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Abstract

The explosion of signal transduction research over the
last 10 years has provided a unique insight into the com-
plexity of these intricate pathways. Whereas intermediates
of multiple signaling pathways have been identified, under-
standing their function and, in particular, the interactions
between them has become a daunting task. The increasing
evidence that many of these pathways can cross-talk with
each other via signal transactivation inevitably raises the
question of how cells determine specificity in signaling. De-
spite the mind-numbing complexity of these pathways, pro-
gress has been madein developing highly specific and potent
signal transduction inhibitors (STls). STIs show promisein
the treatment of cancer in preclinical studies and are cur-
rently in a number of clinical trials. Whereas many of these
agents were “rationally designed,” we barely understand
their mechanisms of action. This review will highlight how
recent studies using these ST1s have elucidated novel mech-
anismsof ST action that may be used in the development of
new therapeutic strategies for the treatment of cancer.

Introduction

The complexity of development and growth of organisms
can in part be attributed to the diverse and dynamic interactions
between hormones, growth factors, cell contact, and other ex-
terna stimuli that coordinate cell fate through cell surface
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receptors. The explosion of signal transduction research over the
last 10 years has deciphered the basic signaling mechanisms of
a number of these receptors (1).> However, although great
progress has been made in identifying signaling intermediates
and some of their functions, we are far from a complete under-
standing of many of these pathways. The sequencing of the
human genome has allowed the identification of different mem-
bers of various signaling pathways. Indeed, 11.2% of genes
whose function can be predicted are directly involved in signal
transduction (2). Thisis, however, an underestimate of the total
number of genes involved because 41.7% of the genes in the
human genome have unpredicted function, and many genes are
important in multiple functions, such as cell attachment and
ECM* genes, and are not classified as signal transduction cat-
egories. Our increased knowledge of the human genome has far
outpaced our ability to understand how these proteins and their
pathways interact and function. Despite this, it is clear that the
understanding of the human genome and, more importantly the
human proteome will have a magjor impact on medicine and
pharmaceutical discovery (3).

One of the most interesting, yet daunting, aspects of signal
transduction discovered in the last 5 years is the redization that
very disparate pathways can interact at multiple levels—this is
often referred to as signa cross-talk. A search of Medline
showed that the term “cross-talk” or “cross talk” first appeared
in 1991 and has been used in over 3500 articles since then. It has
become clear that most pathways are so intricate and complex,
having multiple layers of regulation, that a complete understand-
ing of any single pathway will only be accomplished by taking
into account its global networks of interactions. It is anticipated
that computer modeling programs such as neural networks will
play a major role in signal transduction research in the future
(4, 5).

The €elucidation of growth factor signaling pathways and
the observation that these pathways are often altered in human
cancer have led to the development of a number of highly
specific inhibitors for these pathways (6). These new com-
pounds are often referred to as STIs. Thisreview will discussthe
complexity of signal transduction and highlight how new STls
are not only proving useful in the treatment of cancer but are

3 http://stke.sciencemag.org.

4 The abbreviations used are: ECM, extracellular matrix; STI, signal
transduction inhibitor; ER, estrogen receptor; RTK, receptor tyrosine
kinase; IGF, insulin-like growth factor; IGF-IR, IGF-I receptor; EGFR,
epidermal growth factor receptor; GPCR, G-protein-coupled receptors,
MAPK, mitogen-activated protein kinase; EGF, epidermal growth fac-
tor; PDGFR, platelet-derived growth factor receptor; Prl, prolactin; GH,
growth hormone; IRS, insulin receptor substrate; IGFBP, |GF-binding
protein.
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also elucidating novel mechanisms of signal transduction cross-
talk.

Cross-Talk between Hormone Receptors and
Growth Factors

An area of cross-talk that may have critical importance in
breast cancer is interaction between hormone receptors and
growth factors (7). The ER is a critica growth regulator in
breast cancer and an excellent biological target for breast cancer
prevention and treatment (8). Blockade of growth factor signal-
ing represents a new and promising targeted biological therapy
in breast cancer (9). Evidence that a RTK termed ErbB2 was
amplified in breast cancer and that overexpression conferred a
poor prognosis led to the pivotal development of inhibitors of
ErbB2 receptor such as trastuzumab, which were successful in
preclinical trials and are now used in breast cancer management
(10).

Molecular studies have revealed that there are considerable
interaction and cross-talk between hormone receptor and RTK
signaling pathways (7). For example, the steroid hormone es-
trogen and the peptide growth factor IGF-l are both potent
mitogens for a range of human breast cancer cell lines (11) and
are both implicated in the growth and progression of breast
cancer (12). Estrogen acts through a nuclear hormone receptor
that upon activation increases transcription and expression of
hormone-responsive genes (13). On the other hand, IGF-I acts
through a transmembrane RTK (12) that signals via a series of
phosphorylation events. Although the signal transduction path-
ways elicited by the two mitogens seem distinct, there appears
to be considerable coordination and synergism between the two
mitogens. Estrogen can increase |GF signaling, and, conversely,
IGF-I can increase estrogen signaling (7). Recent studies have
shown that these interactions can occur in vivo, with estrogen
sensitizing the mammary gland to |GFs (14), and systemic | GF-I
treatment of mice causing rapid activation of the ER (15).

Signal Transactivation

The original diagrams of linear signal transduction path-
ways have now been replaced with diagrams that start to incor-
porate the intricacies of signaling networks. Whereas many of
the signals are transmitted in a linear fashion, there is now
evidence that many connections may be made in a multidimen-
sional manner. This type of signaling has recently been called
“signal transactivation,” and probably one of the best examples
occurs within the EGFR pathway (16). The EGFR belongs to a
family of tyrosine kinases termed EGFR/ErbB1, HER2/ErbB2/
neu, HER3/ErbB3, and HER4/ErbB4 (we will use the term
ErbB1-4). The four ErbB receptors can either homodimerize or
heterodimerize in response to a number of different ligands (17).
Dimerization results in receptor tyrosine phosphorylation that
alows for the binding of downstream signaling molecules via
Src homology-2 domain interactions. Different combinations of
ErbB receptors can bind and activate different subsets of sig-
naling intermediates, thus allowing signa diversification and
specificity. Whereas many of these pathways have been exten-
sively mapped and are becoming understood, recent evidence
suggests that many other receptors can phosphorylate and acti-
vate ErbB receptors (Fig. 1) and that ErbBs may act as a conduit
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Fig. 1 Signal transactivation of ErbB receptors. ErbB receptors can be
directly or indirectly activated by GPCRs, integrin receptors, cytokine
receptors, or RTKs.
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for multiple other signaling pathways (18).

Cross-Talk between ErbB Receptors and GPCRs.
Perhaps the best evidence for signal transactivation of ErbB
receptors comes from studies with GPCRs. Whereas GPCRs
generally act through second messengers such as diacylglycerol
and inositol triphosphate, many ligands for GPCRs (e.g., bomb-
esin) can aso activate the MAPK pathway (18). Furthermore,
this activation of MAPK has been shown to occur via GPCR
activation of ErbB1 (19), and the fact that ErbB1 isinvolved in
bombesin-mediated proliferation (20) further emphasizes this
signal transactivation. There appear to be multiple mechanisms
whereby GPCRs can activate ErbB1 signaling. First, GPCRs
can activate kinases such as Src, which directly phosphorylate
ErbB1 (21). Second, GPCRs can aso regulate calcium influx.
This regulation has been linked to ErbB1 activation and signal-
ing (22), possibly via increased protein kinase C (23) or pyk2
(24) activity. In addition to these direct mechanisms of activa-
tion, GPCRs can indirectly cross-talk with ErbB receptors by
activating metalloproteinase that cleaves heparin-bound EGF,
which can then bind and activate ErbB1 (25).

Cross-Talk between ErbB and Growth Factor Recep-
tors. The ErbB family members are able to associate not only
with themselves and other family members, but also with other
RTKs. PDGFR is another RTK that has a similar structure to
ErbB1 (single molecule that passes though the cell membrane
once) and actsin asimilar manner to ErbB receptors. ErbB1 and
PDGFR can physically interact (26), and EGF can increase
phosphorylation and activation of PDGFR (27). In contrast,
platelet-derived growth factor has been shown to cause threo-
nine phosphorylation of ErbB1 and inhibit its function (28).
IGF-IR is another RTK that, in contrast to ErbB receptors and
PDGFRs, always exists as a heterotetramer of two « and two
subunits (29). As such, IGF-IR does not undergo ligand-medi-
ated dimerization but does respond to |GF ligands by activation
of intrinsic tyrosine kinase activity. IGF-IR activation can lead
to cross-talk with ErbB receptors because recombinant |IGF
rapidly but indirectly activates ErbB1 and its downstream
MAPK signaling pathway (30). The mechanism for cross-talk
has not been identified but does not appear to involve c-Src or
metall oproteinase-mediated activation of ErbB1, as occurs with
GPRC. However, IGF-IR has been shown to physically associ-
ate with other ErbB receptors such as ErbB2 (31), an association
that is regulated by heregulins and IGF-I. Interestingly, |GF-IR-
null cells are not able to respond to EGF (32), suggesting that
the interaction between these two receptors may be critical for
EGF to mediateits full signaling response. IGF-IR signaling can
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induce an EGFR-dependent autocrine loop (33), and it has been
shown that EGF can cause phosphorylation and activation of
IGF-IR (34).

Cross-Talk between ErbB Receptors and Cytokine Re-
ceptors.  Cytokines such as Prl and GH act through transmem-
brane receptors that do not contain intrinsic kinase activity (35)
but recruit cytoplasmic intermediates such as Janus tyrosine
kinase (specifically JAK2; Ref. 36). GH and Prl are able to
increase phosphorylation of ErbB1 bothin cell linesand in mice
(37). GH activation of JAK2 resultsin direct phosphorylation of
tyrosine 1068 in ErbB1, which isabinding site for Grb2. Prl can
also cause JAK2-mediated phosphorylation of ErbB2, and this
may account in part for the ligand-independent activation of
ErbB2 that is seen in many breast cancers (38). Indeed, blockade
of autocrine Prl production in breast cancer cell lines can reduce
ErbB2 signaling, and breast tumors that express both ErbB2 and
Prl have a poor prognosis (38). Finally another cytokine, inter-
leukin 6, has been shown to increase ErbB2 activation, signal-
ing, and cell migration in breast cancer cell lines (39). The
biological relevance of this interaction is currently under inves-
tigation.

Cross-Talk between ErbBs, Integrins, and the ECM.
The ECM controls cell growth, differentiation, and survival by
signaling through integrin receptors (40). Whereas these inter-
actionswereinitially viewed as*housekeeping” functions, it has
become apparent that integrins activate intricate intracellular
signaling pathways that equal or exceed the complexity of the
RTK pathways (41). Most important, in several systems, ECM
and integrins are higher-order controlling elements of other
signaling pathways. For instance, binding of primary mammary
epithelial cells to laminin is required for both Prl (42) and
insulin (43) signaling, which are essential mediators of cellular
differentiation. ECM can also control RTK action in a number
of cell culture systems (44), and ligation of integrins is essential
for RTK-mediated signal transduction (45). Part of this effect
may come through direct association of integrin receptors with
RTKs and their signaling intermediates. For instance, o,B3
integrin physically associates with PDGFR (46) and also with
the cytoplasmic signaling intermediate IRS-1 (47). Furthermore,
IRSs can be activated by integrin ligation even in the absence of
RTKs (48). agB, integrin associates with ErbB2 after EGF
simulation of breast cancer cells, and treatment of cells with an
antibody that binds and activates o integrin causes increased
association between ErbB2 and agB, and promotes cell prolif-
eration and invasion (49). Severa of the IGFBPs have RGD
sequence that is used in integrin receptor binding. IGFBP-1 can
bind a5, integrin and increase cell migration (50), but addition
of excess recombinant IGFBP-1 can block |GF-I-mediated
breast cancer cell motility (51).

STls

Since the early discovery that a viral oncogene was also a
mutated RTK in human cancer, a wealth of literature has im-
plicated RTKs in cancer pathogenesis (6). This has led to the
development of a number of inhibitors of RTK signaling path-
ways. RTK signaling has been blocked by a number of mech-
anismsinvitro including (a) blocking ligand binding to the RTK
(using binding proteins such as IGFBP-1 or antibodies that bind

the RTK), (b) inhibiting RTK expression (using antisense oli-
gonucleotides), or (c) inhibiting RTK activity (using kinase-
dead and dominant negative RTKs or small molecule inhibi-
tors). Clinical development has occurred with antibodies that
block receptor activation and also recently with small molecules
that block the tyrosine kinase activity of the RTK (52).

Predicting Response to STls. Because these STIs have
been designed against specific targets and show very high
affinity and specificity inin vitro systems, it would be logical to
expect that expression of the target of a STI may predict the
sensitivity of a cell to that STI. For instance, antiestrogens are
only effective in breast cancer cells that express ER and have
very little or no effect in ER-negative breast cancer cell lines
(53). Thisfinding is reproduced in the clinical situation, where
ER is an excellent predictive marker for response to antiestro-
gens (54). However, a greater understanding of the molecular
biology of ER action has shown that antiestrogens can have
dramatically opposing effects in different tissues due to other
modulators of ER action, including coregulators, other growth
factor pathways, and other isoforms of ER (55).

With regard to STls, it has been found that response of
breast cancer cells to the selective ErbB1 tyrosine kinase inhib-
itor ZD1839 (Iressa) does not correlate with ErbB1 status (56,
57). On normal mammary epithelial cells (MCF-10A) that are
dependent on EGF for growth, ZD1839 has a growth inhibitory
1C5, Of 0.02 pm, consistent with its in vitro 1C5, value. How-
ever, higher concentrations of 0.5-20 um are needed for growth
inhibition in breast cancer cell lines. Possible explanations for
this are that (a) ZD1839 is inhibiting other ErbB receptor
heterodimers, (b) other pathways are modulating EGFR activa-
tion, or (c) aterations in other signal transduction pathways
reduce the dependence of these cells on EGF. It is clear that
more studies of this nature are needed to identify the markers
that predict response to specific STIs. These studies will no
doubt involve the use of newly developed phospho-specific
antibodies to activated growth factor signaling molecules and
the use of gene array technology to measure global gene ex-
pression patterns.

ST Blockade of Signal Transactivation. Whereas STls
have shown promise in preclinical settings and are currently in
clinica trias, we poorly understand their mechanisms of action.
However, it is expected that these STIswill act as novel toolsfor
dissecting and understanding RTK signaling and cross-talk. For
example, Prl secreted by breast cancer cells can act in an
autocrine manner and cause phosphorylation of ErbB2 via JAK2
(38). We know this in part because blockade of this signal
transactivation, using STls against either Prl receptor, ErbB2, or
JAK?2, results in reduced ErbB2 phosphorylation and decreased
proliferation.

We have shown that blockade of ER using antiestrogens or
blockade of IGF-I signaling using a neutralizing binding protein
(IGFBP-1) can have dramatic effects on both signaling path-
ways. Antiestrogens are very effective at eliminating both es-
trogen and IGF signaling and growth (7). Additionally, whereas
IGFBP-1 is effective at inhibiting IGF signaling and growth in
vitro and in vivo, it also blocks IGF-I activation of the ER and
inhibits estrogen-mediated growth (58). Other groups have sim-
ilar findings (59).

Another example of blockade of signal transactivation, this
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Fig. 2 ZD1839 inhibits IGF-I-mediated phosphorylation of ErbB1.
Serum-starved FSK-7 cells were stimulated with EGF or IGF-I and
treated with or without ZD1839 (1 jum). ErbB1 was immunoprecipitated
from cell lysates and immunoblotted for phosphotyrosine (top panel).
Total cell lysates were immunoblotted for phospho-MAPK (middle
panel) or total MAPK (bottom panel). This figure has been reproduced
from Ref. 30 with permission.

time between ErbB1 and |GF-IR, has recently been shown using
primary mammary epithelia cell cultures (30). In this system,
EGF treatment results in phosphorylation of ErbB1 and MAPK,
but phosphorylation also occurs when cells are treated with
IGF-1 (Fig. 2). The ErbB1 tyrosine kinase inhibitor ZD1839
completely blocks EGF signaling, as expected, but it also in-
hibits IGF-mediated phosphorylation of MAPK. This effect of
ZD1839 is not through nonspecific inhibition of IGF-IR activa-
tion because phosphorylation of IGF-IR and its downstream
signaling intermediate IRS-1 are not affected. The conclusion is
that IGF interaction with IGF-IR causes phosphorylation of
ErbB1, leading to activation of the MAPK pathway, and that the
|GF-mediated activation of MAPK signaling can be blocked by
inhibiting its cross-talk with ErbB1.

In primary mammary epithelial cell cultures, EGF and
IGF-1 are survival factors alowing cells to evade cell death.
Interestingly, whereas ZD1839 is often thought of as an inhib-
itor of ErbB1-mediated cell growth, in primary mammary epi-
thelial cells ZD1839 can block EGF-mediated protection from
apoptosis by inhibiting phosphorylation of ErbB1 and activating
the proapoptotic protein BAD (49). Importantly, ZD1839 is able
to block 1GF-I1-mediated protection from cell death, substanti-
ating the signaling cross-talk between IGF-I and ErbB1. This
observation has important clinical implications for future ap-
proaches in which STIs are combined with other apoptosis-
inducing agents (60).> More studies are needed to fully under-
stand the complex cross-talk between growth factor signaling
pathways in both normal and neoplastic cells. These studies will
have to define the mechanisms of action of these STIs and may
predict potential toxic side effects and possible mechanisms of
resistance.

STI-mediated Down-Regulation of RTKs. Careful
characterization of STI action in cell lines has cast light on a

S http://stke.sciencemag.org.
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Fig. 3 Antibodies to IGF-IR cause receptor down-regulation. MCF-7
cells were serum starved overnight and then stimulated with IGF-1 or
a-IR3. Cells were harvested at various time points, and total cell lysates
were immunoblotted for IGF-IR (B subunit).

20 h

novel mechanism of action that may unfold new avenues for
designing dternative strategies to inhibit RTK function.
Whereas RTK inhibitors were designed either to block ligand
binding or receptor dimerization (e.g., using monoclona anti-
bodies such as trastuzumab) or to block the tyrosine kinase
activity (e.g., by modifying the ATP binding site with CI-1033),
it has been found that these strategies also result in down-
regulation and proteasome degradation of ErbB2 (61). Whereas
it is not unexpected that binding of an antibody at the cell
membrane to ErbB2 puts the receptor in a unusual conformation
that is recognized as abnormal by the cell and thus marked for
degradation, it is unclear why an inhibitor of the tyrosine kinase
activity would cause the same effect. Despite this, down-regu-
lation of ErbB2 is clearly avery favorable outcome for blocking
ErbB signaling because ErbB2 is a major signaling partner for
the other ErbB family members. Interestingly, evidence sug-
gests that ErbB2 may be such a potent signal transducer because
after activation and endocytosisit is recycled to the cell surface,
rather than being sent for degradation like ErbB1 (62). Blockade
of ErbB2 function may disturb this process and thus block its
potent activity. Whereas the mechanisms for trastuzumab- and
Cl-1033-mediated proteasome degradation are unclear, ErbB2
can also be targeted for proteasome degradation by geldanamy-
cin, an ansamycin antibiotic that interferes with ATP binding to
the Hsp90 chaperone and results in selective degradation of
ErbB receptors (63). Citri et al. (61) showed that CI-1033 and
geldanamycin act in an additive manner, using acommon mech-
anism of chaperone-mediated degradation. This suggests that a
common mechanism for ErbB2 degradation may be directly and
specifically targeted.

Interestingly, antibodies that bind IGF-IR and block its
signaling capacity also result in receptor down-regulation (Fig.
3). MCF-7 cells were treated with either IGF-1 or a commer-
cialy available monoclonal antibody («-IR3) that can block
breast cancer cell growth in vitro and in vivo (64, 65). Neither
IGF-I stimulation nor a-IR3 changed IGF-IR levels after 10
min, but after 2 h, «-1R3 caused a significant decreasein IGF-IR
levels, whereas | GF-1 did not. More studies are needed to define
the biochemical mechanism of this reduction in IGF-IR levels,
but the data suggest that down-regulation of RTKs may be a
common feature after blocking receptor function. It is possible
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that the antibodies force the RTK into an unnatural conforma-
tion that is then recognized by heat shock proteins, resulting in
RTK ubiquitination and degradation. These in vitro studiesim-
ply that the agonist or antagonist biochemical properties of any
such receptor binding antibody may not be important as long as
binding results in down-regulation of cell surface receptor ex-
pression.

Targeted Down-Regulation of Signaling Inter mediates.
The realization that STls not only inhibit RTK action but also
cause RTK down-regulation suggests that specifically targeting
the mechanism of down-regulation may be a potential therapeu-
tic strategy in breast cancer. Indeed, thisis aready being tested
clinically with geldanamycin, an antibiotic that, as noted above,
inhibits ATP binding of the chaperone Hsp90 and causes pro-
teasomal degradation of many intracellular signaling intermedi-
ates including steroid receptors and RTKs (63). However,
geldanamycin targets a relatively nonspecific form of protein
degradation that may prove to be too nonspecific for therapeutic
benefit.

Recent studies have shown that signal transduction path-
ways can initiate very specific targeted proteasomal degrada-
tion. Whereas the complete mechanisms are still to be eluci-
dated, the SCF complex seems to be a key player in alowing
phosphorylation-targeted ubiquitination of signaling intermedi-
ates (66). For instance, cell cycle components must be synthe-
sized and degraded in a rapid and tightly controlled manner to
alow cell cycle control. Many of the cyclins, cyclin-dependent
kinases, and cyclin-dependent kinase inhibitors undergo rapid
proteasomal degradation after phosphorylation on specific res-
idues (67). Inhibitors of the proteasome have been developed
and are being used in clinical trials for treatment of a number of
cancers (68, 69).

We have investigated the proteasomal degradation of
IRS-1, a signaling intermediate that is regulated by hormone
receptors and has ominous prognostic significance in breast
cancer (70). Cell line studies have shown that, after activation,
IRS-1 is ubiquitinated and then degraded by the proteasome
(71). Importantly, the signal that mediates this degradation isthe
phosphatidylinositol 3'-kinase/Akt/mTOR pathway (72, 73),
and the signal may actually be direct phosphorylation of IRS-1
on serine/threonine residues by one of these signaling proteins
(74, 75). Interestingly, IRS-1 is upstream of the phosphatidyli-
nositol 3'-kinase/Akt/mTOR pathway, and so down-regulation
of IRS-1 represents arapid and potent negative feedback mech-
anism for shutting off this pathway. Additional studies on the
biology of IRS-1 have revealed that its level is hormonaly
regulated in the normal mammary gland.® In particular, we have
shown that IRS-1 proteins decline dramatically when the mam-
mary gland undergoes involution (76). This decrease occurs
within 6 h and occurs in the absence of changes in mMRNA
levels, suggesting that this represents protein turnover or deg-
radation, similar to observations in cell culture.

Blockade of IRS-1 action in breast cancer may be difficult
because IRS-1 has no intrinsic kinase activity, and interrupting
protein-protein interactions with small molecules is technically

SA.V. Leeand D. L. Hadsell, manuscript in preparation.

challenging. In contrast, lowering IRS-1 levels by stimulating
degradation may be an ideal mechanism for inhibiting IRS-1
action. We are performing in vitro and in vivo studies to better
understand the molecular pathways that are critical for IRS-1
degradation, with the goal of designing small moleculesthat will
enhance IRS-1 degradation. Whereas phosphorylation-directed
degradation probably uses common mechanisms for destroying
proteins, e.g., the 26S proteasome, we believe that specificity is
obtained through the combination of unique phosphorylation
motifs and E3 proteins, thus alowing highly specific phospho-
rylation-targeted proteasome degradation for each signaling in-
termediate. Perhaps we can harness the power of naturally
occurring negative feedback systems to stimulate degradation
pathways that will alow the selective degradation of certain
signaling intermediates.

Summary

STls show promise in preclinical studies and are currently
in a number of clinical trials. Whereas many of these agents
were “rationally designed,” we barely understand their mecha-
nisms of action. Part of thisis due to our limited understanding
of cross-talk among receptor systems and the key pathways
necessary for cell growth. For example, trastuzumab has clinical
activity only in aminority of patients that overexpress the HER2
target. The reasons for de novo resistance are not understood and
must be elucidated if we are to optimally use these new strate-
gies. A greater understanding of signaling interactions and net-
works will be needed to better predict how inhibitors will affect
neoplastic cell growth and death, and it is anticipated that
careful in vitro studies with these specific high-affinity inhibi-
torswill elucidate novel mechanism of signal cross-talk that will
then lead to the development of new inhibitors that will block
these new interactions. Once identified in vitro, these findings
can be tested in clinical settings to make rational treatment
choices for cancer patients
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Open Discussion

Dr. Adrian V. Lee: The theory is that the IGF-I activates
the | GF receptor, which then transphosphorylates the EGFR and
causes EGFR signaling. If you give Iressa (ZD1839), you block
EGFR signaling, which shows it's a specific blocker, but it also
takes out the IGF signal as well.

Dr. Kent Osborne: Does it take out the IGF receptor or
just the IGF downstream signaling?

Dr. Lee: That isavery critical question. It has practically
zero effect on IGF receptor or IGF signaling downstream. So
this is realy proof of IGF receptor transphosphorylation of
EGFR. Previous data came from transfection studies, but now in
mammary epithelial cells, it’'s been shown that |GF activates the
EGF pathway, and Iressa can wipe that out.

Dr. Carlos Arteaga: But that suggests that that cross-talk
still requires the EGFR kinase, and so the activation of the
receptor by IGF-I. Is that your interpretation?

Dr. Lee: That depends on whether that receptor is only
taking out the kinase or whether it's a down-regulated receptor.
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These inhibitors also cause down-regulation and destruction of
the receptor.

Dr. Arteaga: Iressa doesn't. Just to underscore that these
small molecules are not “me too” drugs, we have done similar
experiments with OSI-774 and Iressa, and there's really no
EGFR or HER2 down-regulation from the cell surface whatso-
ever. So there is something unique about this inhibitor that is
doing that.

Dr. Steven Come: Well, | think now you see why we're
anxious to go ahead and put Iressa into a clinica trial. It's
looking better and better.

Dr. Arteaga: The Eastern Cooperative Oncology Group
Phase Il trial of Herceptin plus Iressa in HER2-overexpressing
metastatic disease is accruing. The rationale is based on preclin-
ical data indicating that when you block both receptors at the
same time, you induce very profound apoptosis in culture, and
there is also synergistic activity in xenograft and transgenic
models. We have some data using a human mouse mammary
tumor virus HER2 transgenic nude mouse from Genentech
showing that tumors as big as 2 cm® disappear with the combi-
nation of Herceptin and OSI-774, which is similar to Iressa
With either drug alone, there'slittle or no effect. So tumor cells
may be smart, but they’ re not that smart. It would be logical that
the first compensatory mechanism they use would be receptors
of the same network, and that would be the EGFR. That could
have been anticipated from the biochemistry of the EGFR/
HER2 network.

Dr. Stephen Johnston: If HER2 is redlly critical and you
take out HER2, the tumor cells couldn’'t get around it. If HER2
is really the prominent dimerization partner, then maybe they
have to switch to another network.

Dr. Mitch Dowsett: The data you presented are provoca
tive and also pretty discouraging in terms of applying these
agents in the metastatic setting because of these multiple escape
pathways.

Dr. Lee: Wetaked about that at last year’s meeting, about
whether metastatic disease is the right setting for testing these
agents. That's a classic finding with Iressa working really well
on normal cells and then having a different 1C, in tumor cells.
So maybe that's why these agents should be tested in the
neoadjuvant setting. We understand why chemotherapy works
in the metastatic setting, because it's completely nonspecific. In
targeting a very defined pathway, either we're going to have to
find the predictive biomarkers, which again is going to take
time, or we haveto try it in the adjuvant setting before any data
come out.

Dr. Dowsett: The problem with alot of these agents is a
lack of long-term safety data because the metastatic studies are
often quite short.

Dr. Kathleen Pritchard: But you have to take them into
the adjuvant setting without long-term safety data anyway, so
the question aways is whether there’'s enough justification to
take that big experiment with lots of patients when you don’t
know what the data are.

Dr. Come: The best thing by far, at least in this country,
would be some sort of inter-SPORE (Specialized Program of
Research Excellence) cooperation to do basicaly what Dr.
Dowsett is doing. Once you resolve the ingtitutional review
board issues, involve several institutions that have the capacity

to do these studies, in which we decide we're going to get two
pathologic specimens on each patient, that we're going to use
these biomarkers to make meaningful measurements in that
window. So then we'd be able to select what to go forward with
in an adjuvant trial.

Dr. Eric Winer: | think it's the institutional review board
and the safety issues that impede us.
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