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INTRODUCTION 

Breast cancer is one of the most important cancers afflicting women and presents 

challenging treatment decisions. After p53 alterations, the most frequent change in an 

identified gene is amplification and/or overexpression of the neu/erbB-2/HER-2 gene, 

which occurs in up to one-third of breast cancers. The gene product (denoted pl85 or 

non-italicized neu), is a receptor tyrosine kinase (RTK) 1'Z->J. This gene was originally 

discovered in mutant form in chemically-induced rat nervous system tumors and is now 

known to be a member of the Type 1, or epidermal growth factor (EGF) receptor gene 

(erbB) family. The family includes four receptors, which will be referred towill be referred 

to herein as the EGFR, neu, erbB-3, and erbB-4. (See our review, ). Small-scale screens for 

neu alterations in human tumors led to discovery of changes in a number of 

adenocarcinomas including breast  , ovarian, gastric, bladder, lung, and colon. Two 

influential studies showed that neu, and not a panel of other oncogenes is amplified in 

breast and ovarian carcinomas and that this amplification correlates with RNA and pi85 

ft  7 overexpression  '   . Numerous studies of neu in mammary carcinoma have led to the 

following conclusions  : 

l.neu is amplified in 20-30% of mammary carcinomas, with the frequency of 

amplification higher in tumors from patients with affected lymph nodes 

13,14,15,16 j^e gene amplification suggests that there is a selection in the tumors for 

neu overexpression. (It cannot be absolutely ruled out that neighboring genes are selected 

for amplification.) 

2.Amplification correlates well with concomitant RNA and pl85 expression  '  . 

An additional 5% of specimens overexpress the receptor without obvious changes in gene 

structure or copy number 

3There is no evidence for structural mutations in pi85 in human tumors. This 

negative result is weak owing to the high copy number of genes and the large size of the 
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mRNA. Recent work in the mouse transgenic system suggests that this issue should be 

reconsidered    . 

4.Amplification and/or pl85 overexpression can be found in all grades and stages 

of carcinomas, but not hyperplasia or dysplasia. It is found more frequently in ductal 

carcinoma in situ (DCIS) than in infiltrating ductal carcinoma (IDC)   '    '    '    . 

5.Amplification and/or pl85 overexpression is associated with poor prognosis, 

especially in node-positive patients. However the extent of this association and 

independence from other prognostic markers varies greatly among different studies 

(reviewed,  ). 

Taken together, these data indicate that neu amplification and overexpression play 

a major role in mammary carcinogenesis. This is consistent with findings in model 

systems: i) the mutated rat neu oncogene is as potent as any including ras in tissue culture 

systems. ii)In contrast to other growth factor receptors including the EGFR, 
91   99 overexpression of pl85 in the absence of ligand is sufficient to transform cells    '    . 

iii)Transgenic mice harboring a mutationally activated neu oncogene develop multi-focal 

mammary carcinoma when expressed under control of a murine mammary tumor virus 

(MMTV) promoter, which confers high level expression in mammary gland and a few 

other tissues (not found in all studies    '    . iv)Perhaps most compelling is the fact that 

transgenic mice carrying a structurally normal neu gene driven by the MMTV promoter 

develop metastatic mammary carcinomas 25. This is noteworthy because it reconstructs 

what appears to be occurring in human cancer: overexpression of normal pi85 in 

mammary tissue. 

Since pl85neM is a cell surface protein that seems to play a causal role in mammary 

carcinogenesis, it is under intensive investigation as a therapeutic target '    . Phase II 

clinical trials, in which patients were infused with anti-neu antibody 4D5 have been 

completed with a roughly 15% response rate, and represent the vanguard for expanded 

therapeutic trials targetting this receptor (J. Baselga, personal communication). In spite of 
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the findings linking neu to mammary carcinoma, and despite the fact that patients are 

already being exposed to neu antagonists, little is known about the function of neu either 

in the organism, or in breast cancer. 

The physiological function of pl85neu' like any hormone receptor, can only be 

understood in the context of the hormones that regulate it. The EGFR is activated by 

binding of at least six different peptide hormones, EGF, TGF-a, amphiregulin (AR), 

betacellulin (ßC), epiregulin    (epi) and heparin-binding EGF-like growth factor (Hb- 

EGF)   '    ' JU> J1. pl85, by itself, cannot bind or be activated by these hormones (epi has 

not been tested). We discovered that EGF and TGF-a, which do not bind to pl85, activate 

pl85 Tyr phosphorylation and stimulate pl85-associated kinase activity  '    . This 

phenomenon, now termed transmodulation, is dependent upon the co-expression of the 
no   n.A    or   ozr 

EGF receptor with pl85    '    '    '    . It probably occurs at least in part through formation 

of receptor heterodimers 37'38. Transmodulation of neu by the EGFR is biologically 

relevant since it works with EGF, TGF-a, betacellulin (see below) and AR, 

stoichiometrically activates pl85    , permits association of substrates    , and correlates 

with in vivo synergy in transforming ability of these two receptors    . Thus wherever the 

two receptors are co-expressed, EGFr agonists activate neu . In cell lines that express both 

receptors, EGF-regulated neu signaling is at least as important as signaling by the EGFR 

. Since pi85 and the EGFR have distinguishable signaling activities    , this means that 

regulation of neu production provides a means to alter the signal coupled to EGF. 

The transmodulation of neu by the EGFR is a prototype for other interactions 

within the Type 1 receptor family discovered more recently. Ignorance of these 

interactions has confused many groups studying the EGFR and resulted in a rather 

muddy literature which is just now being rationalized  '    . For example, several 

laboratories independently identified an activity termed Heregulin, neu diffentiation 

factor, gp30, p75, neuregulin, ARIA, and Glial Cell Growth Factor (GGF)44' 45> 46> 47>48' 

'    '    , a family of related proteins evidently produced by alternate splicing      (They 
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will be referred to collectively here as NRG, for the composite name neuregulin, or as 

NDF). At first the NRGs seemed to be neu ligands since they activate pi85 tyrosine 

phosphorylation in the absence of the EGFR and could be cross-linked to neu 45'49. 

However, it is now known that NRGs bind to both erbB-3 and erbB-4 which can then 

activate neu by transmodulation    '53. A further complication of this receptor system is 

that erbB-3 lacks robust kinase activity, and itself requires a second receptor for activity 

54 

Additional candidates for neu ligands have been identified but not yet expressed 

in recombinant form and tested for activity    '    . Nonetheless, the independent 

purification of NRGs by three different laboratories seeking the neu ligand suggests that 

in mammary epithelia the significant inputs to neu may come through transmodulation: 

transmodulating agonists TGF-a, AR, and NDFs are often produced in mammary tissue 
en    CO     CQ 

or cell lines J '> JO>Jy as are the cooperating receptors. Even if these hormones are 

uniquely responsible for neu activation in mammary tissue, the biological complexities 

may be enormous. TGF-a and AR, although both EGFR agonists, have somewhat 

different biological activities    . NRGs at first seemed to have radically different activities 

than EGF agonists since they promote differentiation in some cell lines    '     (but not 

others    '    ), but this has still not been verified in tissue   . 

In summary, neu amplification and overexpression is likely to play a significant 

role in carcinomas where it occurs. However, the presence of activating mutations and 

agonistic peptide hormones will regulate neu function much more strongly than 

abundance. The Type 1 RTKs comprise a network in which the signaling potential of each 

receptor is conditioned not only by the presence of hormones, but is further regulated by 

the co-expression of related RTKs. The long-term focus of this grant is to define the 

capabilities of the erbBfamily receptor network: the spectrum of hormones that activate 

each receptor and receptor combination, and the differences among signalling pathways 

governed by these receptor systems. These objectives include: 
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Aim 1: Signalling of individual receptors and receptor combinations will be compared by 

investigating receptor phosphoryaltions and substrate phosphorylations to determine 

how receptor interactions modulate signalling specificity. 

Aim 2: Functions of NRG ecto- and endo-domains will be analyzed. 

Aim 3: Biological activity of NRGs and NRG/TGF-oc combinations will be determined in 

tissue culture. 

David F. Stern DAMD17-94-J-4476 page 9 



BODY 

ErbB Receptor Signaling Network 

This has been an exciting year for the ErbB receptor signaling network, since the 

first ErbB2-directed therapy performed well in Phase III clinical trials and has been 

approved by the FDA for treatment of breast cancer patients. As discussed in last year's 

progress report, we have completed the intended work for Aims 1 and 3. This work was 

capped off by publication of our final papers in this series,66'67. Besides tidying up final 

experiments for the latter papers, we have devoted most effort this year on Aim II, NRG 

Intracellular Domain. 

II.NRG Intracellular Domain 

The cytoplasmic domain of NRG family EGF-related growth factors is unusual in 

showing extraordinary diversity of regulation by splicing, and in that some forms have 

unusually long cytoplasmic tails of unknown function (over 400 amino acids). We 

hypothesize that these tails are likely to themselves transmit signals so that binding of 

NRG ecto-domains to the cognate receptors results in bidirectional signaling. 

Task 3b. The major focus of work on the NRG intracellular domain has been to 

develop physical and two-hybrids screens to identify binding partners. We have now 

nearly completed the screen using the first cytoplasmic exon of NRG as bait. 

Approximately 4 X 106 transformants were tested, yielding 36 positives that fulfilled our 

initial and final screening criteria. Two-thirds of these have been sequenced and analyzed 

by comparison to the nucleci acid and protein data bases. The results were as follows: 

Amphysin II. Isolated twice. 

Enigma. 

Myd 88. 

4 ribosomal phosphoproteins. These are often encountered as false positives in two 

hybrids screens. 

alpha-Globin. Isolated three times. 
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ß-globin. Isolated three times. 

mouse acid phospho-protein. 

ß-actin 

8 different isolates that do not match with known gene sequences. 

Triage of positives. Once the remaining positives have been sequenced, it will be 

possible to produce our final rank-ordered list. Provisionally, we have decided to place 

greatest emphasis on characterization of Amphyphysin II and Enigma. This is based on 

the rationale that the ribosomal phospho-proteins are typical false-positives for two 

hybrids screens, and that globins and actin are highly expressed, and are likely to be over- 

represented in the two hybrids library. We are very interested in Amphiphysin II and 

Enigma, which both have the appropriate intracellular localization and biological 

activities to be plausibly connected with the cytoplasmic domain of NRG. 

Amphiphysin II is a recently identified cytoplasmic protein related to 

Amphiphysin I. Amphiphysin I binds to dynamin, and has been implicated in vesicle 

endocytosis and recycling in the nervous system 68. Both Amphiphysin I and II are 

broadly distributed. They form heterodimers that seem to be important for clathrin- 

mediated endocytosis69. Hence one hypothesis would be that interaction with 

Ampiphysin II interactions with NRG are related to ligand or kinase C-regulated 

endocytosis of NRG. Other information about Amphiphysin II suggests possible links 

with signal transduction. Amphiphysin II contains an SH3 domain, a constituent of many 

signaling adaptor proteins. Moreover, amphiphysin II has been found to associate with 

two proto-oncogene products, Myc and Abi70'71. Finally, the assembly of amphyphysin II 

into complexes associated with the cytoskeleton suggests other possible roles in 

signaling70'71. 

Enigma is a LIM-domain containing protein that binds to Tyrosine-containing 

motifs in receptor tyrosine kinases. Enigma binding is required for function of the 

receptor kinase RET72. Interestingly, a second LIM-domain containing protein, LIM 
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kinase, has recently been found by another lab to interact with the NRG cytoplasmic 

domain73. Hence NRG may generate intracellular signals through recruitment of LIM- 

containing proteins. 

In order to characterize these potential interactions further, we have constructed 

epitope-tagged versions of Amphyphysin II and NRG for transient and stable cell lines. 

We can detect high level expression of both proteins, and are now determining whether 

they co-localize or co-immunoprecipitate. Enigma will be worked up the same way. 

Provided either one of these proteins shows evidence for in vivo interactions, we will 

continue by mapping the sites of interaction, and correlating mutant activities with 

changes in function associated with these two candidates, as discussed in the original 

proposal. 

We are also continuing to sequence the remaining group. If time permits, and if 

Enigma and Amphyphsin II do not pan out, we will epitope tag and test any unmatched 

open reading frames for association with NRG in transient expression experiments. 

Glutathione-S-transferase (GST)-fusion proteins. A complementary method for 

identification of interacting proteins is affinity purification. This has the advantage of 

using full-length cellular proteins, that are expressed in their native environment, but 

probably requires stabler interactions than two-hybrids screening. We are using 

glutathione agarose affinity purification to identify proteins that bind specifically to GST- 

fusions of NRG cytoplasmic segments. Once positives are identified, this approach can be 

used for purification for direct sequencing, to verify positives identified in two-hybrids 

screens, and /or to verify positives from solid phase screening (see below). 

GST fusion proteins have been produced with GST-coding sequences fused to the three 

intracellular exons. These proteins have been labeled by in vitro phosphorylation at a 

protein kinase A acceptor site tag, and used as probes in Far-Westerns. So far, these 

assays have been noisy, and we are working to clean up the background using an 

irrelevant WW domain fusion protein as negative control. 
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The same fusion proteins have been used to make GST-fusion protein affinity 

columns. The biggest technical problem has been non-specific protein binding, which we 

are working to circumvent. In the long run, if the Far-Western's can be improved, we will 

use the probe to screen a cDNA library, as discussed in the proposal. Alternatively, clean 

results in the affinity purification may provide us with material that can be identified 

using MALDI-Mass Spectrometry. 
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CONCLUSIONS 

In year 4 we have identified candidate interacting proteins for the NRG 

cytoplasmic domain. Two of these candidates promise to provide an entry into our 

hypothesized functions for the NRG kinase domain. Identification of any cytoplasmic 

function for NRG will help understand the means by which this important signaling 

molecule modulates cellular functions. 
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Specificity within the EGF 
family/ErbB receptor 

Isignaling network v 
David J. Riese II and David F. Stern4 

Summary 
Recent years have witnessed tremendous growth in the epidermal growth factor 
(EGF) family of peptide growth factors and the ErbB family of tyrosine kinases, the 
receptors for these factors. Accompanying this growth has been an increased 
appreciation for the roles these molecules play in tumorigenesis and in regulating 
cell proliferation and differentiation during development. Consequently, a signifi- 
cant question has been how diverse biological responses are specified by these 
hormones and receptors. Here we discuss several characteristics of hormone- 
receptor interactions and receptor coupling that contribute to specificity: 1) a 
single EGF family hormone can bind multiple receptors; 2) a single ErbB family 
receptor can bind multiple hormones; 3) there are three distinct functional groups 
of EGF family hormones; 4) EGF family hormones can activate receptors in trans, 
and this heterodimerization diversifies biological responses; 5) ErbB3 requires a 
receptor partner for signaling; and 6) ErbB family receptors differentially couple to 
signaling pathways and biological responses. BioEssays 20:41-48,1998. 
© 1998 John Wiley & Sons, Inc. 

INTRODUCTION 
The signaling network composed of the epidermal growth 
factor (EGF) family of hormones and their receptors regu- 
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lates the proliferation and differentiation of many tissue 
types. Deregulation of this network is a significant factor in 
the genesis or progression of several human cancers, 
including neoplasms of the brain, lung, breast, ovary, pan- 
creas, and prostate.1'2 These observations have spurred 
efforts to elucidate how this signaling network is regulated 
and coupled to physiological responses and how regulation 
and coupling are disrupted in malignancies. 

Efforts to characterize this signaling network also have 
been triggered by the observations that the EGF family 
peptides, called neuregulins (NRGs), play a significant role 
in neural development and function. Neurons produce NRGs, 
whereas postsynaptic cells or cells associated with neurons 
(glia or Schwann cell precursors) express ErbB family recep- 
tors. NRG activates these receptors through a paracrine or 
juxtacrine mechanism. For example, NRGs produced by 
motor neurons induce acetylcholine receptor subunit tran- 
scription and protein synthesis in postsynaptic muscle cells, 
which express ErbB2 and ErbB3 and possibly EGFR and 
ErbB4.3 Furthermore, NRGs expressed from sensory neuron 
axons stimulate Schwann cell proliferation and may promote 
the differentiation of neural crest cells into Schwann cell 
precursors.4 In general, patterns of ErbB3 and ErbB4 expres- 
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sion differ during neural development, suggesting that these 
NRG receptors couple to distinct signaling pathways and 
cellular responses.3 Additional functions for NRGs have 
been identified in mutants in which NRG signaling is dis- 
rupted.5"8 Such mutants display defects in the peripheral 
nervous system, most notably a loss of cells in the cranial 
sensory ganglia or a misinnervation of rhombomeres by 
cranial sensory and motor neurons. Again, because multiple 
ErbB family receptors appear to be NRG effectors, there is 
significant interest in how these receptors couple to distinct 
signaling effectors and biological function. 

EGF FAMILY HORMONES 
There are at least eight different hormones in the EGF family: 
EGF itself, transforming growth factor alpha (TGF-a); heparin- 
binding epidermal growth factor-like factor (HB-EGF); amphi- 
regulin (AR), also known as keratinocyte autocrine factor or 
colorectum-cell derived growth factor; epiregulin (EPR); 
betacellulin (BTC); the neuregulins (NRGs), also known as 
heregulins, neu differentiation factors, glial growth factors, 
acetylcholine receptor inducing activity, or sensory and 
motor neuron-derived factor; and the neuregulin-2s (NRG- 
2s), also known as the cerebellum-derived growth factors. 
Moreover, multiple NRG and NRG-2 isoforms arise from 
alternative transcriptional splicing.1-4'9-11 

Most EGF family peptides are synthesized as transmem- 
brane precursors that can be proteolytically cleaved to 
release the soluble form of the hormone or can function as 
membrane-anchored hormones in juxtacrine signaling. The 
soluble hormones can be as small as 50 amino acids, 
sharing a domain of homology that encompasses approxi- 
mately 50 amino acids. The salient feature of this domain is 
six characteristically spaced cysteine residues that form 
three intramolecular disulfide linkages and define a three- 
loop secondary structure.2 This domain is both required and 
sufficient for ErbB family receptor binding and activation; 
little is known about the physiological functions of the 
non-EGF homologous domains, which can be extensive. 

Two additional proteins share limited homology with EGF 
family hormones. Cripto-112'13 and Cryptic14 contain the six 
cysteine residues characteristic of EGF family hormones. 
However, the spacing of these residues is altered such that 
Cripto-1 and Cryptic completely lack the 'A-loop" formed by 
the residues between the first and second cysteine residues, 
and the "B-loop" formed by the residues between the third 
and fourth cysteine residues is considerably smaller than this 
domain in other EGF family hormones. Indeed, the synthetic 
EGF homology domain of Cripto-1 does not activate ErbB 
family receptors.15 

ERBB FAMILY RECEPTORS 
There are four ErbB family receptors: epidermal growth 
factor receptor (EGFR, also called HER; ErbB);16 ErbB2 (also 
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Figure 1. Three distinct functional groups of EGF family 
hormones. The patterns of ErbB family receptor activation 
stimulated by various EGF family hormones are shown for cell 
lines expressing ErbB family receptors singly or in pairwise 
combinations. Where there are quantitative variations within 
groups, the pattern shown applies to the prototype member 
listed first. A filled box indicates receptor activation, with the 
fill darkness indicating the intensity of receptor activation. A 
white "x" on a filled background indicates that the hormone 
binds the receptor but does not activate it. Adapted from 
references 10, 29, 31, 35,36, 42,43, and 74-83. 

Neu, HER-2);17'18 ErbB3 (HER3);19'20 and ErbB4 (HER4).21 

The human forms of these receptors range in size from 1,210 
to 1,343 amino acids. They each consist of a cysteine-rich 
extracellular domain, a single membrane-spanning domain, 
and a large cytoplasmic domain composed of a tyrosine 
kinase domain and several tyrosine residues that are phos- 
phorylated upon receptor activation. Ligand binding stimu- 
lates receptor dimerization and tyrosine phosphorylation at 
several sites that then serve to dock effector proteins and 
couple to physiological responses. 

DIFFERENTIAL ACTIVATION AND COUPLING OF 
ERBB FAMILY RECEPTORS 

Differential Activation of ErbB Family 
Receptors 
A number of mechanisms contribute to the complexity and 
interconnectedness of the EGF family/ErbB family signaling 
network. These include the large number of ligands and 
extensive cross-interactions among the receptors. 

(1) A Single EGF Family Hormone Can Bind 
Multiple Receptors 
For example, BTC, HB-EGF, and EPR activate both the EGF 
receptor and ErbB4, whereas NRG and NRG-2 both bind 
ErbB3andErbB4(Fig. 1). 

(2) A single ErbB Family Receptor Can Bind 
Multiple Hormones 
With the exception of ErbB2, which is an orphan receptor, 
each ErbB family receptor binds multiple hormones. EGF, 
TGF-a, HB-EGF, AR, BTC, and EPR bind to the EGFR. BTC, 
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NRG, NRG-2, HB-EGF, and EPR bind ErbB4, but only NRG 
and NRG-2 bind ErbB3 (Fig. 1). 

(3) There Are Three Distinct Functional 
^Groups of EGF Family Hormones 

jThese groups are distinguished by their abilities to bind to 
• and activate distinct sets of individual receptors (Fig. 1). The 

"first group consists of EGF and its functional analogues 
TGF-a, and AR, which all bind and activate EGFR but not the 
other receptors. The second group consists of NRG and 
NRG-2, which bind ErbB3 and ErbB4. The third group 
consists of BTC, EPR, and HB-EGF. These hormones bind 
and activate both EGFR and ErbB4. 

(4) EGF Family Hormones Can Activate 
Receptors in trans 
Receptors that do not bind a particular hormone when 
expressed alone can be cross-activated ("transmodulated") 
if a binding competent receptor is also present. For example, 
although EGF does not bind to or activate ErbB2 expressed 
by itself, EGF induces the tyrosine phosphorylation of both 
EGFR and ErbB2 in cells expressing both receptors22-24 (Fig. 
1). Furthermore, even a kinase-inactive ErbB2 mutant can be 
cross-activated by EGF and EGFR.25 Because the transmodu- 
lation of ErbB2 by the EGFR is accompanied by the forma- 
tion of EGF-stimulated EGFR-ErbB2 heterodimers,26'27 it is 
likely that the kinase responsible for ErbB2 transmodulation 
is the EGFR itself. Nonetheless, a plausible alternative is that 
an src-family kinase activated by the EGFR is involved.28 

Analogous heterotypic interactions are now known to 
occur extensively among other combinations of ErbB family 
receptors (Fig. 1). The presence of a single hormone-binding 
receptor is generally sufficient for EGF family hormones to 
activate all other ErbB family members present. However, 
RTKs outside the ErbB receptor family do not cross-activate 
these receptors, nor can they themselves be activated in 
trans by EGF family hormones and ErbB family receptors. 
There are two notable exceptions. Although BTC activates 
ErbB4, BTC does not activate ErbB3 in cells expressing both 
ErbB3 and ErbB4 (Fig. 1).29 Similarly, although NRG-a binds 
ErbB3, it does not activate either EGFR or ErbB3 in cells 
expressing these receptors.30 

At a more quantitative level, there is a graded hierarchy of 
heteromeric interactions that may reflect differences in affini- 
ties of the various hormone-receptor-receptor complexes. 
For example, EGF, which binds only the EGFR, transmodu- 
lates ErbB2 more strongly than ErbB3 or ErbB4. Similarly, 

~?NRG-ß, which binds ErbB3 and ErbB4, transmodulates 
ErbB2 more strongly than EGFR. This suggests that ErbB2 is 
the preferred target for transmodulation by a ligand- 
activated ErbB family receptor.31-33 

Because many cell types express at least three of the four 
receptors, this implies that there is competition among 

receptors for dimerization partners. This may explain the 
finding that pretreatment with NRG inhibits subsequent EGF 
binding, suggesting that recruitment of the EGFR into com- 
plexes with ErbB3 or ErbB4 reduces the availability of free 
EGFR.34 Moreover, transmodulation of the EGFR in T47D 
cells by NRG (via ErbB3 and ErbB4) is enhanced when 
ErbB2 is selectively removed.33 However, a simple competi- 
tion model does not account for the observation that down- 
regulation of ErbB2 reduces ErbB4 transmodulation by EGF 
(and the EGFR).33 

The mechanism and stoichiometry of heteromeric recep- 
tor interactions have not been determined; this reflects the 
absence of a basic understanding about receptor oligomer- 
ization. For example, it is possible that higher order oligo- 
mers rather than dimers are the active signaling species. 
Furthermore, it is not known if a ligand binds to one or both 
receptors in a heterotypic receptor complex. Coexpression 
of binding and nonbinding ErbB family members in some 
cases enhances hormone-binding affinity,35 whereas intracel- 
lular retention of ErbB2 reduces EGF and NRG binding by 
accelerating their dissociation.36 (We use "binding" and 
"nonbinding" here to denote the behavior of the receptors 
when expressed individually.) The means by which a nonbind- 
ing receptor is recruited into a receptor complex and can 
modulate ligand-binding affinity are uncertain. Hypotheti- 
cally, in EGFR/ErbB2 transmodulation, EGF binding may 
unveil a cryptic EGFR/ErbB2 interreceptor binding site and/or 
may stabilize EGF binding to ErbB2. Similarly, formation of 
EGFR-ErbB2 dimers may alter the conformation of the ErbB2 
hormone-binding domain or create a composite-binding site 
encompassing elements from both receptors. EGF appears 
to bind the EGFR with a 1:1 stoichiometry,37'38 and it has 
been proposed that EGF binds bivalently, with each EGF 
molecule binding to a high-affinity site on one EGFR mol- 
ecule and a low-affinity site on another EGFR molecule.38 

Bivalent hormone binding is consistent with the observation 
that BTC and EGF-NRG chimeras bind both EGFR and 
ErbB4.29'39 It has been proposed that hormone binding to the 
high-affinity binding site is required to stabilize receptor 
dimers and for receptor activation. Therefore, bivalent bind- 
ing of a hormone molecule to a high-affinity site on one 
receptor ("binding" receptor) and a lower affinity site on a 
heterotypic ErbB family receptor molecule ("nonbinding" 
receptor) may be the mechanism underlying receptor, het- 
erodimerization and transmodulation. Differences in the affin- 
ity of this "lower affinity" binding site on the "nonbinding" 
receptor may explain the variable heterodimerization and 
transmodulation potential for the four ErbB family receptors. 
And finally, these possibilities mean that coexpression of 
ErbB family receptors may create novel "emergent" binding 
specificities. 

Intriguing observations that have led to a greater under- 
standing of ErbB family receptor heterodimerization are that 
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NRG induces the formation of EGFR-Neu heterodimers and 
that this heterodimerization is blocked by the Neu tyrosine 
kinase inhibitor tyrphostin AG879. Ligand-induced ErbB 
family receptor dimers apparently dissociate and can nucle- 
ate "secondary" (hetero)dimerization with additional recep- 
tor molecules. Moreover, receptor phosphorylation is appar- 
ently required for dissociation of the "primary" receptor 
dimers and for formation of "secondary" heterodimers.40 

Because receptor phosphorylation also triggers receptor 
internalization and degradation, the amount of receptor 
heterodimerization must be regulated by a number of fac- 
tors, including hormone and receptor concentration, the 
affinity for receptor dimerization, receptor kinase activity, and 
rate of receptor internalization. 

(5) ErbB3 Requires a Partner 
A special case is the reliance of ErbB3 signaling on hetero- 
meric interactions. Four residues in the ErbB3 tyrosine 
kinase homology domain diverge from the consensus tyro- 
sine kinase sequence,20'41 and ErbB3 has little or no associ- 
ated kinase activity.41 Although ErbB3 expressed alone 
binds NRGs, tyrosine phosphorylation of this receptor only 
occurs in the presence of additional ErbB family members. 
Presumably, they are required for cross-phosphorylation of 
ErbB3 29,35,36,42,43 

COUPLING OF ERBB FAMILY RECEPTORS TO 
BIOLOGICAL RESPONSES AND SIGNALING 
EFFECTORS 
The complex regulation of ErbB family receptor activation is 
significant because the four receptors couple to distinct sets 
of signaling effectors and biological responses. 

(1) ErbB Family Receptors Have Different 
Signaling Specificities 
Each receptor has unique signaling specificities, as first 
suggested by the unique hormone-independent transform- 
ing activity of overexpressed ErbB2 relative to the other 
receptors.44"51 These differences reflect differential activa- 
tion of signaling pathways, as was first shown to occur for 
EGFR and ErbB2.4652 

(2) ErbB Family Receptor 
Heterodimerization Diversifies Biological 
Responses 
An early indication that activation of multiple ErbB family 
receptors increases response diversity was the finding that 
EGFR and ErbB2 synergize in transformation of NR6 fibro- 
blasts.53 Similarly, a subset of receptor combinations pro- 
motes hormone-independent or NRG-dependent transforma- 
tion of NIH3T3 cells.48'49'51 Interleukin 3 (IL-3)-independent 
survival or proliferation of a panel of Ba/F3 cells with defined 
receptor content depends on the specific combinations of 
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Figure 2. Responses of recombinant Ba/F3 cell lines to 
ErbB family receptor activation. The patterns of interleukin-3 
(IL-3)-independent responses stimulated by various EGF 
family hormones are shown for Ba/F3 cell lines expressing 
ErbB family receptors singly or in pairwise combinations. A 
filled box indicates an IL-3-independent response, with a 
gray fill indicating IL-3-independent survival and a black fill 
indicating IL-3-independent proliferation. The hormones used 
to elicit these responses are indicated by name. Adapted 
from references 29, 43, and 80. 

receptors activated (Fig. 2). In this cell background, activa- 
tion of ErbB4 alone yields no measurable response, whereas 
activated EGFR couples to IL-3-independent survival. How- 
ever, activation of EGFR and ErbB4 together leads to 
IL-3-independent proliferation.29'43 Conversely, selective in- 
tracellular retention (and inactivation) of ErbB2 in T47D cells 
radically diminishes the extent and duration of MAP kinase 
activation by EGF and NRG, suggesting that MAP kinase is 
predominantly coupled to ErbB2 activated by transmodula- 
tion.36 

The simplest interpretation for receptor cooperativity in 
induction of biological responses is that different receptors 
activate complementary signaling pathways. However, an 
alternative explanation is that receptor heteromers have 
unique signaling specificities. This is plausible, because in a 
cross-phosphorylation reaction within a heterodimer, the 
identity and geometry of kinase/substrate pairs differ from 
that for a homodimer. In NIH3T3 cells ectopically expressing 
EGFR and ErbB3, NRG stimulates anchorage-independent 
growth, whereas EGF does not, despite the fact that EGF 
stimulates higher levels of receptor phosphorylation than 
NRG. Furthermore, EGF treatment mobilizes intracellular 
Ca2+ stores, whereas NRG treatment does not.51 Similarly, 
when the EGFR is activated by HB-EGF in a breast tumor cell 
line, the downstream signaling effector Cbl is tyrosine phos-' 
phorylated and complexes with the EGFR. However, when 
EGFR is activated by NRG through transmodulation by 
ErbB3 or ErbB4, Cbl is not tyrosine phosphorylated, nor does 
it complex with the EGFR, despite the fact that HB-EGF and 
NRG stimulate similar levels of EGFR phosphorylation.33 
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These data suggest that distinct sets of receptor tyrosine 
residues become phosphorylated in response to different 
stimuli, resulting in differential coupling to signaling effectors 

.   and biological responses. 
r 

>(3) ErbB Family Receptors Couple to 
I  Distinct Cellular Signaling Effectors 

"Although it is clear that ErbB family receptors differentially 
couple to biological responses, the specific substrates and 
pathways associated with these different responses have 
not been elucidated. A number of receptor effectors have 
been identified, a few of which may be receptor-speci- 
fjC 1,31,36,46,52,54-59 For example, Cbl is activated by and 

complexes with the EGFR but not the other ErbB family 
receptors.60 Similarly, the CHK Csk-homologous kinase binds 
to ErbB2 but does not bind EGFR, ErbB3, or ErbB4.61 

CONCLUSIONS 
Emerging evidence shows that the extensive cross-interac- 
tions revealed by tissue culture analysis of the EGF system 
has profound importance in vivo. This is manifested by the 
striking phenotypic similarities of mice with homozygous 
disruptions of the ErbB2, ErbB4, and NRG genes.5"8 These 
three gene disruptions are all embryonically lethal at day 
10.5 postcoitum and induce overlapping but not identical 
defects in the nervous system. Significantly, these animals all 
lack the trabecular extensions of the ventricular myocardium, 
which results in lethality due to cardiac malfunction. ErbB2 
and ErbB4 are expressed in the myocardium, whereas NRG 
is expressed in the endocardium. The disruption phenotypes 
show that paracrine activation of both ErbB2 and ErbB4 by 
NRG is required for proper myocardial development and 
verifies the importance of transmodulation of ErbB2 in a 
physiological response to NRG.4'62 

A number of open questions regarding the regulation and 
coupling of this signaling network remain. For the hormones, 
there is little understanding of the role of the non-EGF 
homologous domains, which can be quite large and contain 
a number of recognizable motifs. For example, some of the 
differentially spliced NRG isoforms include an immunoglobu- 
lin (Ig)-like domain, a glycosylation-rich spacer domain, a 
cysteine-rich "sensory and motor neuron-derived factor" 
domain, and a variant kringle domain.9'63 Although these 
domains are not required for activation of ErbB3 or ErbB4, 
they may regulate hormone-receptor interactions in a quanti- 
tative manner. In fact, mutant mice homozygous for a mutant 
NRG gene containing a disruption in the lg-like domain die 

/during embryogenesis and exhibit neurologic and cardiac 
defects similar to those observed in mice homozygous for 
complete disruption of the NRG gene.5'8 Although this 
implies that the lg-like domain is required for ErbB family 
receptor activation, another possibility is that this domain is 
required for NRG stabilization or presentation by extracellu- 

lar matrix in vivo. In a similar vein, only a little more is known 
about regulation of hormone-receptor interactions by heparin- 
sulfate proteoglycans (HSPGs). NRG, HB-EGF, and AR bind 
HSPGs, and HSPGs regulate the interactions of HB-EGF and 
AR with the EGFR.64 HSPGs may regulate ligand binding by 
acting as low-affinity receptors for AR and HB-EGF, increas- 
ing the local concentration of these hormones. 

EGF family hormones are initially synthesized as mem- 
brane-anchored precursors that are subsequently cleaved 
to release soluble hormone. Experiments using mice homo- 
zygous for disruptions in the ErbB4 and NRG genes suggest 
that activation of ErbB family receptors by membrane- 
anchored hormones on an adjacent cell or tissue (juxtacrine 
regulation) is required for some developmental processes. It 
is unclear, however, whether the membrane-anchored and 
soluble forms of EGF family hormones stimulate identical 
patterns of receptor tyrosine phosphorylation. Steric and 
conformational constraints on the membrane-anchored hor- 
mones might restrict their activities. Several of the membrane- 
anchored hormone precursors possess significant cytoplas- 
mic tails. During juxtracrine receptor activation the 
membrane-anchored hormones also may act as receptors, 
coupling to signaling effectors and physiological changes in 
response to ErbB family receptor binding. This possibility 
has stimulated efforts to identify proteins that interact with the 
cytoplasmic domains of EGF family prohormones. The cyto- 
plasmic domain of TGF-a has been shown to associate with 
an uncharacterized protein kinase activity as well as a p86 
cytoplasmic protein. However, the identities of the protein 
kinase and the p86 cytoplasmic protein have yet to be 
determined, and the regulation of these interactions has yet 
to be defined.65'66 

Another emerging field of study is the role of ErbB family 
receptors as effectors for stimuli independent of EGF family 
hormones,67 much as nonreceptor protein tyrosine kinases 
serve as signaling effectors for receptors lacking kinase 
activity. Treatment of HeLa cells with short-wavelength ultra- 
violet light (UVC) stimulates EGFR and p42 MAP kinase 
phosphorylation and induces c-fos and c-jun transcription. 
These responses are not seen in HeLa cells ectopically 
expressing a dominant-negative EGFR mutant.68 It has been 
proposed that one mechanism by which UV induces cellular 
responses is through the induction of reactive oxygen spe- 
cies (ROS), such as hydrogen peroxide. Therefore, it is not - 
surprising that in vascular smooth muscle cells hydrogen 
peroxide also stimulates the phosphorylation of EGFR and 
MAP kinases as well as the formation of complexes contain- 
ing She, Grb2, SOS, and EGFR.69 Surprisingly, EGF stimu- 
lates hydrogen peroxide generation in A431 human carci- 
noma cells, and eliminating hydrogen peroxide with catalase 
reduces EGFR tyrosine phosphorylation in response to EGF. 
It has been proposed that hydrogen peroxide inhibits a 
protein phosphatase specific for the EGFR and that this 
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inhibition is required for the maintenance of EGFR in its 
phosphorylated state.70 Therefore, cellular stress, which in 
some cases is accompanied by ROS release, may be 
coupled to the MAP kinase signaling pathway through EGFR 
and perhaps other ErbB family receptors as well. 

There is also increasing evidence that G protein-coupled 
serpentine receptors (GPCR) also regulate ErbB family 
receptor signaling. The GPCR ligands thrombin, endothel- 
in-1, and lysophosphatidic acid all activate Neu, EGFR, She, 
Grb2, and the ERK1 and ERK2 MAP kinases in Rat-1 
fibroblasts. Furthermore, activation of these signaling path- 
ways by GPCR ligands is disrupted in Rat-1 cells expressing 
a dominant negative EGFR mutant or in Rat-1 cells preincu- 
bated with the EGFR antagonist tyrphostin AG1478.71 The 
mechanism for ErbB family receptor phosphorylation in 
response to GPCR ligands is still unclear, although it has 
been proposed that sre family kinases may be involved. An 
interesting twist is that the purified EGFR phosphorylates the 
Gsa subunit of the heterotrimeric G protein complex in vitro 
and that phosphorylated Gs„ displays increased GTPase 
activity and greater GTP7S binding capacity and that phos- 
pho-Gsc augmented adenyl cyclase activity in S49 cyc~ cell 
membranes.72'73 Because EGF stimulates cAMP accumula- 
tion in the heart via GSa,7Z cross-talk between ErbB family 
receptors and the GPCR signal transduction pathway may 
be bidirectional. 
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Epiregulin (EPR) is a recently described member of 
the epidermal growth factor (EGF) family of peptide 
growth factors. The ever expanding size of the EGF fam- 
ily has made distinguishing the activities of these hor- 
mones paramount. We show here that EPR activates two 
members of the ErbB family of receptor tyrosine ki- 
nases, epidermal growth factor receptor (EGFR) and 
ErbB4. Therefore by these criteria, EPR is qualitatively 
similar to another EGF family hormone, betacellulin 
(BTC). Yet, here we also demonstrate quantitative dif- 
ferences between EPR and BTC. EPR stimulates higher 
levels of EGFR phosphorylation than does BTC, whereas 
BTC stimulates higher levels of ErbB4 phosphorylation 
than does EPR. Moreover, the EPR and BTC dose re- 
sponse curves show that although EGFR is more sensi- 
tive to EPR than is ErbB4, ErbB4 is more sensitive to 
BTC than is EGFR. FinaUy, ErbB2, which is not acti- 
vated by EPR when expressed on its own, increases the 
sensitivity of ErbB4 for activation by EPR. Therefore, 
these results establish that EPR exhibits novel activities 
and modes of regulation, which may have significant 
implications for EPR function ire vivo. 

The continuing discovery of novel members of the epidermal 
growth factor (EGF)1 family of peptide growth factors has led to 
an increased appreciation of the functional differences among 
these hormones, as well as a realization of the complex hor- 
mone-receptor interactions fostered by these peptides. EGF, 
transforming growth factor a (TGF-a), and amphiregulin all 
bind exclusively to the EGF receptor (EGFR). Yet, these hor- 
mones can also activate in trans (transmodulate) the other 
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three ErbB family receptors (Neu/ErbB2/Her2, ErbB3/Her3, 
ErbB4/Her4) through ligand-induced receptor heterodimeriza- 
tion with the EGFR (1-8). Other EGF family hormones bind 
multiple receptors. Neuregulin (NRG) and neuregulin2 (NRG2) 
bind ErbB3 and ErbB4 and transmodulate EGFR and ErbB2 
(9-16). Betacellulin (BTC) combines some of the properties of 
EGF and NRG by activating EGFR and ErbB4 (7). 

EPR was initially purified from the conditioned medium of a 
tumorigenic clone of NIH3T3 fibroblasts. It competes with EGF 
for binding to A431 cells, which overexpress EGFR, suggesting 
that EPR is a ligand for EGFR (17). Since at least one of the 
EGF family hormones that activates EGFR also activates 
ErbB4, we wished to evaluate EPR function in a set of cell lines 
expressing all four ErbB family receptors, both singly and in 
every pairwise combination. 

We demonstrate here that EPR activates not only EGFR, but 
ErbB4 as well. However, the dose-response curves for BTC and 
EPR in a cell line expressing both EGFR and ErbB4 are mark- 
edly different. Whereas ErbB4 is more responsive to BTC than 
is EGFR, ErbB4 is less responsive to EPR than is EGFR. 
Moreover, ErbB2 expression increases saturated ErbB4 phos- 
phorylation in response to EPR and dramatically enhances the 
sensitivity of ErbB4 for activation by EPR as well. In this 
respect EPR resembles NRG, which displays a low affinity for 
ErbB3 that increases in cells where ErbB2 is co-expressed (12). 

EXPERIMENTAL PROCEDURES 

Cell Lines and Cell Culture—BaF3 is an immortal mouse lympho- 
blastoid cell line (31). BaF3-derived cell lines expressing combinations 
of ErbB family receptors have been described previously (14). The 
ranked order of receptor expression in the double recombinant BaF3 
cell lines is as follows. For EGFR expression, BaF3/EGFR+ErbB4 is 
higher than BaF3/EGFR+ErbB2, which is higher than BaF3/ 
EGFR+ErbB3. For ErbB2 expression, BaF3/ErbB2+ErbB4 is equiva- 
lent to BaF3/EGFR+ErbB2, both of which are markedly higher than 
BaF3/ErbB2+ErbB3. The levels of ErbB3 expression are similiar in the 
BaF3/EGFR+ErbB3, BaF3/ErbB2+ErbB3, and BaF3/ErbB3+ErbB4 
cell lines. The levels of ErbB4 expression are similiar in the BaF3/ 
EGFR+ErbB4, BaF3/Neu+ErbB4, and BaF3/ErbB3+ErbB4 cell lines 
(7, 14). 

CEM is an immortal human T-lymphoblastoid cell line that does not 
endogenously express EGF receptor, ErbB2, ErbB3, or ErbB4. CEM- 
derived cell lines expressing ErbB4 or ErbB2 and ErbB4 have been 
described previously (10). Cell culture conditions were as described 
(10,14). 

Growth Factors—Recombinant human EPR was produced in Bacil- 
lus'previs.2 Recombinant NRG/3 was the generous gift of Kerry Russell 
and Jeffrey Bender (jYale University). We are grateful to Jim Moyer, 
Brad Guarino, and Glenn Andrews (Pfizer Central Research, Groton, 
CT) for synthetic NRG/3 (32). Recombinant BTC and NRG/3 were 
purchased from R&D Systems (Minneapolis, MN), whereas recom- 

2 T. Nakazawa et al., in preparation. 
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FIG 1. EPR stimulation of receptor phosphorylation in Ba/F3 

cells expressing a single ErbB family receptor. BaF3/EGFR 
BaF3/ErbB2, and BaF3/ErbB4 cells (14) were stimulated with 1000 
ng/ml EPR (E), 100 ng/ml BTC (B), 100 ng/ml recombinant NRG/3 (AO, 
or were mock stimulated with phosphate-buffered saline (M) as de- 
scribed previously (7, 14). ErbB family receptors were immunopre- 
cipitated from lysed cells using specific antireceptor antibodies and 
separated by SDS-PAGE as described previously (7, 14). Tyrosine- 
phosphorylated ErbB family receptors were detected and visualized by 
immunoblotting using the 4G10 monoclonal antiphosphotyrosme anti- 
body as described previously (7, 14). 

binant TGF-a was purchased from Collaborative Biomedical Products 
(Bedford, MA). 

Stimulation and Analysis of Receptor Phosphorylation—-The condi- 
tions for stimulation of ErbB family receptor tyrosine phosphorylation 
have been described previously (7, 14). The analysis of ErbB family 
receptor tyrosine phosphorylation by immunoprecipitation and an- 
tiphosphotyrosme immunoblotting has been described previously (7, 
14). Immunoprecipitating antireceptor antibodies were anti-EGFR 
mouse monoclonal antibody 528 (33), anti-ErbB2 mouse monoclonal 
antibody TA-1 (OP-39, Calbiochem), anti-ErbB3 rabbit polyclonal anti- 
serum SC-285 (Santa Cruz Biotechnology), and anti-ErbB4 rabbit poly- 
clonal antiserum SC-283 (Santa Cruz Biotechnology). Specificity of 
antireceptor antibodies has been verified by testing for cross-reactivity 
(data not shown). 

Immunoblot autoradiographs were digitized using a Hewlett-Pack- 
ard 3p flatbed scanner set for 600 dpi resolution and controlled by 
Hewlett-Packard Deskscan II for Macintosh software. Images were 
cropped using Adobe Photoshop, and the band intensity was quantified 
using NIH Image software. Net receptor activation was calculated by 
subtracting the amount of tyrosine phosphorylation observed in sam- 
ples from mock-stimulated cells. 

RESULTS 

EPR Activates EGFR—We first sought to identify which 
ErbB family receptors are activated by EPR when the receptors 
are expressed individually. We previously developed a panel of 
cell lines based on the mouse BaF3 hematopoietic cell line that 
expresses the four ErbB family receptors, both singly and in 
every pairwise combination. Hence, we incubated the BaF3 cell 
lines ectopically expressing EGFR, ErbB2, or ErbB4 with EPR. 
EPR, like BTC, stimulated EGFR tyrosine phosphorylation, 
consistent with published results suggesting that EPR binds 
EGFR (17) (Fig. 1, EGFR panel; compare lanes E and B with 
M). However, EPR did not stimulate phosphorylation of ErbB2 
or ErbB4 (Fig. 1, ErbB2 and ErbB4 panels; compare lanes E 
and AO. In contrast, the positive control NRGß stimulated 
ErbB2 tyrosine phosphorylation and BTC stimulated ErbB4 
phosphorylation. The ErbB2 phosphorylation observed in 
BaF3/ErbB2 cells stimulated with NRG is the result of 
transmodulation of ErbB2 by the NRG receptor ErbB3, which 
is endogenously expressed at low levels in BaF3 cells (14). 
Neither EPR nor any of the other EGF family ligands tested to 
date stimulated ErbB3 tyrosine phosphorylation in BaF3 cells 
expressing only ErbB3 (data not shown) (7, 8, 14). However, 
since ErbB3 lacks tyrosine kinase activity (18), these experi- 
ments do not rule out EPR binding to ErbB3. 

Since EPR activates EGFR, we next determined whether 
EPR activates the other three ErbB family receptors in trans 

A 
Cell Line: EGFR+ErbB2 
Treatment: MET 
IP: ct1   a2  a1   a2  a1 a2 

! 

Cell Line: EGFR+ErbB3 
Treatment: MET 
IP: ot1 a3   a1   a3  a1   a3 

Cell Line: 
Treatment: 
IP: 

B 
Cell Line: 
Treatment: 
IP: 

EGFR+ErbB4 
MET 

a1 a4  a1 a4  a1    a4 

»' pF 

ErbB2+ErbB3 
MEN 

o2 a3 a2 a3 a2 a3 

Cell Line: ErbB3+ErbB4 
Treatment: MEN 
IP: o3 a4 a3 o4 a3 <x4 

FIG. 2. A and B, EPR stimulation of receptor phosphorylation 
in BaF3 cells expressing combinations of ErbB family receptors. 
BaF3/EGFR+ErbB2, BaF3/EGFR+ErbB3, BaF3/EGFR+ErbB4, BaF3/ 
ErbB2+ErbB3, and BaF3/ErbB3+ErbB4 cells (14) were stimulated 
with 200 ng/ml EPR (£), 200 ng/ml TGF-a (T), 188 ng/ml synthetic 
NRG/3 (A7) or were mock stimulated with phosphate-buffered sahne (M) 
as described previously (7, 8,14). EGFR (al), ErbB2 (o2), ErbB3 (o3), or 
ErbB4 (a.4) was immunoprecipitated from lysed cells using specific 
antireceptor antibodies and separated by SDS-PAGE as described pre- 
viously (7, 14). Tyrosine-phosphorylated ErbB family receptors were 
detected and visualized by immunoblotting using the 4G10 monoclonal 
antiphosphotyrosme antibody as described previously (7, 14). 

via EGFR. A panel of BaF3 cell lines ectopically expressing 
EGFR together with one of the other three ErbB family recep- 
tors was stimulated with EPR. EPR activated the EGFR in all 
three cell lines (Fig. 2A; compare E al lanes with the M al 
lanes). Both EPR (E lanes) and the positive control TGF-a (T 
lanes) strongly activated ErbB2 in the cell line co-expressing 
EGFR+ErbB2 (Fig. 2A, EGFR+ErbB2 panel; a2 lanes). In 
contrast, neither EPR nor TGF-a activated ErbB3 or ErbB4 
(Fig. 2A, EGFR+ErbB3 and EGFR+ErbB4 panels; a3 or a4 
lanes). This is consistent with the conclusion that ErbB2 is a 
preferential target for transmodulation by the EGFR com- 
pared with the other ErbB family receptors (7, 8, 19-21). 
However, higher concentrations of EPR than those used for 
these experiments did stimulate ErbB4 phosphorylation in the 
EGFR+ErbB4 cell line (see below; Fig. 6A). 

Since ErbB3 lacks functional kinase activity, EGF family 
hormones can activate ErbB3 only in the presence of another 
ErbB family receptor, particularly ErbB2, which permits the 
highest levels of ErbB3 phosphorylation by NRG (11, 12, 14). 

r 
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FIG. 3. EPR stimulation of receptor phosphorylation in CEM 

cells expressing either ErbB4 alone or both ErbB2 and ErbB4. 
CEM/ErbB4 and CEM/ErbB2+ErbB4 cells (10) were stimulated with 
100 ng/ml BTC (B), 100 ng/ml recombinant NRGj3 (N), 1000 ng/ml EPR 
(E), or were mock stimulated with phosphate-buffered saline (M) as 
described previously (14). ErbB2 (a2) or ErbB4 (a4) was immunopre- 
cipitated from lysed cells using specific antireceptor antibodies and 
separated by SDS-PAGE as described previously (7, 14). Tyrosine- 
phosphorylated ErbB family receptors were detected and visualized by 
immunoblotting using the 4G10 monoclonal antiphosphotyrosine anti- 
body as described previously (7, 14). 

Therefore, BaF3 cells expressing both ErbB2 and ErbB3 or 
both ErbB3 and ErbB4 were stimulated with EPR to determine 
if ErbB3 is a receptor for EPR. In the ErbB2+ErbB3 cell line, 
the positive control NRG/3 activated both receptors (Fig. 2B, 
ErbB2+ErbB3 panel, compare N lanes with M lanes), whereas 
in the ErbB3+ErbB4 cell line NRGß stimulated a marked 
increase in ErbB3 phosphorylation and a modest increase in 
ErbB4 phosphorylation (Fig. 2B, ErbB3+ErbB4 panel, com- 
pare N lanes with M lanes). In contrast, EPR did not stimulate 
receptor phosphorylation in either of these cell lines, suggest- 
ing that ErbB3 is not a receptor for EPR (Fig. 2B; compare E 
lanes with M lanes).       ; 

EPR Activates ErbB4 in CEM Cells—BTC activates both 
ErbB4 and EGFR when expressed individually (7). We tested 
whether EPR behaves like BTC and also activates ErbB4 when 
expressed alone using derivatives of the CEM human T-lym- 
phoblastoid cell line that ectopically expresses ErbB4 alone or 
both ErbB2 and ErbB4 (10). EPR activated ErbB4 in CEM cells 
expressing ErbB4 alone and both receptors in CEM cells ex- 
pressing ErbB2 and ErbB4 together (Fig. 3; compare E lanes 
with M lanes). In experiments done in parallel using identical 
growth factor concentrations, EPR did not activate ErbB4 in 
BaF3 cells expressing ErbB4 alone (also see Fig. 1) but stimu- 
lated ErbB2 and ErbB4 phosphorylation in BaF3 cells express- 
ing both ErbB2 and ErbB4 (data not shown). It is unclear why 
EPR failed to activate ErbB4 in the BaF3 cells expressing 
ErbB4 alone. Nonetheless, because EPR activates EGFR as 
well as ErbB4, EPR resembles BTC, which also activates these 
receptors (7). 

EPR Stimulates EGFR More Than ErbB4 and EGFR Is More 
Sensitive Than ErbB4 to EPR—Since BTC and EPR can acti- 
vate EGFR and ErbB4 when the receptors are expressed indi- 
vidually, we measured BTC and EPR stimulation of EGFR and 
ErbB4 phosphorylation in BaF3 cells that express both recep- 
tors together (Fig. 4). BTC stimulated saturated levels of EGFR 
phosphorylation at a concentration of 10 ng/ml, whereas BTC 
stimulated saturated levels of ErbB4 phosphorylation at a con- 
centration of 25 ng/ml. Therefore, in subsequent experiments 
we have assumed that 100 ng/ml BTC stimulates saturated 
levels of EGFR and ErbB4 phosphorylation. 

At a concentration of 4000 ng/ml, EPR stimulates slightly 

FIG. 4. Stimulation of receptor phosphorylation in BaF3 cells 
expressing both EGFR and ErbB4 by EPR and increasing doses 
of BTC. BaF3/EGFR+ErbB4 cells (14) were stimulated with 10,25, 50, 
75, or 100 ng/ml BTC, 4000 ng/ml EPR, or mock stimulated with 
phosphate-buffered saline as described previously (7, 8, 14). EGFR or 
ErbB4 was immunoprecipitated from lysed cells using specific antire- 
ceptor antibodies and separated by SDS-PAGE as described previously 
(7, 14). Tyrosine-phosphorylated ErbB family receptors were detected 
and visualized by immunoblotting using the 4G10 monoclonal antiphos- 
photyrosine antibody as described previously (7, 14). 

greater levels of EGFR phosphorylation than does BTC (Fig. 4). 
In contrast, 4000 ng/ml EPR stimulates much lower levels of 
ErbB4 phosphorylation than does BTC (Fig. 4). This suggests 
that EPR stimulates EGFR more than ErbB4 and that EGFR is 
more sensitive than ErbB4 to EPR. We investigated this pos- 
sibility by comparing EGFR and ErbB4 phosphorylation in 
BaF3/EGFR and CEM/ErbB4 cells stimulated with increasing 
concentrations of EPR (Fig. 5A). At saturation, EPR stimulated 
a slightly higher level of EGFR phosphorylation (1.7-fold) than 
did BTC, whereas EPR stimulated a much lower level of ErbB4 
phosphorylation (0.3-fold) than did BTC (Fig. 5C), We next 
compared the dose sensitivity of EGFR and ErbB4 to EPR 
stimulation by plotting receptor phosphorylation relative to the 
maximal amounts of receptor phosphorylation stimulated by 
EPR (Fig. 5D) to identify the EPR concentrations required for 
half-maximal receptor phosphorylation (Table I). Half-maxi- 
mal EGFR phosphorylation occurred at an EPR concentration 
of approximately 380 ng/ml (Fig. 5D; Table I). In contrast, 
half-maximal ErbB4 phosphorylation required about a 4-fold 
higher concentration of EPR with half-maximal activation oc- 
curring at an EPR concentration of approximately 1790 ng/ml 
(Fig. 5D; Table I). 

ErbB2 Expression Increases ErbB4 Activation by EPR and 
Sensitivity to EPR—The affinity of NRG for cells expressing 
ErbB3 is greater when these cells also express ErbB2 (12). 
Hence, we evaluated the possibility that ErbB2 modulates 
ErbB4 activation by EPR by stimulating CEM/ErbB4 and 
CEM/ErbB2+ErbB4 cells with increasing concentrations of 
EPR (Fig. 5, A and B). Relative to the BTC positive control, 
EPR stimulated 2-fold higher levels of ErbB4 phosphorylation 
in the ErbB2+ErbB4 cell line than in cells expressing ErbB4 
alone (Fig. 5C). Therefore, ErbB2, which is not activated by 
EPR when expressed by itself (Fig. 1), doubles the magnitude of 
ErbB4 activation by EPR at saturation. We next examined the 
effects of ErbB2 expression on the sensitivity of ErbB4 to EPR 
(Fig. 5D). Half-maximal ErbB4 phosphorylatioh occurred at an 
EPR concentration of approximately 1790 ng/ml in the cell line 
expressing ErbB4 alone (Fig. 5Z>; Table I), but occurred at an 
EPR concentration of approximately 630 ng/ml (Fig. 5D; Table 
I) in the ErbB2+ErbB4 cell line. This shift in the EPR dose- 
response curve in the ErbB2+ErbB4 cell line compared with 
the ErbB4 cell line suggests that ErbB2 expression increases 
the affinity of ErbB4 for EPR and implies that ErbB2-ErbB4 
heterodimers have a higher affinity for EPR than do ErbB4- 
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TABLE I 
Relative sensitivities of EGFR and ErbB4 to EPR and BTC 

Data are adapted from Figs. 5, A-D and 6, A-C. 

Cell line & receptor 
EPE yielding 
half-maximal 

receptor 
activation 

BTC yielding 
half-maximal 

receptor 
activation 

BaF3/EGFR 
CEM/ErbB4 
BaF3/EGFR+ErbB4 

EGFR 
ErbB4 

CEM/ErbB2+ErbB4 
ErbB2 
ErbB4 

380 ng/ml 
1790 ng/ml 

320 ng/ml 
790 ng/ml 

400 ng/ml 
630 ng/ml 

NT" 
NT 

35 ng/ml 
5 ng/ml 

NT 
NT 

" NT, not tested. 

ErbB4 homodimers. 
The EPR and BTC Dose-Response Curves Are Different in 

Cells Expressing EGFR and ErbB4—EPR resembles BTC in its 
ability to activate either EGFR or ErbB4 when expressed indi- 
vidually (7). Yet, at saturation EPR stimulated almost 2-fold 
more EGFR phosphorylation than BTC, whereas BTC acti- 
vated about 3-fold more ErbB4 phosphorylation than did EPR 
(Fig. 5, A and C). This suggested that BTC and EPR are 
functionally distinct. Hence, we compared EGFR and ErbB4 

phosphorylation following stimulation with increasing concen- 
trations of BTC or EPR in a BaF3 cell line that expresses both 
EGFR and ErbB4 (Fig. 6A). 

We first compared the magnitude of receptor phosphoryla- 
tion stimulated by EPR and BTC by plotting receptor phospho- 
rylation relative to the maximal phosphorylation stimulated by 
BTC (Fig. 6, B and C). In agreement with results presented 
above (Fig. 5, A and C), EPR stimulated higher saturated levels 
of EGFR phosphorylation than BTC, whereas BTC activated 
greater ErbB4 phosphorylation than did EPR (Fig. 6, A and C). 
However, the magnitude of these differences was much less in 
the EGFR+ErbB4 cell line compared with the differences in 
phosphorylation that we observed between the cell lines ex- 
pressing EGFR and ErbB4 individually (Fig. 5, A and C). 

Next, we compared the sensitivities of EGFR and ErbB4 with 
BTC and EPR by identifying the growth factor concentrations 
required for half-maximal receptor phosphorylation. Half-max- 
imal EGFR activation occurred at a BTC concentration of ap- 
proximately 35 ng/ml, whereas half-maximal ErbB4 activation 
occurred at a BTC concentration of approximately 5 ng/ml (Fig. 
6JB; Table I). In contrast, half-maximal EGFR activation oc- 
curred at an EPR concentration of approximately 320 ng/ml, 
whereas half-maximal ErbB4 activation occurred at an EPR 
concentration of approximately 790 ng/ml (Fig. 6C; Table I). 
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FIG. 6. EPR and BTC dose response in BaF3 cells expressing 
both EGFR and ErbB4. A, BaF3/EGFR+ErbB4 cells were stimulated 
with increasing concentrations of betacellulin or epiregulin or were 
mock stimulated with phosphate-buffered saline (Mock) as described 
previously (7, 14). EGFR or ErbB4 was immunoprecipitated as indi- 
cated using specific antireceptor antibodies and separated by SDS- 
PAGE as described previously (7, 14). Tyrosine phosphorylated ErbB 
family receptors were detected and visualized by immunoblotting using 
the 4G10 monoclonal antiphosphotyrosine antibody as described previ- 
ously (7, 14). B and C, antiphosphotyrosine immunoblot images were 
scanned on a Hewlett-Packard ScanJet 3p flatbed scanner set for 600 
dpi optical resolution. Images were cropped using Adobe Photoshop and 
receptor tyrosine phosphorylation was quantified using NIH Image. 
Net receptor tyrosine phosphorylation was calculated by subtracting 
the receptor tyrosine phosphorylation exhibited by mock stimulated 
cells. Tyrosine phosphorylation stimulated by BTC (B) or EPR (C) was 
expressed relative to the maximal tyrosine phosphorylation stimulated 
by BTC. K, EGFR; D, ErbB4. 

This suggests that ErbB4 is 7-fold more sensitive to BTC than 
is EGFR, whereas EGFR is more than 2-fold more sensitive to 
EPR than is ErbB4. 

Finally, these results illustrate that EGFR expression, like 
ErbB2 expression, shifts the EPR dose-response curve in cells 
expressing ErbB4. Half-maximal ErbB4 phosphorylation in a 
CEM cell line expressing ErbB4 alone occurs at an EPR con- 
centration of 1790 ng/ml (Fig. 5D; Table I). In contrast, half- 
maximal ErbB4 phosphorylation in BaF3 cells expressing both 
EGFR and ErbB4 occurs at 790 ng/ml (Fig. 6C; Table I). 

EPR Activates ErbB Family Receptor Coupling to IL3 Inde- 
pendence—Although EPR and BTC stimulate qualitatively 
identical patterns of receptor phosphorylation, these hormones 
are quantitatively distinct. One possible mechanism is that 
EPR and BTC stimulate EGFR and ErbB4 tyrosine phospho- 
rylation at different sites. This would account for the higher 
levels of EGFR activation by EPR compared with BTC and the 
higher levels of ErbB4 activation by BTC compared with EPR. 
Moreover, this would also enable these hormones to couple to 
distinct receptor effectors and physiologic responses. Therefore, 
we compared EPR and BTC induction of receptor coupling with 
physiologic responses. BaF3 cells require interleukin-3 (IL3) 
for survival and for proliferation. Activation of either EGFR or 
ErbB2 permits survival of BaF3 cells in the absence of IL3 (7, 
14). However, ErbB4 activation by either NRG or BTC is not 
coupled to IL3-independent survival (7,14). In BaF3 cells ex- 
pressing both ErbB2 and ErbB4 together, activation by either 
BTC or NRG induces IL3-independent survival, presumably 
through ErbB2 transmodulation by ErbB4 (7, 14). 

EPR, like BTC (7), induces IL3-independent survival in 
BaF3 cells expressing EGFR, but not in vector control BaF3 
cells or cells expressing ErbB2 (Fig. 7). (The IL3-independent 
response of BaF3 cells expressing ErbB2 to NRG is the result of 
ErbB2 transmodulation by endogenous ErbB3 in these cells 
(14).) EPR, BTC, and NRG all induced IL3 independence in 
cells co-expressing ErbB2 and ErbB4 (Fig. 7). This implies that 
BTC and NRG are functionally equivalent. However, the re- 
sponse to BTC and NRG is greater than the response to EPR, 
which may reflect subtle functional differences between BTC 
and EPR. 

DISCUSSION 

We previously demonstrated that the EGF family of peptide 
growth factors can be divided into three distinct functional 
groups (8) (Fig. 8). The first group consists of EGF, TGF-a, and 
amphiregulin. These hormones bind and activate only the 
EGFR, but they can activate the other three ErbB family re- 
ceptors in trans via heterodimerization with the EGFR. The 
second group consists of NRG and NRG2, which bind ErbB3 
and ErbB4 and transmodulate EGFR and Neu via the binding 
receptors. The third group consists of BTC, which binds and 
activates both EGFR and ErbB4. Recent data suggests that 
heparin-binding EGF-like growth factor may also bind and 
activate EGFR and ErbB4, which would make heparin-binding 
EGF-like growth factor a member of this group as well (22). 

Although EPR activates both EGFR and ErbB4, the interac- 
tions of EPR with these two receptors appear to be quite dif- 
ferent. Compared with BTC, EPR stimulates higher levels of 
EGFR phosphorylation and lower levels of ErbB4 phosphoryl- 
ation. Whereas both EPR and BTC stimulate EGFR and ErbB4 
homodimerization and signaling, the geometry of the receptor 
dimers induced by EPR and BTC may be subtly different. The 
alignment of the kinase domain of one receptor molecule of a 
receptor homodimer with the autophosphorylation site of the 
other receptor molecule following EPR stimulation could be 
different from this alignment following BTC stimulation, af- 
fecting the cross-phosphorylation within receptor dimers. Al- 
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biological functions, even in cells with identical patterns of 
ErbB family receptor expression. 

Another important aspect of EPR function is the observation 
that the sensitivity of ErbB4 for EPR and; the magnitude of 
ErbB4 activation by EPR can be modulated by the expression of 
other ErbB family receptors. EGFR expression increases the 
sensitivity of ErbB4 for EPR, suggesting that EGFR-ErbB4 
heterodimers have a higher affinity for EPR than ErbB4-ErbB4 
homodimers (Fig. 5, A and D; Fig. 6, A and C; fable I). Of 
course an alternative explanation is that the increased ErbB4 
sensitivity in the presence of EGFR is due solely to EPR- 
induced transphosphorylation of ErbB4 by EGFR. : 

ErbB2 also increases the sensitivity of ErbB4 for EPR (Fig. 5, 
A-D; Table I). Because EPR does not activate ErbB2 in cells 
devoid of EGFR or ErbB4 (Figs. 1 and 7), the mechanism for the 
increased sensitivity of ErbB4 for EPR may be that ErbB2- 
ErbB4 heterodimers have a higher affinity for EPR than do 
ErbB4-ErbB4 homodimers. These results resemble observa- 
tions made with NRG, which does not bind to ErbB2, binds 
with low affinity to cells expressing ErbB3, and binds with 
higher affinity to cells that express both ErbB2 and ErbB3 (12). 
ErbB2 expression also increases the magnitude of ErbB4 acti- 
vation by EPR. 

These observations that ErbB4 activation by EPR can be 
influenced by EGFR or ErbB2 is consistent with existing mod- 
els for receptor heterodimerization and transmodulation. It has 
been proposed that receptor heterodimerization is mediated 
through low affinity hormone-receptor interactions and hetero- 
typic receptor-receptor contacts, after which there is cross- 
phosphorylation by the receptor kinase domains (23). It is 
possible that EGFR and ErbB2 are favored over ErbB4 for 
dimerization with ErbB4 in the presence of EPR. Therefore, 
there would be greater ErbB4 dimerization in cells expressing 
EGFR and ErbB4 or Neu and ErbB4 than in cells expressing 
ErbB4 alone. This may account for the increased sensitivity of 
ErbB4 for EPR in the presence of EGFR or ErbB2. It is also 
possible that ErbB2 is a better kinase for ErbB4 than ErbB4 
itself. Consequently, ErbB2 may cross-phosphorylate more 
ErbB4 tyrosine residues in receptor heterodimers than ErbB4 
would in receptor homodimers. Similarly, ErbB2 may phospho- 

FIG. 8. Venn diagram illustrating the activities of EGF family 
hormones. The three functional groups of EGF family hormones are 
illustrated using a Venn diagram. The diagram is based on data pre- 
sented in this work and data from Refs. 7, 8, 14, and 22. 

tentatively, ligand-induced changes in the conformation of the 
receptor kinase domains might be different when the receptors 
are activated by BTC and EPR. Therefore, BTC and EPR may 
differentially stimulate receptor kinase activity. In either sce- 
nario, BTC and EPR could stimulate receptor autophosphoryla- 
tion on different tyrosine residues, which could also be reflected 
in differences in gross levels of receptor phosphorylation. In this 
manner BTC and EPR could differentially modulate receptor 
coupling to signaling effectors and physiologic responses. 

Another difference between EPR and BTC is that while 
EGFR is much more sensitive than ErbB4 to EPR, EGFR is less 
sensitive than ErbB4 to BTC. This suggests that although the 
affinity of EPR for EGFR is higher than the affinity for ErbB4, 
the affinity of BTC for EGFR is lower than the affinity for 
ErbB4. This too suggests that BTC and EPR have distinct 
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rylate the same tyrosine residues as ErbB4 to a greater extent 
than does ErbB4. Either of these last two possibilities would 
account for the increased tyrosine phosphorylation of ErbB4 by 
EPR in the presence of ErbB2. 

As this manuscript was being prepared for submission, it 
was reported that radiolabeled EPR can be cross-linked to 

» EGFR and ErbB4 in human breast tumor cell lines but not to 
f ErbB2 or ErbB3. Furthermore, EPR stimulated high levels of 

EGFR and ErbB4 tyrosine phosphorylation and more modest 
\   r levels of ErbB2 and ErbB3 tyrosine phosphorylation (24). Be- 

cause the cell lines used in these studies express at least two 
and in some cases all four ErbB family receptors, some caution 
must be used in interpreting these results. Nonetheless, these 
data are entirely consistent with our findings that EGFR and 
ErbB4 are the receptors for EPR. 

To date there have been only a few clues to EPR function. 
EPR transcripts are not detected in normal adult mouse liver, 
kidney, brain, spleen, testis, or skeletal muscles. However, low 
levels of EPR transcripts are detectable in adult mouse lung, 
smooth muscle, and heart, whereas more robust EPR tran- 
scription is observed in whole embryo RNA samples from 
7-day-old mouse embryos (25).s This implies that EPR plays a 
significant role in early mammalian development but only a 
limited role in adult tissues. 

Additional hints to EPR function arise from our data sug- 
gesting that EPR is a ligand for both EGFR and ErbB4. In most 
contexts EGFR activation is coupled to cellular DNA synthesis 
and proliferation. In contrast, there is mounting evidence that 
activated ErbB4 is coupled to growth inhibition, differentia- 
tion, and possibly tumor suppression. NRG, a ligand for ErbB3 
and ErbB4, inhibits the proliferation and stimulates the differ- 
entiation of a number of human breast tumor cell lines (26), 
whereas NRG implants stimulate the differentiation of the 
mouse mammary epithelium in vivo (27). BTC stimulates the 
differentiation of pancreatic AR42 J cells into insulin-secreting 
cells, but EGF and TGF-a do not (28). Finally, agonistic anti- 
ErbB4 antibodies stimulate the differentiation of human breast 
tumor cell lines (29), and ErbB4 overexpression in breast can- 
cer patients correlates with progesterone receptor expression, 
which is a marker for longer disease-free survival and better 
overall prognosis (30). Because EPR is a ligand for both EGFR 
and ErbB4, EPR may act as a proliferative agent in cells 
expressing EGFR and may act as a differentiation agent in 
cells that express ErbB4. 

Furthermore, because EPR activation of ErbB4 is regulated 
by ErbB2 and activated ErbB2 appears to couple to mitogenesis 
and cell proliferation, the effects of EPR on cells expressing 
ErbB4 may be tightly linked to a balance of ErbB4 and ErbB2 
expression. In cells having relatively low levels of ErbB2, EPR 
may have little effect because it fails to bind to ErbB4, and in 
cells having moderate levels of ErbB2 and high levels of ErbB4, 
EPR may act as a differentiation agent and inhibit cell prolif- 
eration, because the relatively high levels of ErbB4 signaling 
may overcome the effects of ErbB2 signaling. Finally, in cells 

" having relatively high levels of ErbB2 relative to ErbB4, EPR 
may stimulate such high levels of ErbB2 signaling that the 
effects of ErbB4 signaling are overcome, and cell proliferation 
is stimulated. In sum, our data suggests that the physiologic 

response to EPR will be dictated by relative levels of EGFR, 
ErbB2, and ErbB4 expression and not just the absolute level of 
expression of any single ErbB family receptor. 
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