of a Branson digital sonifier (see Note 4).
7. Resolve proteins by SDS-PAGE and transfer to nitrocellulose membranes using

a standard Western blot protocol.
8. The membrane is then blocked for 30 min in 10 mL of TBST containing 5% (w/

v) nonfat dry milk.
9. The nitrocellulose is next incubated with 10 mL of TBST-5% milk containing rat

monoclonal anti-CXCR4 antibody at a dilution of 1:1000 overnight at 4˚C under
gentle agitation.

10. Wash the nitrocellulose three times for 10 min each in TBST.
11. Incubate the nitrocellulose for 30 min with 10 mL of TBST–5% milk containing

goat anti-rat IgG conjugated to horseradish peroxidase at a dilution of 1:10,000.
12. Wash the membrane five times for 10 min each in TBST.
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13. Overlay the nitrocellulose with 1–2 mL of Supersignal chemiluminescence re-
agent for approx 5 min, allow the blot to drip-dry, wrap in plastic wrap, and
visualize on x-ray film.

14. Parallel blots for tubulin for a loading control should also be analyzed.

3.2. Ubiquitination Assay

1. HEK293 cells are maintained in DMEM supplemented with 10% FBS (see Note 5).
2. Pass cells onto 10-cm dishes for transfection the following day. The cells should

be approx 50–80% confluent at the time of transfection.
3. Cells are then transiently transfected using Fugene 6 transfection reagent with 1

µg each of DNA encoding hemagglutinin (HA)-tagged CXCR4 and 3X FLAG-
tagged ubiquitin, according to the manufacturer’s instructions.

4. Approximately 24 h later, the cells are passaged onto 6-cm dishes.
5. Twenty-four hours later, wash cells once with 2 mL of warm DMEM supple-

mented with 20 mM hydroxethyl peperazine ethane sulfonate (HEPES), pH 7.4.
6. Incubate cells in the same media in the presence or absence of 100 nM SDF (a

CXCR4 agonist) for 30 min (see Note 6).
7. Place dishes on ice and wash once with 2 mL of ice-cold PBS.
8. Add 1 mL of lysis buffer, scrape cells, and transfer to 1.5-mL microcentrifuge

tubes. Incubate tubes on ice for approx 10 min to allow for complete solubiliza-
tion (see Note 7).

9. To pellet cellular debris, centrifuge samples at maximum speed in a microcentri-
fuge for 30 min at 4˚C.

10. Carefully transfer 300 µL of supernatant to a fresh microcentrifuge tube. Add 2.5
µL of polyclonal anti-HA antibody and incubate for 1 h while rocking at 4˚C.

11. Add 20 µL of protein A–agarose (prepared by diluting 1:1 w/v with lysis buffer)
and continue incubation for an additional 1 h while rocking at 4˚C.

12. Collect receptor–protein A–agarose complexes by centrifugation in a microcen-
trifuge at 12,000g for 5 s.

13. Carefully remove supernatant, resuspend beads in 750 µL of lysis buffer, and
incubate for 10 min at 4˚C while rocking.

14. Repeat steps 12 and 13.
15. Collect complexes as in step 12 and carefully remove the last traces of lysis buffer.
16. Elute proteins from agarose beads by adding 30 µL of 2X SDS-gel sample buffer

and incubating for 30 min at room temperature (see Note 8).
17. Resolve proteins by SDS-PAGE and transfer to nitrocellulose membranes using

a standard Western blot protocol (13).
18. The membrane is then blocked for 30 min in 10 mL of TBST containing 5% (w/v) nonfat

dry milk.
19. The nitrocellulose is next incubated with 10 ml of TBST–5% milk containing 5

µg/mL of mouse monoclonal anti-FLAG M2 antibody for 1 h at room temperature.
20. Wash the nitrocellulose three times for 10 min each in TBST.
21. Incubate the nitrocellulose for 30 min with 10 mL of TBST–5% milk containing

goat anti-mouse IgG conjugated to horseradish peroxidase at a dilution of 1:3000.
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22. Wash the membrane five times for 10 min each in TBST.
23. Overlay the nitrocellulose with 1–2 mL of Supersignal chemiluminescence re-

agent for approx 5 min, allow the blot to drip-dry, wrap in plastic wrap, and
visualize on x-ray film.

24. At this point blots can be treated with the denaturation solution to remove bound
antibody and reprobed with the monoclonal HA antibody to detect receptor levels.

4. Notes
1. We typically examine receptor levels by Western blot analysis (9,13), but other

alternative methods can be used, such as radioligand binding analysis (9) or
fluorescence-activated cell sorting (FACS) analysis (8). One consideration that
should be made is that when assessing total receptor levels by FACS analysis, the
cells must be permeabilized so that all of the receptors in the cell are labeled.
However, it is not known how effective labeling of intracellular receptor levels is
or whether a receptor enters a compartment that is relatively impermeable. We
have also examined agonist-promoted degradation of CXCR4 in CEM cells, an
immortalized T-cell line (9); therefore, this procedure is amenable to many dif-
ferent cell types.

2. We typically perform degradation assays using a single time point of 3 h. How-
ever, a time course of stimulation should be performed to establish the rate of
CXCR4 degradation for a particular cell line.

3. We have found that 20-µL aliquots from 600 µL of lysates generated from
subconfluent HeLa cells in 6-cm dishes results in an excellent CXCR4 signal as
assessed by Western blot followed by chemiluminescence analysis. This must be
determined empirically for each cell type and receptor being assessed.

4. We typically subject our samples to sonication before SDS-PAGE. Passing the
lysate through a 27-gage needle 10 times can also be done in lieu or in addition to
sonication.

5. We perform the ubiquitination assays in HEK293 cells that have been transiently
transfected with an epitope-tagged version of CXCR4 (HA-tagged) and an
epitope-tagged version of ubiquitin (3X FLAG) (9). We have found that the deg-
radation pathway for CXCR4 transiently transfected in HEK293 cells is similar
to the pathway for degradation of endogenous CXCR4 in HeLa cells (13). This
procedure can easily be applied to examine CXCR4 ubiquitination by examining
endogenous CXCR4 and ubiquitin.

6. In our system, cells are stimulated using a maximal concentration of SDF for 30
min. It may be prudent to perform dose–response and time-course assays to as-
sess maximal ubiquitination in a given system.

7. We have found that under these conditions a maximal amount of epitope-tagged
CXCR4 is immunoprecipiated from total cell lysates. However, the immunopre-
cipitation experiments must be optimized for any given system.

8. It is important that at this step the sample not be boiled. GPCRs readily aggregate
when subject to high temperature, which will alter their migration on SDS-PAGE.
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Epithelial Cell Migration in Response to Epidermal
Growth Factor

Reema Zeineldin and Laurie G. Hudson

Summary
Epidermal growth factor (EGF) is a ligand for the EGF receptor, a member of the

erbB family of receptor tyrosine kinases. Activation of EGF receptor by EGF or other
high-affinity ligands often results in increased migration of cells in physiological and
pathological situations. There are numerous approaches for evaluating cell migratory
response following EGF stimulation. Both qualitative and quantitative techniques will
be presented in this chapter.

Key Words: EGF; EGF receptor; migration; wound-healing assay; time lapse;
phagokinesis; electric cell-substrate impedance sensing (ECIS).

1. Introduction
Regulated cell movement is essential during embryogenesis, wound repair,

angiogenesis, reproductive cycles, organ regeneration, and angiogenesis,
whereas dysregulated cell migration is present during cancer progression, ath-
erosclerosis, chronic wounds, and many inflammatory diseases (1–3). Cell
migration is a dynamic process that involves a complex cascade of events in-
cluding activation of signal transduction cascades, regulation of cell–matrix
and cell–cell adhesive contacts, and cytoskeletal reorganization. During loco-
motion, the cell becomes polarized and extends filopodia or lamellipodia in the
direction of migration. This is accompanied by changes in cell morphology,
cytoskeletal rearrangement, stabilization of attachments to the extracellular
matrix enabling directed movement, and release of the trailing edge from the
surface (reviewed in refs. 1,4, and 5). Each element of the process, from cell
polarization to protrusion, adhesion formation, and, ultimately, rear retraction,
involves multiple steps, complex signaling pathways, and spatial and temporal
integration of numerous cellular functions.
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Cell migration can be stimulated by a variety of chemokines, growth fac-
tors, or extracellular matrix molecules. Epidermal growth factor (EGF) is a
polypeptide growth factor that binds to EGF receptor, a member of the erbB
receptor family of type 1 tyrosine kinases (6). Activation of the EGF receptor
is important for many diverse cellular functions, including growth and survival
(6) and cell migration during development (7,8), wound repair (2,3), and cancer
(9). Thus, modulation of EGF-receptor-regulated cell migration may serve as
an important target for therapeutic interventions in various disease states (2,10).

A more detailed molecular understanding of the process of cell migration
has been gained in recent years, and ongoing progress in the field is rapid.
Because of the complexity of regulated cell movement, many distinct steps in
the process may be studied, including regulation of signal transduction cas-
cades, gene expression, protein–protein interactions, assembly of regulatory
complexes, and other elements of migration. Discussion of each of these po-
tential steps for analysis of cell migration is beyond the scope of this chapter.
Rather, we will present qualitative and quantitative methods for evaluating
functional migratory response to EGF with an emphasis on techniques that are
readily accomplished in the typical laboratory. Qualitative methods include
visualization of cells under phase-contrast microscopy in cell scattering or
colony dispersion assays (Figs. 1 and 2), two-dimensional wound closure or in
vitro wound-healing assays (Fig. 3), and time-lapse video microcopy. Each of
these approaches provides direct, visual evidence for cell migration in response
to EGF stimulation and following image acquisition, the results may be quan-
tified using image analysis software.

Quantitative methods include phagokinesis assay (Fig. 4), various modifi-
cations of the Boyden chamber assay, and electric cell-substrate impedance
sensing (ECIS). The phagokinesis assay (11) is based on production of a vis-
ible cell migration path due to cell phagocytosis of gold particles on the sub-
stratum. The approach allows the visualization of single cell movement and
provides information on directionality. The Boyden chamber assay detects cells
migrating through a porous membrane with or without extracellular matrix
components. ECIS (12,13) is a real-time technique that is quantitative and com-
pletely automated and requires specialized equipment. With this method, cells
are grown on a gold electrode and cell movement is detected by fluctuations in
the electrode impedance (resistance and capacitance). This technique differs
from the others presented in this chapter in that it is not limited by the wave-
length of light and thus can detect cell motions of 1 nm (micromotion).

This chapter provides an introduction to approaches for the study of cell
migration, but is not comprehensive. Many additional techniques can be found
in Chapter 12 as well as elsewhere in the literature (14–16).
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2. Materials
2.1. Cell Culture

1. Bovine serum albumin (BSA) can be purchased from Sigma (St. Louis, MO) and
other major vendors.

2. Phosphate-buffered saline (PBS) can be obtained from Sigma and other ma-
jor vendors.

3. Cell culture reagents can be purchased from Sigma and other major vendors.

2.2. Treatment With EGF

EGF can be purchased from Biomedical Technologies Inc. (Stoughton, MA),
Upstate Biotechnology (Lake Placid, NY), and other vendors. Stock solutions
of EGF may be made in base medium containing 0.1% (w/vol) BSA, then

Fig. 1. Colony dispersion in response to epidermal growth factor (EGF). Cultures
of a transformed human keratinocyte cell line (SCC12F) were maintained in serum-
free medium containing 0.1% BSA (w/v) for 24 h prior to treatment without (A,C) or
with (B,D) 10 nM EGF for 24 h. Phase-contrast microscopy (A,B) reveals dispersion
(scattering) of cells in response to EGF and evidence of a fibroblastic morphology.
DAPI staining and fluorescence microscopy (C,D) provides an alternate method for
visualizing colony dispersion.
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aliquoted and stored frozen until needed. Once an aliquot is thawed, it may be
stored at 4°C for up to 2 wk. Repeated freezing and thawing should be avoided.

2.3. Studies Involving Inhibition of the EGF Receptor

Tyrphostin AG 1478, which is a specific inhibitor of EGF receptor (IC50 = 3
nM), may be purchased from Calbiochem (LaJolla, CA). Stock solutions may
be made in dimethyl sulfoxide (DMSO) at a concentration of 20 µM, then
aliquoted and stored at –80°C until used. Once an aliquot is thawed, it can be
stored at –20°C for re-use.

2.4. The Analysis of Phagokinesis

1. AuCl4H can be purchased from J.T. Baker Chemical Co. (Phillipsburg, NJ).
2. Sodium carbonate can be purchased from Sigma.
3. Paraformaldehyde can be obtained from EM Sciences (Gibbstown, NJ), and a

solution of 0.1% (w/v) paraformaldehyde in water should be prepared fresh.

Fig. 2. Low-calcium colony dispersion assay. Cultures of normal human keratinocytes were
maintained in defined keratinocyte growth medium (KGM) supplemented with 1 mM calcium
(A,B) or basal (low-calcium) KGM (C,D) then treated without (A,C) or with (B,D) 10 nM EGF
for 24 h. Under phase-contrast microscopy, changes in colony morphology are evident in EGF-
treated cells (B, arrow), and upon disruption of cell:cell junctions under low-calcium condi-
tions, EGF-dependent migration of cells is apparent (D).
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Fig. 3. In vitro wound closure in response to epidermal growth factor (EGF). Cul-
tures of a transformed human keratinocyte cell line (SCC12F) were maintained in se-
rum-free medium containing 0.1% BSA (w/v) for 24 h prior to treatment without (A,C)
or with (B,D) 10 nM EGF for 24 h. Phase-contrast microscopy (A,B) reveals
repopulation of the cleared area (in vitro wound closure) in response to EGF (B). DAPI
staining and fluorescence microscopy (C,D) provides an alternate method for visualiz-
ing in vitro wound healing. The white line represents the margin of the original wound
introduced in the cell monolayer. Methods for quantitating in vitro wound closure are
described in the text.
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2.5. Electric Cell-Substrate Impedance Sensing

All materials, equipment, and software for this assay can be purchased from
Applied Biophysics (Troy, NY).

3. Methods
3.1. Cell Culture

1. Culture cells as recommended for the cell line to be tested and maintained in a
humidified incubator at 37°C, 5% CO2, unless otherwise directed.

2. For the colony-dispersion (cell-scattering) assay, the cells should be plated at
low density and treated when colonies of more than 16 cells are established (see
Note 1).

3. For in vitro wound closure assay, the cells should be grown to confluence prior to
treatment.

3.2. Treatment With EGF

1. Remove growth medium.
2. Wash cells with PBS.
3. Serum-deprive cells by placing them into serum-free base medium containing

0.1% (w/v) BSA for 24 h (see Note 2).
4. Add EGF at a final concentration of 10 nM (see Note 3).

Fig. 4. Phagokinesis in response to epidermal growth factor (EGF). (A) Normal
keratinocytes were plated on type I collagen substrate on colloidal gold-coated cover
slips in keratinocyte growth medium. (B) Increase in phagokinetic track formation is
evident in EGF-treated cultures.
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3.3. Inhibition of EGF Receptor Activity

1. Prepare cells as described in Subheading 3.2., steps 1–3.
2. Treat cells with the EGF receptor catalytic inhibitor AG1478 at a final concentration

of 2 µM or equal volume of DMSO for solvent controls.
3. After 30 min, treat solvent controls and AG1478-inhibited cultures without or

with 10 nM EGF (see Note 4).

3.4. Colony Dispersion Assay

1. Response to EGF may be determined qualitatively under phase-contrast
microscopy (Fig. 1A,B). The morphological appearance of untreated cells should
be compared with ligand-activated cells. Cells treated with EGF should display
distinct morphological changes that may include (1) cell scattering in which cells
migrate from the colony and a spindle-like appearance (fibroblastic morphology)
with few cell–cell contacts (Fig. 1B), or (2) disruption of colony morphology
without apparent migration of single cells from the colony (Fig. 2B).

2. Colony dispersion represents both cell migration and disruption of cell–cell con-
tacts. In some cell lines, EGF treatment will not disrupt cell–cell junctions suffi-
ciently to allow detachment of cells from neighboring cells, as shown in Fig. 1B.
In this case, many epithelial cells may be placed in reduced calcium medium
(<100 µM extracellular calcium; see Note 5) to disrupt cell–cell junctions (17)
and treated as described above. Once junctions are disrupted, a migratory re-
sponse may be evident (Fig. 2C,D).

3. Colony dispersion may be quantified by measuring average internuclear distance.
Cells may be plated on chamber slides and treated as described above. Stain nu-
clei with 4',6'-diamidino-2-phenylindole (DAPI) (Vector Laboratories, Inc.,
Burlingame, CA) and mount cells. Visualize cells under fluorescence and obtain
digital images with a charge-coupled device (CCD) camera (Fig. 1C,D).
Quantitation of the average distance between the geometrical center of nuclei of
adjacent cells can be measured using Openlab 3 software (Improvision, Lexing-
ton, MA) or other commercially available image analysis software. More than
100 measurements for each condition should be made to calculate each average
of the internuclear distance. The statistical significance can be calculated using
Student’s t-test.

3.5. In Vitro Wound Closure Assay

1. Cells are grown to a confluent monolayer in six-well tissue culture plates.
2. A cell-free area is introduced into the cell monolayer by scraping the monolayer

with a 1000 µL blue pipet tip (see Note 6). The location of the wound center
should be marked on the underside of the plate as a reference point for image
acquisition.

3. The cell monolayer is washed extensively with PBS to remove cell debris, and
fresh serum-free medium containing BSA is added to each well. Cells are treated
with or without EGF as described above.
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4. Photographs of defined fields of the wound area relative to the reference point
are obtained at this time (t = 0). Both edges of the wound should be visible in the
photographic field to allow calculation and comparison of total area repopulated
by cells over time.

5. Examine the cells under a phase-contrast microscope at various times to compare
closure of the in vitro wound in control vs EGF-treated cells (Fig. 3).

6. To evaluate the relative contribution of cell migration to in vitro wound closure
in the absence of cell proliferation, treat cells with a concentration of mitomycin
C determined to inhibit mitogenesis in the cell line of interest before step 2.

7. Quantification of in vitro wound closure may be obtained in several ways. First,
if the wound edge is marked on the bottom of the tissue culture plate, either (1)
the number of cells migrating past the original wound edge per linear unit of the
wound edge may be counted, (2) the average distance of cells from the original
wound edge may be measured, or (3) the average distance between the geometri-
cal center of nuclei of adjacent cells both within the confluent cell sheet and at
the wound edge may be measured (Fig. 3C,D). Alternatively, total wound area
may be calculated using image analysis software and compared to the initial
wound area of defined fields (Fig. 3A,B).

3.6. Time-Lapse Video Microscopy of Individual Cells

1. Low density cell cultures are treated without or with EGF as described under Sub-
heading 3.2.

2. Cells are monitored using a Panasonic AG-6730 analog S-VHS time-lapse re-
corder. Recorded images from a high-resolution Ikegami CCD video camera con-
nected to an Olympus IX-50 inverted microscope, equipped with phase-contrast
optics and an Olympus Peltier thermo-stated pad to maintain 37°C. Analyze cells
at 37°C with a X40 semi-plan apochromatic phase-contrast objective.

3. Acquire movies at a time-frame rate of three frames every 10 s (real-time for a
PAL system is 25 frames/s). This corresponds to an acquisition of 1125 frame/h,
which leads to a 45-s time-lapse movie. When played and analyzed at a real-time
frame rate (25 frames/s) these parameters of acquisition allow visualization of
cell movement at about 80× real-time speed.

4. Express motility in µm/h and compare treated cells to untreated cells.

3.7. Assessing Phagokinesis
1. Preparation of gold particles and coating of cover slips (11):

a. To 11 mL of distilled water add 1.8 mL of 14.5 mM AuCl4H solution and 6
mL of 36.5 mM Na2CO3 solution.

b. Heat in a glass beaker and, immediately after reaching the boiling point, add
1.8 mL of 0.1% (w/v) freshly prepared paraformaldehyde solution in water
(see Note 7). The colloidal gold particles form within 1 min, producing a
brownish solution that appears clear blue in transmitted light (see Note 8).

c. Dip 22 × 22 mm square cover slips into a 1% (w/v) BSA solution prepared in
distilled water and filtered through 0.20-µm filter. Drain the cover slip by
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touching its edge to a paper towel, then dip the cover slip into absolute etha-
nol and rapidly dry it using hot air-stream of a hairdryer.

e. Place the cover slip in a well of six-well plate, and layer it with 0.4 mL of the
hot (80–90°C) gold particle suspension, and incubate for 45 min. Note that up
to this point, no sterility precautions are required, but the following steps
should be done under sterile conditions. Aspirate fluid, and wash the gold-
coated cover slip several times with PBS. Transfer the cover slip into a new
six-well plate and continue washing.

f. If desired, colloidal gold immobilized to cover slips may be coated with extra-
cellular matrix components of choice.

2. Plate cells at a low density of approx 1000–2000 cells in six-well plates contain-
ing the gold-coated cover slips in 2 mL of growth media (see Note 9).

3. Allow the cells to attach (time will vary according to the cell line investigated),
then treat one set of cover slips (thee cover slips) with EGF and leave the second set
without treatment.

4. Incubate the cells for 18–20 h so that migration occurs, but for less time than the
average cell doubling time.

5. Fix cells in 1% (w/v) formaldehyde/PBS.
6. The migrating cells displace gold salts, so migration is detected by presence of

tracks (Fig. 4). Cell migration can be detected by visualization of areas free of
the gold particles. A comparison of cell migration rates may be determined by
measuring distances/time using a Nikon Diaphot inverted microscope and time-
lapse photography or visualize by low power (20–40×) light microscopy under
darkfield illumination. Quantification can be performed by computerized image
analysis, which involves calculating the migration index (phagokinetic track
area/cell) in multiple, nonoverlapping fields with a minimum of 50 cells ana-
lyzed (see Note 10). The results can be analyzed using Student’s t-test.

3.8. Modified Boyden Chamber Assays

1. Cells are plated onto filter inserts (8 µM pore size, BD Biosciences) and incu-
bated at 37°C in humidified air with 5% CO2 to allow for cellular adherence and
spreading on the filter. The time will vary according to cell type and is likely to
be 1 h or more.

2. Growth medium is replaced with serum-free medium containing BSA with or
without EGF (see Note 11), and cells are placed into the humidified cell incuba-
tor (see Subheading 3.1., step 1).

3. Cells are allowed to migrate through the filter. Optimum incubation times vary
considerably for different cell types and will need to be determined empirically
to distinguish between ligand-stimulated migration vs basal migration of
unstimulated cells

4. After incubation, carefully remove the fluid from above the filter and from the
bottom well.

5. Gently wipe the nonmigrated cells off with a cotton swab. Wipe twice using two
swabs or both ends of a double-tipped swab. Remove the filter with forceps.
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6. Stain the migrated cells with Diff-Quick (Fisher Scientific) on the bottom of the
filter and count under a light microscope. Data can be expressed as a migration
index (the number of cells that migrated in response to EGF relative to the num-
ber of cells that migrated in the absence of EGF) or percentage of the starting cell
population that migrated during the incubation period if the migration period does
not exceed cell doubling time (see Note 12).

3.9. Electric Cell-Substrate Impedance Sensing

1. Cells are grown at 4 × 104 cells/well on small active gold electrodes (250 µm
diameter) at the bottom of tissue culture wells (area 0.5 cm2) in 400 µL of me-
dium, which serves as an electrolyte.

2. Cells are treated in replicates as described in Subheading 3.2., and the
micromotion is recorded.

3. Apply a 1-µA, 4-kHz AC signal from a constant current source between the small
electrode and a much larger counterelectrode (0.15 cm2).

4. The voltage of the system is monitored by a lock-in amplifier, which can detect
both magnitude and phase of the voltage appearing across the sample. The in-
phase and out-of-phase voltages across the electrode are recorded by the lock-in
amplifier once every second for measuring micromotion.

5. The ECIS software (Applied BioPhysics, Troy, NY) calculates the impedance
(resistance and capacitance) values of the electrode over a designated period of
time. As the cells move on the gold electrode, the sensitive nature of the lock-in
amplifier detects the fluctuations in the resistance and capacitance values of im-
pedance. These fluctuations are then statistically analyzed by the ECIS software,
thus revealing the percentage variation in resistance, which in turn is a reflection
of cellular micromotion on the electrode. The percentage variation for untreated
cells in resistance is recorded. Treatment of cells with EGF would increase the
fluctuations, indicating an increased motility, so the percentage variation in re-
sistance is now elevated in comparison to controls.

4. Notes
1. Best results for quantitation by measuring internuclear distances (see Subhead-

ing 3.4., step 3) are obtained when the assay is conducted with well-separated,
small cell colonies.

2. If the cell line of interest is not viable in serum-free medium, use medium con-
taining reduced serum (e.g., 1 or 0.5% serum by volume) instead of BSA.

3. The optimal concentration of EGF may need to be determined for the cell type of
interest. Test concentration range between 0.1 and 100 nM EGF.

4. The effective concentrations of AG1478 for the cell line of interest should be
determined by testing the ability of varying concentrations of AG1478 to block
EGF-stimulated tyrosine phosphorylation using western blot analysis. Alterna-
tively use an EGF receptor-blocking antibody (vendors include Upstate Biotech-
nology or Lab Vision Corporation, Fremont, CA).
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5. Low-calcium medium may be generated as follows: add 30 g of Chelex resin
(Biorad) to 500 mL of complete cell growth medium and mix at room tempera-
ture for 1 h. Separate Chelex resin from medium by low-speed centrifugation.
Filter-sterilize medium and add sterile calcium chloride to 50 µM final concen-
tration and magnesium chloride to 1 mM final concentration.

6. Use tips from the same vendor, apply equal pressure, and maintain a constant
angle with the pipet tip to produce uniform size wounds. A new tip should be
used for each wound.

7. If the paraformaldehyde solution is not prepared fresh, then the control over the
colloidal form of gold and the thickness of the gold film would be lost.

8. If the solution appears purple-colored, this indicates that the particle distribution
is not homogeneous, so do not use it.

9. If there is a high incidence of crossed or fused tracks, cells can be plated at a lower
density.

10. To confirm viability of cells, one can do a trypan blue exclusion test.
11. Placement of EGF in the upper chamber will measure chemokinesis or increases

in random migratory response. Placement of EGF in the lower chamber will mea-
sure chemotaxis, or movement toward a specific factor. A variation of the assay
is the in vitro cell invasion assay using the same overall principles described
above. Invasion assays rely on the ability of cells to migrate through extracellular
matrix coated on the filter membrane. Precoated membranes are available through
BD Biosciences.

12. Commercial migration assay kits based on fluorescence detection are now avail-
able as an alternate approach.
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Motility Signaled From the EGF Receptor
and Related Systems

Alan Wells, Brian Harms, Akihiro Iwabu, Lily Koo, Kirsty Smith,
Linda Griffith, and Douglas A. Lauffenburger

Summary
Cell motility is now recognized as central to many biological processes. Growth fac-

tors, such as those that activate the epidermal growth factor receptor (EGFR), drive bio-
chemically and biologically distinct subsets of migration critical for (neo)organogenesis
and tumor invasion. Thus, modulation of these events requires an understanding of the
controls of EGFR-mediated motility. Deconstruction of motility into its component
events enables this deeper insight. Herein we describe methods that measure the overall
motility and its parameters as well as the biophysical processes extension, de-adhesion/
retraction, and contraction.

Key Words: Lamellipodia; de-adhesion; contraction/contractility; extension; migration.

1. Introduction
The epidermal growth factor receptor (EGFR) and its ligands have been

implicated in a number of physiological (branching morphogenesis and wound
repair) and pathological (carcinogenesis and tumor progression) states (1–4).
These phenomena have been demonstrated in animal models of both transgenic
mammals and drosophila. However, the bases of these organismal developments
are the underlying cellular responses elicited by EGFR activation. The two main
cellular responses studied are proliferation and migration, though in select cell
types EGFR signaling has more diverse effects, including cellular differentia-
tion, trans/dedifferentiation, and metabolic regulation.

Ligand binding to EGFR elicits a pleiotropic intracellular signaling response.
Numerous cell-signaling cascades are activated; most of these are common to
other receptors with intrinsic tyrosine kinase activity. Some of the signaling
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cascades appear operative in only some cell types; for example, PI3 kinase
activity is readily noted in carcinoma cells but is triggered only weakly if at all
in fibroblasts. Other well-studied cascades, such as those via ERK mitogen-
activated protein (MAP) kinase and phospholipase C (PLC)γ, are strongly
stimulated in all situations examined. These numerous intracellular biochemi-
cal events that occur downstream of EGFR activation have been discussed in
many recent reviews (5–8). The activation status of most of these signaling
pathways can be probed by standard detection assays that are addressed under
those particular molecules.

Many, but not all, of these signaling pathways have been linked to cellular
responses. Recently, interest in studying cell motility has increased. Herein we
will detail methods for studying EGFR-mediated cell motility and its compo-
nent aspects: lamellipod protrusion, cell contractility, and substratum de-adhesion.

Cell motility is simply productive locomotion of the entire cell from one
point to the next. However, a large number of parameters is involved, prima-
rily cell speed, persistence, and dispersion, each of which carries it own impli-
cations and can distort mass “movement” assessments. Thus, cell motility is
best evaluated by tracking individual cells (9), but because of the time commit-
ment and complexity of obtaining such data, we will also describe a rapid,
high-throughput way for testing relatively motility. There are conceptual con-
cerns as to whether cell motility should be measured in two or three dimen-
sions. Many cells, mainly epithelial types, do migrate in vivo in a
quasi-two-dimensional space, whereas others, mainly mesenchymal cells,
move through three-dimensional spaces (although they do appear to move with
a ventral and dorsal surface rather than transversely symmetrically [10]). Fur-
ther, movement through matrices, or pores in Boyden chambers, requires cell
deformation and/or matrix remodeling, which, while important for transloca-
tions in vivo, are properties distinct from motility per se. Thus, such assays do
not strictly determine motility unless the cells are actually tracked during the
process. For these reasons we will present protocols for measuring cell motil-
ity in two dimensions.

Cell motility can be broken into three main steps that can be conceived of
being iterated, though they do occur simultaneously. First, the cell must extend
a lamellipod; second, the cell exerts a contractile force to pull the cell body and
tail forward; and last, the trailing edge must deattach. We present quantitative
methods for each of these subprocesses.

1.1. Cell Motility

Determination of cell motility requires timed measurements, during which
the cells move. Two common methods are utilized. One, the in vitro wound
healing model, relies on population dynamics, while the other, single-cell track-
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ing, images individual cells. The former has the advantage of “scoring” many
cells simultaneously and high throughput; these attributes promote the use of
the in vitro wound-healing assay as a “screen” or first pass at cell motility. The
latter process, single cell tracking, provides more information on the attributes
of motility (speed, persistance, etc.), but this high granularity limits through-
put. Recent advances in automated image tracking software promise to com-
bine the positive attributes on both assays (11), but these developments are
nascent and will not be described herein.

The two assays described track cell motility across a surface. Such an ap-
proach is supported by the fact that many adherent cells (mainly epithelial cells)
move over such surfaces (though these may be folded) and that even when
cells move through three-dimensional spaces, they often behave as if there are
defined ventral and dorsal surfaces (10,12). Other assays enumerate the ability
of cells to move across or through barriers. These assays, which include the
Boyden chamber, transmigration through extracellular matrices, and single-
cell tracking during invasion in the matrix, measure not only motility but also
cell deformability and, depending on the assay ability to modify the matrix. As
such these assay are not pure motility assays, and will not be described herein.

1.2. Lamellipod Extension

Forward movement is driven by lamellipod protrusion. The molecular motors
that underlie the force generation are being deciphered in quantitative detail;
controlling mechanisms include the Rho GTPases directing enucleation of actin
filaments by the Arp2/3 complex at the cell front (14–16). This is regulated by
EGF receptor activation of PLCγ to hydrolyzed PIP2 at the cell front, liberating
actin-binding proteins to sever, cap, and nucleate actin (17,18), and PI3-kinase to
generate novel protein docking sites, possibly to reinforce lamelllipod direction-
ality (16). Still, these exciting biochemical cascades exist to drive forward pro-
trusion, whose rate and direction cannot be derived from the constituent events
but needs to be described as an integrated whole. Direct visualization of
lamellipod protrusion is the only way to truly evaluate this phenomenon at
present. This can be captured simultaneously with motility during single cell
tracking or, if more detail is needed, at higher magnification for protrusion analy-
sis in isolation.

New techniques purport to isolate and collect lamellipodia, either by entic-
ing extension into small-bore pipet tips or, for greater collection volume,
through low µm-sized pores (19,20). While these newer techniques hold prom-
ise for understanding molecular localizations during lamellipod protrusion,
they may not isolate the broad fronts that are noted during keratocyte-like or
macrophage locomotion. As these are still in their infancy, they will not be
described herein.
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1.3. Contractile Force Generation

During motility, intracellular contractile forces are needed to both bring the
cell body forward and retract/detach the tail. The necessary contractility is thus
dictated by the adhesiveness of the substratum. However, the force generation
is not simply across the cell, since this contractility must still enable lamellipod
protrusion. For this reason it is likely that contractility is asymmetric and
compartmentally localized (22). For instance, the contractile force appears not
to extend into the actual lamellipod but rather from the base of the lamellipod
(23,24), although some have noted traction from the front of dominant
lamellipodia (25). At the rear of the cell, contractile forces must extend to the
end, as such pulling results in membrane shedding (in fibroblasts and epithelial
cells) when moving across adhesive surfaces (26–28). Curiously, while cells
move with a ventral/dorsal orientation, at least in fish keratocytes, the contrac-
tile forces appear similar in respect to these surfaces (29).

Compartmentalization of molecular motors may underlie the asymmetry in
contractile force generation. Most of the contractile force for motility is de-
rived from acto-myosin motors (30,31). One model has myosin activation, as
determined by phosphorylation of myosin light chain (MLC), being in a gradi-
ent with the highest concentration in the rear (32–34). A second posits differ-
ential localization of myosin isoforms leading to contractile asymmetry
(29,35–37). These models are not exclusive, and it is likely that integrative
studies with molecular probes and specific interventions will define both being
operative during locomotion.

Cell contractile forces are measured indirectly by determining their pertur-
bations on matrix external to the cells. One caveat for all these assays is that
they rely on transmission of the forces through transmembrane linkages to the
external reporters. As these linkages are dynamic, being modified by both me-
chanical and biochemical processes, and often in asymmetrical fashion, most
measurements will underestimate the actual forces generated within the cell
(1,38). Still, these assays have yielded insights into force generation both across
and within a cell. The simplest assay is the gel compaction assay, in which a
collagen-based matrix is embedded with cells, released from external con-
straints, and then challenged; the change in gel diameter or weight (as water is
extruded) determines the extent of contractile forces exterted on the matrix. A
more challenging technique measures tension generated in a isometric manner;
the cell-populated, collagen-based matrix is fixed at two ends. A third ap-
proachable method visualizes movement of substratum as a cell moves across
the surface. This technique generates pliable supports (silicone or acrylamide)
and visualized physical deformation or displacement of markers embedded in
the supports. This latter method provides information at the cellular and sub-
cellular level, whereas the two former methods determine population responses.
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Newer developments aim towards creating µm-sized force detectors that will
provide individual point tension measurements at the subcellular level (39,40);
however, these are highly specialized and technically challenging being lim-
ited to few labs and will not be discussed herein.

1.4. De-Adhesion

Detachment of the trailing edge of the cell defines translocational motility.
In the absence of such release, cells can be stimulated to extend and pull their
nuclei forward, but ultimately recoil to the original site (44). Adherent cells
accomplish this process differently, depending on the adhesiveness to the
subsubstrate (45). Integrins disengage from substratum during movement
across low adhesive surfaces, while movement across highly across surfaces
results in membrane shedding (26,27). The intracellular limited proteinase
calpain cleaves components of the integrin/adhesion complex (although the
critical elements are to be determined) to weaken the adhesiveness to the sub-
strate (1). This appears to occur asymmetrically with episodic activation of
calpain at the rear to enable retraction (during fibroblastoid-like motility) and
calpain-assisted adhesion remodeling and turnover at the front of the cell to
enable progressive extensions. It is quite possible that these two modes of ad-
hesion regulation utilize different calpain isoforms and target different adhe-
sion components.

Even though adhesiveness to the substrate is being decreased at many points
in the cell, the cell does not actually detach from the surface. Rather, the adhe-
siveness is quantitatively decreased, necessitating quantitative measurements
of the cell–substratum interaction. Further, despite the spatio-temporal nature
of this lessened adhesion, current technology only allows for whole cell mea-
surements. These can be approached two ways. Cells can be challenged by
forces perpendicular to the plane of attachment to assess adhesiveness. Alter-
natively, shear flow can be used to detach cells; this mode may be most appro-
priate for endothelial cells that experience shear forces in vivo, but may also
introduce variables such as cell profile and shear signaling.

2. Materials
2.1. Cell Motility Measurements

1. Six-well tissue culture plates, with or without substrate coated.
2. Rubber policeman.
3. 1X phosphate-buffered saline (PBS), sterile.
4. Quiescence medium, namely, restricted serum conditioned medium that does not

support growth but maintains viability of the cells being tested.
5. Other reagents, e.g., growth factors, cytokines, chemokines, inhibitors, etc.
6. Inverted microscope.
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7. Digital acquisition and processing system, namely, charge-coupled device (CCD)
camera with controller, computer, display monitor, and image analyzing software.

2.2. Single-Cell Tracking

1. Cell culture dishes for experiments.
2. Protein or extracellular matrix (ECM) solution for surface modification.
3. 1% bovine serum albumin (BSA)/PBS solution, sterile.
4. 1X PBS, sterile.
5. Ethylenediaminetetraacetic acid (EDTA) solution for releasing cells from cul-

ture plates.
6. Quiescence medium, namely, restricted serum conditioned medium that does not

support growth but maintains viability of the cells being tested.
7. Motility medium: hydroxyethyl piperazine ethane sulfonate (HEPES)-buffered

for microscope systems without CO2 control.
8. Other reagents, e.g., growth factors, cytokines, chemokines, inhibitors, etc., for

motility medium.
9. Mineral oil.

10. Inverted microscope with automated image acquisition system, namely, low
magnification phase-contrast or differential interference contrast (DIC) objec-
tive (5–10×), computer controlled X,Y,Z-axis microscope stage control, and CCD
camera.

11. Heated microscope stage insert for maintaining constant temperature of cell dish
during tracking.

12. Suitable image acquisition and image analysis software.

2.3. Measuring Lamellipod Extension

Similar equipment is used as with single-cell videotracking. A higher-mag-
nification microscope objective may be used (10–20×).

2.4. Gel Compaction Assay

1. Cell culture media containing fetal bovine serum (FBS).
2. Quiescence medium (serum-free media that retains cell viability but lacks growth

factors/ECM proteins that are being tested) containing 1 mg/mL BSA.
3. 24-well tissue culture plates.
4. Scalpel for matrix release.
5. Trypsin/EDTA solution.
6. Collagenase solution.
7. PBS.
8. BSA.
9. FBS.

10. Type 1 rat tail collagen.
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11. NaOH neutralizing media (0.1 N in quiescence media).
12. Clinical/cell centrifuge.
13. Test agonists/antagonists:

Cell ligands (growth factors, ECM proteins).
Pharmacological inhibitors.

2.5. Measurements of Isometric Force Generated

1. Type I collagen.
2. Force transducer (model 52-9545, Harvard Apparatus, South Natick, MA).
3. Stepper motor.
4. 15-mm-diameter cylindrical Teflon molds.
5. Organ bath.

2.6. Measurement of Cell Detachment (De-Adhesion)

1. 24-well tissue culture plates.
2. Protein or ECM solution for surface modification.
3. BSA.
4. 1X PBS, sterile.
5. HEPES buffer, pH 7.4.
6. Quiescence medium, namely, restricted serum conditioned medium that does not

support growth but maintains viability of the cells being tested.
7. Other reagents, e.g., growth factors, cytokines, chemokines, inhibitors, etc.
8. Enzyme-linked immunosorbent assay (ELISA) sealing tape.
9. Plate centrifuge, e.g., Beckman CS6R.

10. Phase-contrast inverted microscope.
11. Digital acquisition and processing system, namely, CCD camera with controller,

computer, display monitor, and image-analyzing software.

2.7. Shear Force Detachment Assay

1. Parallel-plate shear flow detachment chamber—typical components include:

a. A base plate with an observation slot.
b. A gasket or spacer that defines the height of the chamber.
c. A cover plate with an observation slot.
d. Inlet and outlet tubing for cell, reagents, and shearing medium.

2. ECM proteins (optional).
3. BSA.
4. 1X PBS.
5. HEPES buffer, pH 7.4.
6. Shearing medium/buffer (e.g., Mg2+ and Mn2+ containing PBS).
7. Infusion pump.
8. Inverted microscope.
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3. Methods
3.1. Measurement of In Vitro Wound Healing (Fig. 1)

This assay is utilized for high throughput evaluation of cell motility under
numerous conditions. This can be across different surfaces (or surface den-
sity), multiple stimuli, or many inhibitors. Advantages are ease of experimen-
tation and accessibility of means of evaluation. The assay does not measure
motility per se, but forward dispersion; as such, quasi-unidirectionality is en-
forced by movement from a wound front (in which reverse or even lateral
movement is limited by cell–cell contact). Thus, if the cells in question do not
readily form near confluent monolayers, this assay is not appropriate.

1. Add 2 mL of cell suspension to each well of six-well plates at 0.5–3.0 × 105 cells/mL
depending on time required to reach confluence (or plate cells on six-well plates
and grow to confluence in growth medium).

2. After 1–3 d, quiesce confluent monolayer cells with quiescence medium for ap-
propriate time (or switch to quiescence medium prior to reaching desired
confluence).

3. Aspirate medium and wash the cells once with PBS.

Fig. 1. Example of a wound-healing assay performed with NR6 WT cells stimu-
lated with EGF (1 nM). The dashed lines denote the original edges of the wound at
time 0. Note the marker line on the plate bottom that enables reorientation for picture
acquisition and consistency of gap measurement.
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4. Scrape the cells with a rubber policeman to introduce a linear acellular area at the
center of the well.

5. Wash with PBS three times to remove the scraped-off cells and then add 2 mL of
quiescence medium to each well.

6. Take digital photograph of plates at 0 h at a magnification that captures both
sides of the “wound” (and mark on the plate bottoms where photographs are
taken); this is usually 20× or 40× magnification.

7. Incubate with or without EGF (1–25 nM) in the presence or absence of inhibitors,
cytokines, or chemokines for 24 h at 37°C (see Note 1).

8. Acquire digital photographs at times up to and exceeding 24 h.
9. To determine the distance cell migrated into the acellular area, measure the dis-

tance between the two boundaries of cells on the photographs of same magnification.

This assay can be used for soluble factors in co-culture system (13) with the
bottom well being used as above and the upper insert holding the producing
cells of question.

3.2. Monitoring of Single-Cell Tracking (Fig. 2)

Single-cell tracking enables accurate measurement of cell speed and its in-
dividual attributes such as persistence and dispersion. Furthermore, at appro-

Fig. 2. Single-cell tracks traced by time-lapse photography. Five cells were tracked
by following the centroid over a 24-h period (15-min intervals) by time-lapse photog-
raphy. Each cell was then plotted with time 0 at the origin of the grid. From these
tracks one can determine total path length for speed and dispersion as well as persis-
tence time and persistance path length.
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priate magnification, the individual stages of protrusion, retraction, and
lamellipodia switching can be evaluated (discussed later). However, current
technology and analysis software is limiting in being expensive and best used
when customized to individual utilization. Additionally, this assay evaluates
only a few dozen cells during any single assay run, limiting throughput.

1. Surface preparation: coat migration assay culture dish with protein or extracellu-
lar matrix according to individual protocol. A sample protocol for fibronectin
(Fn) is as follows (see Note 2):

a. Sterilize culture dish using ethanol (plastic dish) or ultraviolet (UV) (glass)
followed by rinsing with sterile PBS.

b. Add 1 mL of sterile Fn/PBS solution to dish and coat overnight (4°C) or for 1
h (37°C). Rinse with 2× 1 mL PBS.

c. Block surface with 1 mL 1% BSA/PBS solution for 1 h (37°C). Rinse with 2×
1 mL PBS.

d. The dish is now ready for use. If using immediately, keep dish surface under
PBS and warm in incubator; alternatively, dish may be stored for 24 h under
PBS at 4°C.

2. Cell preparation: place cells in G0 state to minimize cell proliferation during cell
tracking (see Note 3).

a. Passage cells such that they are in log phase growth at the onset of serum
starvation. Confluency of approx 50% before quiescence of cells is desirable.

b. Quiesce cells for the appropriate time using serum-restricted medium.
c. Use EDTA solution for release of cells from culture dish while preserving

integrin membrane proteins for cell adhesion.
d. (Optional) Suspend cells for 1 h in quiescence medium to reduce adhesion-

mediated cell signaling to baseline levels.
e. Centrifuge cells and resuspend in motility medium. Plate cells onto migration

dish at approx 50 cells/mm2 and allow to adhere and develop steady-state
behavior. A layer of mineral oil should be overlaid over the motility medium
to prevent evaporation from the migration dish; for some migration systems,
a specialized dish cover may be used. Bicarbonate-based media will addition-
ally require a perfusion system or CO2-based microincubator system integral
to the microscope; HEPES-buffered medium does not require such a system
but is sometimes not tolerated well by cells.

3. Image acquisition and movie analysis:

a. Run the appropriate computer program for acquisition of the X,Y,Z positions
of selected image fields on stage. Ten to twenty separate fields on the migration
dish are desirable with multiple single cells visible at each position (see Note 4).

b. Run automated image capture macro for times up to and exceeding 24 h. For
instance, for NR6 fibroblasts, a picture of each image field is captured every
15 min for 12 h. An electronic shutter is desirable for limiting the light expo-
sure of the cells when not capturing images. The experimentalist’s choice of
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total observation time and time interval between successive images will be
dictated by ease of data analysis, average cell speeds, and the cells’ long-term
steady-state behavior.

c. Sort images into digital movies. Commercial and custom software packages
are available for outlining cell perimeters for determination of cell centroid
positions over time. Multiple software packages are also available for analy-
sis of these cell paths and generation of motility parameter data.

3.3. Monitoring of Lamellipod Tracking (Fig. 3)

Lamellipod protrusion determines both the rate of forward locomotion and
the direction of the cell motility. Direct visualization enables the determination
of both the frequency of extension and the cell fraction protruded within a
defined time period; these two parameters determine cell speed (21). Simulta-
neously, lamellipod directionality and generation of alternative lamellipodia
can be assessed, with these events directly dictating persistence and dispersion.
The main drawback to this method is its labor intensity and low throughput.

1. Lamellipodial tracking experiments may be performed similarly to single-cell
videotracking experiments, with slight modifications. Cells may be observed
under greater magnification, and total observation times can be reduced to ap-
proximately 1–4 h.

2. Cell outline traces from subsequent cell images are overlaid. The areas of pro-
truding regions of the cell are measured; they signify absolute lamellipodial pro-
trusion rate. Normalizing this area to the area of the entire cell gives a measure of
specific membrane extension rate (see Note 5).

3.4. Gel Compaction Assay

This high-throughput assay can be seen to integrate tension transmitted to
the matrix overtime. The hydrated gel is free is be reshaped by such transmit-
ted forces. Contractile forces will extrude water, and this will not be regained

Fig. 3. Outline of extended lamellipodia. The cells were outlined at two time points
from time-lapse photography. By overlaying the two images, one can calculate both
the area extended at the front and the area retracted at the rear.
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upon release of tension, such as occurs during motility. The transient tensions
transmitted to the matrix during rapid cell movement will incrementally com-
pact the matrix over time. Thus, this is not a direct measure of contractile force
(as transmitted to the external environment), but rather a time-integrated mea-
sure of multiple contractions.

3.4.1. Inhibitor Pretreatment

1. Harvest cells from monolayer culture using 0.25% trypsin/EDTA.
2. Neutralize cell/trypsin solution with culture media, spin at approx 500g for 6

min, resuspend pellet in quiescent media at a concentration of 1 × 106 cells/mL.
3. Incubate ± inhibitors for 30–60 min prior to gel preparation.

3.4.2. Hydrated Collagen Matrix Preparation

1. Centrifuge the cells at 1000 rpm for 6 min, resuspend the pellet in quiescent
media at a concentration 4 × 106 cells/mL.

2. Prepare neutralized collagen/cell solution as follows, adding ligands and inhibi-
tors where appropriate. Add solutions in the order listed (A–D) (also see Note 6).

A. Culture media
Total Volume/ ± test ligands B. NaOH C. Collagen D. Cells

volume matrix   and inhibitors  (0.1 N)  (4 mg/mL) (4 × 106/mL)

3 mL 0.5 mL 1.25 mL 0.25 mL 0.75 mL 0.75 mL

The final collagen concentration is 1 mg/mL and the cell concentration is 1 × 106

cells/mL.
3. Add 0.5 mL of collagen/cell solution to each of 5 wells of a 24-well plate (see

Note 7).
4. Leave matrices to polymerize at 37°C for 60 min.
5. Overlay each matrix with 1 ml of quiescent media ± test inhibitors
6. Gently release matrices from sides and bottom of well using a scalpel.
7. Leave matrices to contract for 24 h.
8. Weigh matrices.

3.4.3. Matrix Digestion to Determine Cell Viability After 24 H

1. Rinse gels in PBS for 10 min.
2. Add three gels/test group to a 15-mL tube, treat with 750 µL of 0.05% trypsin at

37°C for 10 min.
3. Add 750 µL of collagenase solution (0.5 mg/mL, pH 7.2) to each tube at 37°C for

10 min, mix well by pipeting to assist digestion.
4. Add 400 µL of FBS per tube to quench collagenase activity.
5. Centrifuge samples for 6 min at 1000 rpm.
6. Add 400 µL of culture media and 400 µL of trypan blue to each pellet, mix well,

and assess cell viability using a hemocytometer.
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3.5. Measurement of Isometric Force Generation

By securing the gel, initial contractile force generation can be measured. In
such a setting, only forces aligned in the direction of the tensometers will be
scored; this alignment is dependent on both the vector of the force generation
as well as the cell’s orientation. The tensometers detect the release of transmit-
ted tension, such as occurs during rear retraction (41). Thus, this assay, though
of low throughput, provides information complementary to the above gel com-
paction assay.

1. Suspend cells (approx 106) and type I collagen (0.75 mg, in solution) in 1 mL of
tissue-culture medium for each experiment.

2. Pour suspension into the annular space of cylindrical Teflon mold (1 mL/mold).
3. Allow to gel by incubation at 37°C in 5% CO2 for 1 h.
4. Remove the ring-shaped gels from the molds and placed in tissue culture medium

for approx 40 h. In order to maintain the original diameter, place on sterile paral-
lel spacing rods to prevent the matrix contraction due to cell spreading from col-
lapsing the ring-shaped gel diameter during incubation.

5. Mount gel vertically on force transducer (see Note 8). Loop the tissue ring over
both a rod connected to a computer-controlled stepper motor and a hook sus-
pended from the force transducer.

6. Place mounted gel in an organ bath containing 50 mL of HEPES-buffered, se-
rum-free DMEM thermostatted at 37°C. Adjust rod position to its original length
(15 mm).

7. Permit gel to reach an equilibrium force over a period of 30–60 min.
8. Expose gel to desired treatment (see Note 9). Contraction force is monitored by

computer data acquisition from the force transducer.

3.5.1. Protocol to Measure Surface Deformation

The preceding two assays measure population responses. Visualization of
the effects of cells upon underlying substratum would assess individual cell
attributes. This has been enabled by methods using pliable substrata upon/into
which adhesion molecules have been incorporated (42,43). Imaging the defor-
mation of these pliable substratum, or displacement of markers embedded
within them, allows for calculated force generation. High-resolution imaging
provides data on the both vector and degree of forces at a subcellular level. As
this requires specialized equipment and analyses, the precise protocols will not
be provided herein. However, if necessary, one should contact those versed in
the techniques for instruction and collaborations.

3.6. Monitoring Cell Detachment (De-Adhesion)
3.6.1. Inverted Centrifugation

Forces perpendicular to the plane of attachment hold the possibility of de-
termining adhesive forces in isolation from cellular geometry and adaptive sig-
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naling. Cells are subjected to centrifugation in an inverted manner, generating
a force that dissociates them from the substratum while minimizing shear. An
advantage of this method, in addition to minimizing active signaling and adap-
tive mechanisms, is its technical ease. Additionally, when examining multiple
events, conditions, or regulators, the throughput can be quite high; though dif-
ferent detachment forces require cumbersome separate runs.

1. Coat 24-well plates with protein or extracellular matrix according to individual
protocol (This step is optional.) For Amgel (see Note 10) or Matrigel this is as
follows:

a. Add 0.5 mL of Amgel or Matrigel solution (0.5 µg/mL) and 0.5 mM HEPES
to each well and allow to sit for 1 h at room temperature.

b. Aspirate the solution and wash once with 1X PBS.
c. For blocking, add 0.5 mL of 1% BSA solution (in PBS) to each well and

allow to sit for 1 h at room temperature.
d. Aspirate the BSA solution and wash twice with 1X PBS.

For fibronectin (Fn) or vitronectin (Vn) coating, protocol is as follows:

e. Incubate each well with Fn or Vn solution (0.1 mg/µL to 100 µg/mL in PBS)
for 2 h at 37°C or overnight at 4°C.

f. Remove the protein solution and rinse twice with PBS.
g. Block substrates with BSA solution (1–4% in PBS) for 30 min to 1 h at 37°C.
h. Remove the BSA solution and rinse twice with PBS.
i. Store wells under PBS at 4°C until use.

2. Plate cells at a concentration of 105 cells/mL with quiescent medium into 24-well
plates and incubate for 12–24 h at 37°C.

3. Treat with or without EGF (1–25 nM) in the presence or absence of inhibitors,
cytokines, or chemokines for appropriate time.

4. Count the number of cells on the plates by phase-contrast inverted microscopy
(best to acquire digital image).

5. Fill the plates completely with basal medium with 1% BSA and 25 mM HEPES
and seal them with ELISA sealing tape (see Note 11).

6. Centrifuge the plates in inverted position for 5–10 min at 1500–3000g at 37°C
using a plate centrifuge. If a control plate is used, keep it inverted (1 g) for the
duration of the centrifugation (see Notes 12–14).

7. After the centrifugation, count the number of cells remaining on the plates by
phase-contrast inverted microscopy (best to acquire digital image) (see Notes 15
and 16).

8. For each experimental condition, an adhesion-strength profile can be constructed
as the percentage of cells remaining adherent versus the centrifugal force. If a
linear profile is obtained, the force required to detach approximately 50% of the
initially seeded cells can be used as a measure of cell adhesion strength for that
particular experimental condition.
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3.6.2. Shear Force Detachment

A second method for quantifying adhesiveness involves cell detachment
from the substratum by shear forces of aqueous solutions. Disadvantages of
this method are that the shear itself may actively regulate adhesion to the
substratum, the geometry of the cells partially determines the detachment flow,
and, if the cells are cohesive, the shear tends to “peel” the monolayer. How-
ever, the assay, if performed in a Hele-Shaw chamber, can provide analogue
information as the detachment forces needed in a single run. Also see Note 17
for other methods of shear force detachment.

1. Coat a glass cover slip with an ECM protein of interest (optional) (proceed as
under Subheading 3.6.1.).

2. Seed cells over cover slip with quiescent medium and incubate for 12–24 h at
37°C.

3. Treat with or without EGF (1–25 nM) in the presence or absence of inhibitors,
cytokines, or chemokines for desired length of time.

4. Begin to construct the flow chamber (see Note 18).
5. Add shearing medium (see Note 19) to the flow area defined by the base plate

and the gasket until a slight meniscus forms.
6. Sandwich the cell-seeded slide between the gasket and the cover plate with the

cells facing the flow area.
7. Secure the apparatus for a tight seal.
8. Place the chamber onto an inverted microscope and connect tubing to the reser-

voir of shearing medium.
9. Introduce a slow flow to remove dead cells and debris.

10. Image cells from selected fields for an initial cell count.
11. Initiate flow.
12. At the termination of shear flow, image cells from the previously chosen fields

for a final cell count (see Note 20).

4. Notes

1. Mitomycin-C (0.5 µg/mL for most fibroblasts) can be used to determine mitoge-
nesis-independent cell migration.

2. Cell adhesion and spreading during the initial period after cell plating, while
another aspect of cell motility, are largely transient and properly separated from
subsequent cell translocation. Also, the experimentalist must empirically deter-
mine the time-course of activation (relative to steady-state behavior) for cyto-
kines, growth factors, inhibitors, and so on, under study.

3. Proliferation during tracking experiments is undesirable since observations of
multiple cell types reveal that motility behavior immediately after cell division is
altered relative to that of nonproliferating cells. Thus cell division reduces the
already limited pool of cells available for data analysis.
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4. Single-cell migration behavior is highly dependent upon cell confluency and cell–
cell contact. In addition, highly confluent cells are difficult to gently separate for
use in subsequent single-cell experiments.

5. Older implementations of this method relied on manual overlay of cell outlines;
current software packages such as DIAS (Solltech, Inc, Oakdale, IA) allow auto-
mated overlay and calculation of protrusion rate, thus vastly increasing data
throughput.

6. When preparing the collagen/cell solution it is important to make extra solution
to allow for transfer loss; for example, 3 mL of solution is prepared for five 0.5-
mL gels. Mix the solution well by pipetting, before casting the gels, to assure an
even distribution of cells.

7. Prepare the gels as quickly as possible to prevent polymerization beginning be-
fore gels are cast. Do not make more than 3 mL of matrix solution at a time and
the collagen must be at 4°C when added.

8. Minimizing contracture of the gel prior to mounting is critical to obtaining repro-
ducible measurements.

9. Treatment with agents and inhibitors often requires concentrations significantly
higher than those published for monolayer effects. This is due to diffusion into
the gel. If the inhibitor is essentially inactive on its own, it is suggested to incor-
porate monolayer concentrations into the solution from which the fast-protein
liquid chromatography (FPLC) is made at time of gelation.

10. Amgel is an ECM suspension derived from human amniotic membrane that con-
tains a variety of ECM proteins including collagen I and IV, fibronectin, tenascin,
and laminin. Unlike Matrigel, there is no growth factor present. Amgel in solu-
tion provides a relatively easy way to coat desired surfaces with a complex bio-
logically active substrate.

11. When filling the wells with medium prior to sealing with the ELISA tape, overfill
slightly to form a meniscus in order to prevent air bubbles from forming under-
neath the ELISA tape. Air bubbles that come in contact with the cells when plates
are inverted can remove or kill the cells and inflate the extent of cell detachment.

12. Centrifugation speed is chosen empirically as the force required to detach ap-
proximately half of EGF-treated cells.

13. If necessary, one can stack two plates per carrier in the centrifuge; more than two
is not recommended due to differences in g-force (can be calculated on radius but
hard to recreate for independent replication) and lack of full stability of the plates.

14. Due to safety and operation related considerations, the force ranges allowed in
most commercially available supercentrifuges are limited and may be insuffi-
cient to detach well-adherent cells in the absence of EGF treatment.

15. Each condition should be in four- to eightfold replicate as a result of a loss of
cells if there are any bubbles in individual wells.

16. It is best to acquire images both pre- and post-shear force for later enumeration,
as extended time periods in both cases introduce experimental variability (i.e.,
released cells may settle by gravity and reattach, etc.).

17. Other methods of shear force detachment include radial-flow chamber and spin-
ning disk, which generates differential force fields radially.



EGF Receptor-Signaled Motility 175

18. For parallel-plate chamber assay, throughput in shear force can be improved
through geometric manipulation (e.g., tapered channel width or height). In gen-
eral, the wall shear stress is proportional to the flow rate and viscosity and in-
versely proportional to the channel width and squared height.

19. Increased shear forces can be achieved by increasing shearing medium viscosity
using an inert agent (glycerol, etc.).

20. It is important to ensure that only laminar flow is applied for readily characteriz-
able shear force; cells at the chamber edges and within the entrance length, where
the steady state flow is not fully developed, are not fully reliable markers of
detachment.
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Methods for Determining the Proliferation of Cells
in Response to EGFR Ligands

Gregory J. Wiepz, Francis Edwin, Tarun Patel, and Paul J. Bertics

Summary
The evaluation of cell proliferation can be accomplished by several methods. The

number of cells can be determined directly by counting manually (e.g., hemocytometer)
or automatically (e.g., Coulter counter or flow cytometer). The amount of DNA, which
reflects the number of cells or the stage of the cell cycle, can be quantified by incorpora-
tion of labeled nucleotides (e.g., [3H]-thymidine) or nucleic acid stains (e.g., propidium
iodide). Alternatively, the relative metabolic activity, which is correlative with the num-
ber of cells, can be determined through the use of metabolic dyes and measurement of
the colored metabolites (e.g., MTT and MTS). Each assay has its advantages and limita-
tions. Determining which assay to use will depend on the equipment available, the ex-
perimental design, and the questions being addressed. In this chapter we will describe
methods for the use of a hemocytometer, [3H]-thymidine incorporation, cell cycle analy-
sis with propidium iodide by flow cytometry, and evaluation of cellular metabolic activ-
ity with the MTS reagent.

Key Words: Hemocytometer; Coulter counter; flow cytometer; [3H]-thymidine;
propidium iodide; MTT; MTS; cell cycle; cell proliferation.

1. Introduction
An important action of epidermal growth factor (EGF) is its ability to in-

duce cell proliferation in numerous cell types (1). Cell proliferation is essential
for normal physiological development as well as wound repair (2). However,
when the mechanisms that regulate cellular proliferation become dysfunctional,
the inability to regulate growth leads to diseases that include tumor develop-
ment and cancer. Following the binding of EGF to the EGF receptor, a number
of distinct intracellular signaling pathways are activated, which leads to ex-
pression of proteins necessary to initiate the cell cycle and begin the produc-
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tion of DNA. Understanding the mechanisms that regulate cell proliferation, as
well as the intracellular machinery that is involved in cell cycle progression,
would permit better management of certain disease states.

The cell cycle has been described as having four separate stages (3). The
initial stage is referred to as G0 or G1. This stage follows the last mitosis but
preceeds the cell becoming committed to advancement through the cell cycle.
If a cell is not proliferating, then it resides in G0 stage and is considered quies-
cent. As the cell enters and advances through the G1 phase, usually under the
control of a growth factor such as EGF, it begins to prepare the necessary ma-
chinery that will be required to duplicate the DNA during the S phase. Follow-
ing DNA replication and the completion of S phase, the cells enter the G2
phase, where the required proteins are prepared for the execution of the mitosis
or the M phase. The M phase is where the duplicate chromosomes are sepa-
rated and partitioned and the cell undergoes cytokinesis to produce two identi-
cal daughter cells.

The effect of EGF or other treatments on cell proliferation can be quantified
by various assays that utilize cell counting, DNA quantification, or substrate
conversion based on metabolic activity. Cell counting can be accomplished by
the use of a hemocytometer, Coulter counter, or flow cytometer. The choice of
technique depends on the equipment that is available and the number of
samples. Quantification of the amount of DNA can be performed in different
ways depending on the question being addressed and the equipment available.
One common method quantifies the incorporation of [3H]-thymidine into pro-
liferating cells. The [3H]-thymidine is modified to [3H]-thymine and incorpo-
rated into newly synthesized DNA. Following cell lysis, the amount of
incorporated radioactivity can be determined by scintillation counting. This
measurement is an indication of the amount of DNA newly synthesized due to
treatments.  A second method for DNA quantification employs the use of DNA
stains detectable by spectroscopy or flow cytometry. Propidium iodide (PI) is a
common DNA stain used for assessing cell cycle progression. When the cells
are fixed and stained with PI and evaluated on a flow cytometer, the analysis
will characterize the amount of DNA per cell based on the amount of fluores-
cence per cell. Analysis software can then determine the number of cells that
are in the specific stages of the cell cycle (G1, S, or G2/M).

The third method for detecting cell proliferation is the use of metabolic dyes,
such as 3-[4,5-dimethylthiazolyl-2]-2 5-diphenyltetrazolium bromide (MTT).
When introduced to live cells, the compound is converted to an insoluble me-
tabolite, formazan, which can be quantified by absorbance readings at 490 nm
because the relative enzymatic activity is consistent among cells. The amount
of conversion is directly related to the number of live cells present. Recent
developments have led to a modification of the MTT tetrazolium compound
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such that the metabolite is a soluble formazan (3-[4,5-dimethylthiazolyl-2-yl]
5-[3-carboxymethoxyphenyl]-2-[4-sulfophenyl]-2H-tetrazolium, inner salt;
MTS) and does not require a lengthy solubilization step like that required in
the MTT methods. One such assay is the CellTiter 96 Aqueous Non-
Radioactive Cell Proliferation Assay (Promega Corp, Madison, WI).

2. Materials
2.1. Cell Counting in Hemocytometer Chamber

1. Tissue culture dishes and the appropriate tissue culture media.
2. Serum starvation media: normal tissue culture media without serum and supple-

mented with 0.1% bovine serum albumin (BSA).
3. 0.25% Trypsin/ethylenediaminetetraacetic acid (EDTA) solution (2.5% trypsin

solution: Media Tech; cat. no. 25054).
4. Treatments.
5. Hemocytometer (Hausser Scientific, Fisher,VWR).
6. Trypan blue dye solution (Invitrogen, cat. no. 15250-061).
7. 70% Ethanol.
8. Microscope: upright scope with 10× objective lens.

2.2. Analysis of Proliferation by [3H]-Thymidine Incorporation

1. 24-well tissue culture plates and the appropriate culture media for the specific
cell type being studied.

2. Serum starvation media: normal tissue culture media without serum and supple-
mented with 0.1% BSA.

3. Sterile 1X phosphate-buffered saline (PBS).
4. Treatments (e.g., epidermal growth factor [EGF], Heregulin, transforming growth

factor [TGF]-α, and so on).
5. [3H]-thymidine (Perkin Elmer, Amersham-Pharmacia).
6. 10% Trichloroacetic acid (TCA; Sigma T-6399; prepared as a 100% solution in

water).
7. Solubilization solution: 0.1% sodium dodecyl sulfate (SDS) (from a 10% stock;

Sigma L-4390) and 0.1 N NaOH (from a 1 N stock; Sigma: S-8045).
8. Scintillation fluid.
9. Liquid scintillation counter.

2.3. Analysis of Proliferation Through Cell Cycle Stage Analysis

1. Tissue culture dishes (60–100 mm) and the appropriate tissue culture media.
2. Serum starvation media: normal tissue culture media without serum and supple-

mented with 0.1% BSA.
3. Treatments (e.g., EGF, heregulin, TGF-α, and so on).
4. Trypsin/EDTA solution.
5. Beckman J6-HC or similar centrifuge.
6. 1X ice-cold PBS.
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7. RNAse (Sigma, cat. no. R-5503 or any other source).
8. Propidium iodide (Aldrich, cat. no. 287075 or any other source).
9. Flow cytometer.

2.4. Determining Cell Proliferation by Analyses of Metabolic Activity as
Estimated by the Bioreduction of Tetrazolium Compounds to Formazan

1. Tissue culture multiwell plates: 12, 24, 48, or 96 wells.
2. The appropriate tissue culture media with serum.
3. Serum starvation media: normal tissue culture media without serum and supple-

mented with 0.1% BSA.
4. Treatments (e.g., EGF, Heregulin, TGF-α, and so on).
5. MTS/PMS solution (CellTiter 96 Aqueous Non-Radioactive Cell Proliferation

Assay; Promega Corporation, Madison, WI).
6. Absorbance plate reader: capable of reading at 490 nm wavelength.

3. Methods
3.1. Analysis of Cell Proliferation by Cell Counting in a Hemocytometer

Counting cells in a hemocytometer is the simplest and most direct method
of quantifying the number of cells in solution. This method also allows deter-
mining the percentage of viable cells of a cell population by employing trypan
blue dye exclusion. This procedure is adaptable for adherent cells as well as
cells in suspension and requires a minimal amount of equipment. In brief, fol-
lowing treatment, the cells are harvested and an aliquot of cells is combined
with trypan blue dye solution and loaded into the hemocytometer chamber.
The cells are then viewed on microscope and the number of live cells present
within a specific area are counted. Because the volume of the chamber is pre-
cisely defined (commonly 0.1 mm3), the number of cells counted per area mul-
tiplied by the dilution factor will determine the number of live cells per
milliliter.

1. Plate cells for each condition at a confluency of 30–40% in the appropriate size
dish in normal media and grow overnight at the appropriate incubation condi-
tions (see Note 1).

2. Aspirate media and supplement with serum-free media containing 0.1% BSA,
and incubate overnight at the appropriate incubation conditions.

3. Following the specific experimental design, add treatments to the cells and con-
tinue the incubation under appropriate conditions for the specific time points.
Usually, for this assay, the measurements are taken over the next few days (see
Note 2).

4. To count the cells, lift the cells by trypsinization if they are adherent (see Notes 3
and 4).

5. Gently resuspend the cells throughout medium by pipetting up and down.
6. Combine an aliquot of cell suspension (50 µL) with an equal volume of trypan

blue solution (50 µL).
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7. Clean hemocytometer and cover slip using 70% ethanol.
8. Place cover slip squarely on top of hemocytometer, lightly moistening the polish

surface of the slide by breathing on it before pressing the cover slip in position.
9. Load hemocytometer with a small amount of cell solution (~15 µL) to both sides

so that the fluid entirely covers the polished surface of each chamber but does not
overflow (see Note 5).

10. Using a 10× objective of the microscope, locate the primary square millimeter.
Count the number of cells in each square millimeter (see Notes 6 and 7).

11. Calculate the average number of cells per square millimeter by dividing the total
number of cells by the number of large squares counted.

12. Calculations for the number of cells per mL = average number of cells counted
per square millimeter × dilution factor × 10,000 (conversion of 0.1 mm3 to 1 mL).

3.2. Proliferation Analysis of Adherent Cells
by [3H]-Thymidine Incorporation

Cells can convert [3H]-thymidine into [3H]-thymine, which can then be in-
corporated into DNA as it is synthesized. This procedure allows the quantifica-
tion of only newly synthesized DNA and provides a direct reflection of the
effect of any treatments that maybe affecting early cell cycle progression (4).
Briefly, quiescent cells in G0 of the cell cycle are exposed to treatments in the
presence of [3H]-thymidine. After an appropriate incubation period (usually
12–18 h) the cells are washed, and the cellular products are precipitated with
TCA and then solublized to allow efficient scintillation counting. Finally, the
amount of [3H] present is determined by scintillation counting. This value can
then be compared between treatments directly. It is important to understand
that you are measuring only newly synthesized DNA. Once the cells have com-
pleted the S phase, the value will not change until the next S phase.

1. Plate cells in 24-well plates in the appropriate serum containing media (see Note 8).
2. Culture the cells overnight, and then replace the growth media with serum-free

media containing 0.1% BSA as the protein source.
3. Culture the cells overnight to allow them to become quiescent and enter into G0

phase of the cell cycle.
4. The cells can then be exposed to the required treatments supplemented with 1

µCi of [3H]-thymidine (see Note 8).
5. Continue the incubation for 18–24 h.
6. At the end of the incubation, place the plates on ice.
7. Aspirate the [3H]-thymidine containing medium and wash three times with ice-

cold PBS (see Note 9).
8. Incubate the cells at 4°C with ice-cold 10% TCA for 10 min. Use a sufficient

volume to cover the cells.
9. Rinse the plates briefly three times with ice-cold PBS (see Note 9).

10. Add 100 µL of 0.1% SDS in 0.5 N NaOH to each well to solublize the precipi-
tated proteins/DNA and incubate at room temperature for 2 h or overnight.
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11. Solubilize the cells by pipetting up and down several times and aliquot 50 µL from
each well into 5 mL of scintillation fluid and count for [3H] on a liquid scintilla-
tion counter.

12. Direct comparisons can be made between treatments based on the amount of [3H]
incorporated. Additionally, 10 or 20 µL from the remaining lysate can be used to
determine the protein concentration using the bicinchoninic acid (BCA) method
(Micro BCA protein assay kit from Pierce or any other source). The counts can
then be normalized using the protein concentration of each sample.

3.3. Analysis of DNA Content and Cell Cycle Progression
by Flow Cytometry

Analysis of the DNA content of a cell can provide a great deal of informa-
tion about the cell cycle and consequently the effect of added stimuli (e.g.,
transfected genes, drug treatment, growth factors) on the cell cycle progression
(4). The flow cytometer has the distinct advantage of being able to evaluate
each cell individually and record the amount of fluorescent label contained
within each cell. Thus, the amount of dye incorporated into the DNA will be
reflective of the amount of DNA present. By analyzing the amount of
propidium iodide per cell, the whole population can be defined as to the num-
ber of cells that are in each stage of the cell cycle at that specific time. Briefly,
the cells are plated, serum starved, and treated. After an appropriate incubation
time (12–24 h), the cells are fixed with ethanol, treated with RNase to remove
any double-stranded RNA, and then labeled with propidium iodide, which binds
to double-stranded DNA. The cells are then analyzed on a flow cytometer, and
the data analysis is performed by a program such as ModFit LT (Verity Software
House, Topsham, ME).

This protocol describes the analysis of DNA content of a cell population to
determine the proportion of cells that are in Go/G1, S, or G2/M phase of the
cell cycle.

1. Plate cells in 60-mm dishes and grow overnight in normal medium at the appro-
priate incubation conditions.

2. Serum starve the cells with medium containing 0.1% BSA overnight.
3. Treat the cells with or without growth factors or with other stimuli for 12–18 h at

the appropriate incubation conditions for the cell type used (see Note 10).
4. Aspirate the medium and trypsinize each dish with prewarmed 1 mL trypsin/EDTA

for at least 5 min.
5. Add 2 mL of normal medium to each dish and gently, but completely, scatter the

cells and collect in 15-mL tubes.
6. Collect cells by centrifuging at 300g (~1500 rpm) for 5 min at room temperature

in a Beckman J6-HC or in a similar centrifuge.
7. Aspirate the supernatant and resuspend cells in 3 mL of ice-cold PBS.
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8. Centrifuge the cells at 300g for 10 min at room temperature.
9. Aspirate the supernatant and gently resuspend the cells in a minimum volume

(100 µL) of ice-cold PBS.
10. Fix the cells by dropwise addition of 1 mL of cold (–20°C) 70% ethanol. Gently

mix the cells with ethanol by vortexing at the lowest setting while the ethanol is
added and incubate at –20°C for 1 h (see Note 11).

11. Centrifuge the cells at 300g for 10 min at room temperature.
12. Aspirate supernatant and wash with 3 mL of ice-cold PBS three times.
13. Resuspend the cells in 1 mL of PBS. Add 100 µg/mL of RNAse (Sigma R-5503)

to the cell suspension to remove the double-stranded RNA and 5 µg/mL
propidium iodide to stain DNA (see Note 12).

14. Incubate the cells at 37°C for 30 min in the dark to facilitate staining.
15. Analyze the cells using a flow cytometer.

3.4. Evaluation of Cellular Metabolic Activity

In general, the overall metabolic activity of cells in a pure culture should be
very consistent. Thus, the ability of cells to convert a substrate to a quantifiable
product should render information that correlates with the number of cells
present in each well. Additionally, these assays can be performed in multiwell
tissue culture plates and easily read on an absorbance plate reader that has the
appropriate filters. Although the data can stand alone and the absorbance be-
tween treatments can be compared, a standard curve can be prepared and as-
sayed with the rest of the samples so that the amount of absorbance can be
converted to cell numbers.

1. Cells are plated in multiwell tissue culture plates at about 30% confluency and
cultured overnight in the appropriate culture media.

2. The cells are serum starved with media containing 0.1% BSA so as to arrest them
in G0 of the cell cycle.

3. After an overnight incubation, the cells are treated according to the experimental
design. Changes in cell number can only be evaluated after 18–30 h, depending
on the cell type and preferably over several days.

4. Prepare the MTS reagent by adding the appropriate amount of PMS reagent to
the MTS. The manufacturer recommends a mixture of PMS to MTS at a ratio
of 1:20.

5. After the appropriate incubation, add 20 µL of the MTS/PMS reagent per 100 µL
of culture media to the wells and continue incubating the cells for 1–4 h (see
Note 13).

6. Read the plate directly at 490 nm or transfer an aliquot of the media from each
well to a new 96-well plate and read the samples (see Note 14).

7. Comparisons can be made by evaluating changes in the absorbance of triplicate
wells between treatments.
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4. Notes

1. Each cell type is different and requires specific growing conditions. Cells should
be plated at a low enough density to allow ample room to grow and avoid contact
inhibition.

2. Counting cells with a hemocytometer only measures whole cells and does not
distinguish between cell cycle stages. Therefore, only cells that have completed a
full cycle are counted.

3. Trypsin concentration and incubation time are cell type specific and should be
determined empirically.

4. If the cell concentration is dilute, they can be concentrated by centrifugation at
300g for 5 min at room temperature followed by gentle resuspension in an appro-
priate volume of medium such that a unicellular suspension is achieved.

5. An excessive amount of cell suspension will alter the volume in the chamber and
appreciably affect the final calculated cell number (see Note 7).

6. Usually only the live cells are counted. However, a count of both live and dead
cells can be used to calculate a live/dead cell ratio in the suspension.

7. Neubauer rulings in the hemocytometer cover 9 mm2 (Fig. 1). The ruled surface is
0.10 mm below the cover glass, so that the volume of a square is 0.0001 mm3. In
counting the cells, care must be taken not to count any cells twice. Also, to main-

Fig. 1. The Neubauer rulings of a hemocytometer. The area of a large square is
highlighted in gray. The circles containing yes and no are indicative of which cells
would be counted in the upper right square.
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tain the precise dimensions of the area, cells that touch the lines of the outside
perimeter of a square are only counted if they touch the top and right side but not
the bottom or left side. Preferably, more than a total of 100 cells per chamber
should be counted. In addition, it is recommended that of the nine sectors, at least
the four corner and the middle sector (Fig. 1) be counted to correct for leveling of
the microscope stage.

8. Due to the use of radioactive materials, it is a good policy to use the smallest
volume possible. The deciding factor is how many cells are needed to detect
[3H]-thymidine incorporation. The number of cells required to achieve the opti-
mal signal-to-noise ratio will be dependent on the cell type.

9. Radioactive materials should be disposed of according to institutional safety
procedures.

10. Measurements must be performed prior to the cells completing mitosis, because
those cells will be undistinguishable from cells that did not divide.

11. Alternatively, 70% methanol can also be used for fixation. The coefficient of
variation (CV) of determining the cell cycle phases improves if the fixation time
is extended to overnight. At this step cells can be stored at –20°C for extended
periods of time before further processing.

12. Propidium iodide is the most commonly used dye to quantitatively assess DNA
content. However, there are a number of dyes that can be used for DNA staining
including mithramycin, Hoechst 33342, 4',6-diamidino-2-phenylindole (DAPI),
DRAQ5, TO-PRO-3 iodide, 7-aminoactinomycin D.

13. The incubation time will be dependent on the cell type and the number of cells
present. The color change can be evaluated visually, or multiple measurements can
be taken at various time points on the plate reader to assess the color development.

14. This will be dependent on the plate size that is used for the original culture and
whether the plate reader that you have at your facility can read multiplate formats
(i.e., 48 or 24 well).
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Clinical Advancement of EGFR Inhibitors in Cancer Therapy

Prakash Chinnaiyan and Paul M. Harari

Summary
The epidermal growth factor receptor (EGFR) represents one of the most promising

molecular targets in cancer therapeutics. An array of EGFR inhibitory drugs have been
developed that are progressing rapidly in oncology clinical trials. This chapter provides
an overview of EGFR inhibitors and key clinical trial results that are helping to define a
future role for these molecular agents in cancer treatment.

Key Words: Epidermal growth factor receptor inhibitors; clinical development.

1. Introduction
Traditional cytotoxic chemotherapy in the treatment of solid tumors is often

limited by toxicity, modest efficacy, and the development of drug resistance.
In particular, successful therapy options for patients with metastatic disease
and tumor progression following conventional chemotherapy are limited. The
last two decades of advancement in basic molecular biology have facilitated
the design of molecular therapies that more specifically target tumor cells with
diminished collateral damage to normal tissues (Table 1). One of the most
promising current molecular targets for cancer therapy is the epidermal growth
factor receptor (EGFR). The EGFR is overexpressed, dysregulated, or mutated
in many human cancers (Table 2) (1–13). EGFR signaling activation appears
important in the growth and progression of a spectrum of malignancies and
therefore holds particular appeal as a molecular target for cancer therapy (14)
(Fig. 1). This chapter provides a brief overview of the clinical development of
EGFR inhibitory agents in the treatment of epithelial malignancies.

2. EGFR Inhibitors
The cancer therapeutics field has taken several innovative approaches in an

effort to develop effective EGFR inhibitors for cancer treatment. Recognizing
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a central role of EGFR in cellular proliferation and differentiation, Mendelsohn
and colleagues purified a series of monoclonal antibodies (MAbs) against the
EGFR in the early 1980s to test these agents as inhibitors of tumor growth
(15,16). This simple theme has subsequently undergone tremendous expan-
sion, particularly over the last 6–8 yr. A broad series of EGFR inhibitors have
been designed, including anti-EGFR MAbs directed against the extracellular
domain of the EGFR, as well as a cohort of small molecule tyrosine kinase
inhibitors (TKIs) directed against the catalytic domain of the EGFR (17,18).
This dominant approach has been adopted by the pharmaceutical industry and
has since prompted clinical development of a broad spectrum of EGFR inhibi-
tors for testing in cancer therapy (Table 3).

Table 1
Conventional Chemotherapy Vs Molecular Targeted Cancer Therapy

Conventional chemotherapy Molecular targeted agents

Mechanism Form covalent bonds or compete for Target aberrant cell signaling
metabolites normally incorporated pathways unique to cancer
into DNA/RNA

Target microtubules resulting in
impaired meiosis

Activity Cytotoxic Cytostatic/cytotoxic
Specificity Low, generally target rapidly More specific to tumors

proliferating cells
Toxicity High toxicity Lower toxicity

Table 2
Epidermal Growth Factor Receptor
(EGFR) Expression in Human Tumors

Tumor type EGFR expression (%)

Head and neck 80–100
Non-small-cell lung 40–80
Colorectal 25–77
Renal 50–90
Bladder 31–48
Prostate 40–80
Esophageal 43–89
Breast 14–91
Cervical 54–74
Ovarian 35–70
Glioblastoma 40–50
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Fig. 1. Simplified schematic illustration of the epidermal growth factor receptor (EGFR)
pathway highlighting potential downstream cellular and tissue effects of EGFR signaling inhi-
bition. The action site for EGFR inhibitors is depicted for monoclonal antibodies (MAb) and
tyrosine kinase inhibitors (TKI). (Adapted with permission from ref. 14.)

Table 3
Anti-Epidermal Growth Factor Receptor (EGFR) Agents in Clinical Development

Anti-EGFR agent Description Clinical phase

MAb
Cetuximab (Erbitux™, C225) Chimeric II/III
ABX-EGF Humanized II
EMD 72000 Humanized II
h-R3 Humanized II
MAb 806 Anti-EGFRvIII I

TKI
Gefitinib (Iressa™, ZD1839) Reversible II/III
Erlotinib (Tarceva™, OSI-774) Reversible II/III
PKI-166 Reversible I
EKB-569 Irreversible I/II

Bispecific
Lapatinib (GW-2016) Reversible EGFR/ErbB2 TKI I/II
Canertinib (CI-1033) Irreversible pan-Erb TKI I/II
MDX-447 EGFR/CD64 I/II
ZD6474 EGFR/VEGFR I/II
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Currently, the MAb cetuximab (Erbitux™, ImClone) and the TKIs gefitinib
(Iressa™, AstraZeneca) and erlotinib (Tarceva™, OSI-Pharma/Genentech/
Roche) represent the most mature of the EGFR inhibitors, in clinical develop-
ment. However, a spectrum of EGFR inhibitors including a new generation of
bispecific agents, are also progressing, thereby providing a new dimension to
targeting EGFR signaling. Some examples include canertinib (CI-1033, Pfizer)
and lapatinib (GW2016, GlaxoSmithKline), which target multiple ErbB family
members, MDX-447 (Medarex), which binds simultaneously to EGFR and
CD64 (expressed by monocytes, macrophages, and activated neutrophils) with
the aim of enhancing antibody-dependent cell-mediated cytotoxicity (ADCC),
and ZD6474 (AstraZeneca), which targets both EGFR and the vascular
endothelial growth factor receptor (VEGFR) (17,19,20).

3. Clinical Development
3.1. Phase I: Feasibility and Toxicity

Phase I trials of EGFR inhibitors demonstrate a toxicity profile quite dis-
tinct from those associated with traditional cytotoxic chemotherapy agents. The
common chemotherapy toxicities of nausea, vomiting, and decreased blood
counts are infrequently observed with EGFR inhibitors. Acneiform rash is the
most common adverse event for the EGFR agents overall, and this appears to
be a class effect relating to blockade of EGFR signaling in the skin. The acne-
like rash manifests predominantly on the trunk and face, and is generally low
grade and self-limiting. EGFR is constitutively expressed in epithelial tissues,
and therefore skin and gastrointestinal (GI) toxicities are the most frequently
reported adverse effects with the EGFR TKIs. These small molecule inhibitors
readily traverse the epithelial basement membrane, thereby contributing to di-
arrhea. The EGFR MAbs are large molecules that do not easily cross basement
membranes and thus GI toxicity is uncommon. The GI and skin toxicities typi-
cally resolve with discontinuation of the EGFR inhibitor (21–23).

Pharmacokinetic studies of cetuximab report an estimated half-life of sev-
eral days, making this agent suitable for once-weekly dosing. The recom-
mended dosage of cetuximab is 400 mg/m2 as an initial loading dose, with a
weekly maintenance dose of 250 mg/m2 (22,24). Cetuximab has been tested in
several phase I studies in patients with a variety of advanced solid tumors,
including head and neck, lung, colorectal, prostate, kidney, breast, ovarian,
pancreas, and bladder. Treatment with cetuximab in these studies was well
tolerated, with the most frequent adverse events being skin toxicities, fever and
chills, fatigue, and transaminase elevation. In addition, some allergic and trans-
fusion reactions have been reported with cetuximab (2–4%), as is common to
most chimeric antibodies. The induction of human antichimeric antibody and
human anti-human antibody by cetuximab do not appear to be frequent or clini-
cally significant events (22,24).
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The EGFR TKIs gefitinib and erlotinib have also been evaluated in phase I
clinical trials. In a dose-escalating phase I trial in 64 patients with EGFR-ex-
pressing solid tumors, gefitinib was found to be well tolerated, with dose-lim-
iting toxicity (grade 3 diarrhea) observed at doses at or above 700 mg/d. The
mean terminal half-life of gefitinib was 1–2 d, compatible with a once-daily
dosing schedule. The current recommended dose of gefitinib is 250 mg/d, well
below the maximum tolerated dose (MTD) (21,24,25). Erlotinib, which in-
duces a similar toxicity profile as gefitinib, has been predominantly studied at
doses much closer to its MTD of 150 mg/d (23). The ultimate clinical impact
of these different strategies in dosing of gefitinib and erlotinib is unknown,
although it may be clarified in future clinical trials.

3.2. Phase II: Response Rates

Pivotal trials involving EGFR TKIs were largely focused on the treatment
of patients with non-small-cell lung carcinoma (NSCLC). Given the lack of
effective therapeutic options and the frequency of EGFR overexpression in
NSCLC, evaluating the activity of EGFR inhibitors in this common and lethal
disease represented a logical priority. These clinical trials provided a first
glimpse of the capacity of EGFR inhibitors to treat cancer in the monotherapy
setting in patients refractory to standard chemotherapy, as well as in first-line
treatment when combined with conventional cytotoxic agents.

Multicenter phase II trials in patients with relapsed NSCLC following tradi-
tional chemotherapy confirmed the activity of gefitinib and erlotinib. In large-
scale randomized trials (IDEAL 1 and 2 enrolling several hundred patients per
trial) of gefitinib (250 mg/d vs 500 mg/d) in relapsed NSCLC patients, objec-
tive tumor response rates ranged from 8.8 to 19% (26,27). In addition, approxi-
mately one-third of patients reported improvement in lung cancer symptoms
assessed by the FACT-L QOL instrument (28). Similar activity has been reported
for erlotinib dosed at its MTD of 150 mg/d in a single-arm phase II trial in 56
evaluable patients (29).

Clinical development of EGFR inhibitors in head and neck and colorectal
cancer has also progressed. The phase II Bowel Oncology with Cetuximab
Antibody (BOND) study represents a multicenter trial involving 329 patients
to examine the potential benefit of cetuximab in irinotecan-refractory colorectal
cancer patients. In this challenging population, combination treatment pro-
duced partial responses in 23% of patients and disease stabilization in an addi-
tional 33%. Median survival time was 8.6 mo, with approximately one-third of
patients alive after 1 yr. Even among patients who received cetuximab alone,
11% responded to treatment. This study contributed to the Food and Drug Ad-
ministration (FDA) approval of cetuximab in 2004 for use in conjunction with
irinotecan in patients with irinotecan-refractory metastatic colorectal cancer or
as monotherapy in patients with EGFR-expressing colorectal tumors intolerant
to irinotecan-based chemotherapy (30).
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3.3. Phase III: Comparison With Standard Therapies

The promising phase II results of EGFR TKIs in NSCLC was central in
stimulating subsequent phase III evaluation. In addition, early clinical experi-
ence and preclinical data demonstrating the capacity of EGFR inhibitors to
enhance the activity of cytotoxic drugs prompted expectation that the addition
of EGFR inhibitors to chemotherapy would further improve efficacy. Random-
ized phase III trials involving more than 4000 patients with advanced-stage
NSCLC were performed to determine if the addition of EGFR TKIs to doublet
chemotherapy would improve survival (31–34). Trials were performed com-
bining gefitinib with carboplatin/paclitaxel (INTACT 1) (31) and cisplatin/
gemcitabine (INTACT 2) (32). These large trials completed accrual in less
than 1 yr, reflecting perception that these agents might provide a therapeutic
breakthrough. Unfortunately, both studies demonstrated that the addition of
gefitinib (at either 250 or 500 mg/d) did not improve response rates, time to
progression, or survival compared to combination chemotherapy alone (31,32).
These results were further corroborated by essentially identical randomized phase
III trials of erlotinib in combination with carboplatin/paclitaxel (TRIBUTE trial)
(34) or with cisplatin/gemcitabine (TALENT trial) (33), which also demonstrated
no global therapeutic benefit.

Caution regarding the ultimate impact of EGFR inhibitors in cancer therapy
emerged following the completion of these large-scale international lung can-
cer trials in 2002–2003. However, optimism was renewed with the emergence
of positive clinical trial results in 2004. Significant clinical emphasis had been
placed on combining EGFR inhibitors with chemotherapy. However, very
promising clinical data combining EGFR inhibition with radiation was devel-
oping. A phase I trial of cetuximab in combination with radiation in patients
with advanced head and neck cancer showed a striking overall response rate,
with 13 complete responses and 2 partial responses in 15 evaluable patients
(35). These results, complemented by strong preclinical data (36,37), prompted
larger studies investigating the combination of cetuximab in combination with
radiation in head and neck squamous cell carcinoma (HNSCC). In June 2004,
results of an international, randomized phase III clinical trial of 424 patients
who received radiation ± cetuximab for advanced HNSCC demonstrated a near
doubling of median survival for patients treated with radiation plus cetuximab,
54 mo vs 28 mo for patients treated with radiation alone. There was a statisti-
cally significant improvement (p = 0.02) in locoregional disease control (8% at
2 yr) and overall survival (13% at 3 yr) favoring the cetuximab arm (38). In
addition to providing new potential treatment options for advanced head and
neck cancer patients, this pivotal trial demonstrates survival benefit using a
molecularly targeted agent used as a radiation sensitizer. This finding will
likely stimulate many new clinical trials for other cancer types in which radia-
tion plays a central treatment role.
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Although the addition of erlotinib to doublet chemotherapy regimens in ad-
vanced lung cancer failed to identify a survival advantage over chemotherapy
alone, a recent international study does show promise in the treatment of re-
lapsed NSCLC. This randomized phase III study examined the efficacy of
monotherapy erlotinib vs placebo in advanced recurrent NSCLC patients fol-
lowing at least one prior chemotherapy regimen. This trial met the primary
endpoint of improving overall survival from 4.7 to 6.7 mo, as well as second-
ary endpoints of improving time to symptomatic progression, progression-free
survival, and response rate (39).

3.4. Predictive Markers

Although the phase III trials with gefitinib in NSCLC did not improve sur-
vival, the favorable response rates and symptom improvement observed in
phase II clinical trials with good safety profiles led to the approval of gefitinib
in Japan in 2002 and the United States in 2003 (40). The 10–15% of patients
achieving an objective tumor response were often rapid in onset and durable.
However, specific mechanisms of tumor response and methods to predict those
patients most likely to respond have remained elusive. Retrospective analyses
of patients receiving single-agent gefitinib show that responses are more fre-
quent among non-mokers, women, and patients with bronchoalveolar carci-
noma (BAC) or adenocarcinoma (ADC) with bronchoalveolar features
(41–44). However, no correlation between the intensity of immunohistochemi-
cal staining for EGFR and tumor response nor obvious candidate biomarker to
rationally select patients for treatment has yet been confirmed.

In 2004 the first studies to identify mutations in the EGFR kinase domain
that appear to confer sensitivity to gefitinib were reported (45,46). It was hy-
pothesized that patients responding to gefitinib were likely to have tumors har-
boring genetic alterations in specific kinases. This concept had been
demonstrated by sensitivity to imatinib (Gleevec™) in chronic myeloid leuke-
mia (CML) and gastrointestinal stromal tumor (GIST) patients harboring bcr-
abl translocations and c-kit mutations, respectively, as well as sensitivity to
trastuzumab (Herceptin™) in HER-2 amplified breast cancer patients. Al-
though EGFR is widely expressed in human cancers, mutations in the receptor
have not been well characterized except in brain tumors, where a significant
proportion of high-grade gliomas exhibit truncation of the EGFR extracellular
domain, EGFRvIII (47). The most frequent reported abnormality of EGFR in
human cancers prior to these studies was simply that of receptor overexpression.

The Lynch and Paez groups sequenced the EGFR gene from lung cancer
specimens of patients treated (or not treated) with gefitinib as well as normal
lung tissue to identify mutations (45,46). These studies identified small, in-
frame deletions or amino acid substitutions clustered around the EGFR TK
domain in 13 of 14 patients responding to gefitinib (Fig. 2). These studies also
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Fig. 2. Mutations identified in the epidermal growth factor receptor (EGFR) tyro-
sine kinase domain conferring sensitivity to gefitinib in non-small cell lung cancer
patients. (Adapted with permission from ref. 46.)
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identified that EGFR mutations were more common in ADC and BAC histolo-
gies, nonsmokers, and Japanese patients. These preliminary results comple-
ment retrospective analysis of phase II studies that describe similar
characteristics of patients responding to gefitinib therapy. These studies also
suggest a distinct etiology for lung cancers developing in these groups com-
pared to squamous cell carcinomas, smokers, and non-Japanese patients. Po-
tential biological consequences of these EGFR mutations were investigated in
vitro. Cell lines harboring the mutation were 50-fold more sensitive to gefitinib
than other adenocarcinoma cell lines. In addition, treatment with gefitinib com-
pletely inhibited the activation of EGFR, as well as critical downstream media-
tors, including extracellular signal-regulated kinase 1/2 (ERK1/2) and AKT
kinase. In the absence of serum, neither wild-type nor mutant EGFR demon-
strated significant autophosphorylation, although upon EGF stimulation, acti-
vation of mutant EGFRs was more robust and prolonged when compared to
wild-type EGFR. These results suggest that these somatic mutations may pro-
mote cellular reliance on EGFR signaling, or an “EGFR-driven” phenotype.
Further confirmation of these findings may prove valuable in predicting those
patients most likely to benefit from specific EGFR inhibitor therapies.

4. Future Directions

Methods to better identify those tumors that rely on a particular molecular
signaling pathway for their growth advantage is emerging as an important fu-
ture strategy in cancer management. For EGFR, reports describing a predictive
marker for sensitivity to gefitinib (involving mutations of EGFR) will stimu-
late further investigations. It will be important to determine if these mutations
provide a similar predictive value for the anti-EGFR MAbs and other TKIs. It
will also be valuable to examine for the presence of these mutations in other
epithelial cancer types. There will likely emerge other mutations in the EGFR
that confer either sensitivity or resistance to EGFR inhibitors. These findings
will help clarify logical strategies for the ultimate use of EGFR inhibitors in
cancer therapy.

Clinical strategies are also being evaluated to expand the therapeutic win-
dow of EGFR inhibitors by maximizing receptor inhibition. The rationale for
this approach is supported by preclinical models demonstrating enhanced anti-
tumor activity with maximal inhibition of EGFR signaling (48–50). Examples
include combining agents with complementary mechanisms of action, such as
EGFR monoclonal antibodies and TKIs (51,52), dual blockade of EGFR and
ErbB2 (53,54), and simultaneously inhibiting other oncogenic pathways in-
cluding angiogenesis (19), IGFR-1 signaling (55,56), Hsp90 (57), and histone
deacetylase activity (58).
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Future clinical application of EGFR inhibitors may involve their capacity to
enhance radiation response, as demonstrated by results of the recent phase III
trial in patients with advanced HNSCC. This pivotal study is likely to stimulate
further investigations to determine if this interaction between EGFR signaling
and radiation response can be generalized to other tumor sites. Furthermore,
investigations to better characterize molecular mechanisms underlying the in-
teraction between EGFR signaling and radiation response will help identify
patients most likely to benefit from combined EGFR/radiation treatments.

5. Conclusion
Although it has been more than 20 yr since the concept of targeting the

EGFR in cancer therapy was initially proposed, the potential clinical value of
EGFR signaling inhibitors in cancer therapy is now coming into sharper focus.
Recent reports that confirm the capacity of EGFR inhibitors to improve overall
survival in cancer patients will stimulate even broader interest in this evolving
field. It appears likely that EGFR inhibitors (and other rationally designed
molecular growth inhibitors) will play a meaningful role in cancer therapy in
the years to come.
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