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ABSTRACT

Herstatin is produced from an alternatively spliced HER-2 mRNA.
Retention and read-through of intron 8 leads to the production of the inhibitory
secreted ligand, which contains a novel receptor binding domain (RBD) encoded
by the intron (Doherty, Bond et al. 1999). This thesis examines the binding
interactions of herstatin with the Epidermal Growth Factor Receptor (EGFR) and
Insulin-like Growth Factor —| Receptor (IGF-IR) families. Previous studies have
characterized the inhibitory effects of herstatin on EGF receptor family signaling
(Doherty, Bond et al. 1999; Azios, Romero et al. 2001; Justman and Clinton
2002; Jhabvala-Romero, Evans et al. 2003; Staverosky, Muldoon et al. 2005).
Here, | examine the effects of herstatin expression on IGF-1-induced signaling in
MCF7 breast carcinoma cells. Both herstatin and its intron-encoded RBD bind to
all four members of the EGF receptor family as well as to AEGFR, a mutant EGF
receptor missing subdomains | and |l of its extracellular domain (ECD). Two
germline mutations found in the intron-encoded domain lower the binding affinity
of herstatin to the EGF and HER-2 receptors by two-to-three fold. Herstatin also
binds to both the IGF-IR and the Insulin Receptor (IR), albeit with approximately
10-fold reduced affinity compared to EGFR and HER-2. Here, | present a model
for herstatin binding to both the EGF and IGF-IR families. | propose that the
intron-encoded domain of herstatin binds within subdomain lil of the receptor
ECD. Subdomains | and Il of herstatin may then be juxtaposed with subdomains |
and |l of the EGF receptor family allowing for dimer-like interactions via the

dimerization arm in subdomain Il. This dimerization arm is lacking in the IGF-IR



and IR ECDs, thus possibly explaining the reduced binding affinity of herstatin.
Examination of signaling in parental MCF7 cells and MCF7 cells stably
transfected with herstatin (MCF7Hst) revealed that herstatin expression reduced
overall IGF-IR levels and attenuated IGF-I-induced activation of both the IGF-IR
and of Akt/PKB. However, herstatin-expression increased IGF-lI-mediated
activation of Erk compared to parental cells. Furthermore, herstatin-expression
resulted in reduced |GF-I- or Insulin-stimulated proliferation in vitro. These
studies demonstrate that, in addition to binding to and blocking activation of the
EGF receptor family, herstatin binds to the IGF-IR and IR and modulates IGF-I-
stimulated proliferation and survival signaling, either through direct interaction
with the IGF-IR or indirectly by modulating crosstalk with the EGF family of
receptors. In summary, herstatin is a unique ligand of both the EGF and IGF-I

receptor families that functions to modulate the action of these receptors.
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CHAPTER 1

Thesis Introduction



Receptor Tyrosine Kinases

The translation of extracellular stimuli to activation of intracellular effector
molecules is essential to proper cellular growth and metabolism. This translation
is accomplished in great part by receptor tyrosine kinases (RTKs). RTKs are
divided into four subclasses and contain approximately 20 different families.
However, they all share a similar gross morphology. RTKs all have a large,
glycosolated extracellular ligand binding domain (ECD), a single-pass
transmembrane domain, and a tyrosine-kinase-containing intracellular domain
(Ullrich and Schiessinger 1990). Subclass | RTKs, which include the Epidermal
Growth Factor Recptor (EGFR) family, are monomeric receptors that contain two
cysteine-rich segments in the extracellular domain. Subclass || RTKs, which
include the Insulin-Like Growth Factor-1 Receptor (IGF-IR) family, also contain
similar cysteine-rich repeats, but functional receptor dimers are formed by
disulfide-linked heterotetrameric (a2f2) receptor subunits. Subclasses Il and 1V
RTKs each contain either five or three immunoglobulin (IgG)-like repeats in their
extracellular domains and also have characteristically split kinase domains
(Ullrich and Schlessinger 1990). Despite differences in protein structure, these
receptors function in a highly analogous manner.

Activation of RTKs occurs through ligand binding and receptor
dimerization. Either a monovalent ligand (subclass 1) or a bivalent ligand
(subclasses Il and V) induces receptor dimerization, placing the intracellular
kinase domains in close enough proximity to cross-phosphorylate the intracellular

tyrosines. However, in the case of subclass I, where the receptors already exist



in a pre-formed dimer, ligand binding is thought to induce a conformational
change within the dimer making it signaling-competent (Ullrich and Schlessinger
1990). Signaling emanating from the dimeric RTK complexes, results in
recruitment of intracellular effectors containing Src homology-2 (SH-2) and
phosphotyrosine-binding (PTB) domains, such as Shc, Grb2, Src, and
phopholipase Cy. These effector molecules eventually lead to the activation of
important downstream signaling cascades such as the mitogen activated kinase
(MAPK), the phosphoinositide 3-kinase (PI3K)/Akt, and JAK/STAT pathways
(Ullrich and Schlessinger 1990; Rommel, Clarke et al. 1999; Blume-Jensen and
Hunter 2001; Johnston, Pirola et al. 2003; O'Connor 2003; Marmor, Skaria et al.
2004). Selective activation and modulation of timing and intensity lead to differing
signaling outcomes such as growth, differentiation, and cellular metabolism.

This thesis focuses specifically on the EGF and IGF-I receptor families.
The EGFR family has been shown to mediate cell growth and differentiation. The
IGF-IR family has also been shown to play a role in cellular growth and
proliferation, as well as to mediate unique, biological processes, such as glucose
metabolism (Sell, Dumenil et al. 1994; Baserga 1997; Baserga, Resnicoff et al.
1997, Burden and Yarden 1997; O'Connor, Kauffmann-Zeh et al. 1997; Morrione,
Romano et al. 2000; Olayioye, Neve et al. 2000; Sweeney and Carraway 2000;
Holzenberger, Dupont et al. 2003; Kuribayashi, Kataoka et al. 2004). While these
receptor families are essential for normal growth and development, aberrant

expression by mutational activation, autocrine activation, or by receptor over-



expression leads to a variety of human cancers (Blume-Jensen and Hunter 2001;

Holbro, Civenni et al. 2003; Rochester, Riedemann et al. 2005).

The EGF Receptor Family - Evolution

The EGF receptor family is highly conserved. There are four members of
this receptor family found in mammals. However, there is only one receptor type
present in invertebrates that has highest homology to the EGFR; this includes
Let-23 in C. elegans (Aroian, Koga et al. 1990) and DER in D. melanogaster
(Livneh, Glazer et al. 1985). In C. elegans there has only been one ligand found
for Let-23, making a simple signaling network of one receptor-ligand pair (Stein
and Staros 2000). In contrast, D. melanogaster has three activating ligands,
Spitz, Vein, and Gurken, and the only known inhibitory EGF-like ligand, Argos
(Figure 1.1) (Stein and Staros 2000). Argos is a secreted protein that contains an
atypical EGF motif and was thought to be a canonical ligand that directly induced
receptor inactivation (Schweitzer, Howes et al. 1995). However, recent evidence
shows that Argos is not a DER ligand, rather it inhibits DER activation by binding
to and sequestering Spitz, an activating ligand (Klein, Nappi et al. 2004). This
mode of action is a novel mechanism for downregulating the potent signal
potentiated by members of the EGF receptor family that has not yet been found
in mammals.

In mammals, the EGF receptor family consists of four members:
EGFR/ErbB1/ Human Epidermal growth factor Receptor -1 (HER-1), ErbB2/HER-

2/neu, ErbB3/HER-3, and ErbB4/HER-4. Correspondingly, there are eleven



mammalian ligands for these receptors (Figure 1.1) (Riese and Stern 1998).
Evolutionary analysis suggests that gene duplication resulted in two ancestral
receptor precursors: one for EGFR/ErbB1 and one for ErbB3/ErbB4 (Stein and
Staros 2000). This is also reflected in the segregation of ligands, with the majority
of ligands either binding to EGFR or coordinately to ErbB3 and ErbB4 (Stein and
Staros 2000).

Significant homology exists amongst all four receptors. Sequence
alignment of the human EGF receptor family members reveals an approximately
30% amino acid identity among the four receptors (Stein and Staros 2000). This
identity is highest in the kinase domain, followed by the ECD (Stein and Staros
2000). Despite high homology, the individual receptor-types discriminate
between ligands and participate in unique heterodimer pairs that result in
different signaling patterns (Figure 1.2) (Sweeney and Carraway 2000).
Moreover, ErbB2 and ErbB3 are unique in function. ErbB2 is the only one of the
four unable to bind ligand, and is the preferred co-receptor in heterodimer pairs
(Figure 1.2) (Alimandi, Romano et al. 1995; Wallasch, Weiss et al. 1995 Pinkas-
Kramarski, Shelly et al. 1996; Tzahar and Yarden 1998). In addition, ErbB3 is
kinase-impaired and therefore must heterodimerize and be tyrosine
phosphorylated to signal (Figure 1.2) (Schaefer, Akita et al. 1999). ErbB3 has an
abundance of PI3K docking sites at its C-terminus, making it a potent
heterodimer partner and strong activator of the anti-apoptotic Akt/PKB signaling
cascade (Stein and Staros 2000). In addition to having canonical PI3K docking

site motifs, receptor chimera studies between the EGFR



and ErbB-3 confirmed that the C-terminus of ErbB-3 is responsible for coupling
directly to PI3K and activating Akt (Fedi, Pierce et al. 1994; Prigent and Gullick

1994).

The EGF-Receptor Family Ligands

The EGF receptor family growth factors are all produced as membrane-
bound precursors. While these membrane-bound ligands can engage in limited
juxtacrine-signaling, the soluble form of the ligand is by far the most potent
(Sweeney and Carraway 2000; Harris, Chung et al. 2003). Recent evidence has
shown that suppression of matrixmetalloprotease (MMP) activity significantly
decreases the signaling of the EGF receptor family, thus suggesting that MMP
sheddases control the shedding of the EGF ligands. More recently, a family of
sheddases, a disintegrin and metalloprotease (ADAM), has been shown to be the
major convertase family for the EGF ligands (Sahin, Weskamp et al. 2004). Both
in vitro and mouse knockout studies have revealed the importance of ADAMs in
release of ligand, leading to competent receptor signaling (Holbro and Hynes
2004; Sahin, Weskamp et al. 2004).

The eleven human ligands for the EGF receptor family are all activating
ligands that directly bind to specific receptors (Stein and Staros 2000). EGF,
transforming growth factor-a (TGF-a), amphiregulin (AR), and epigen all bind
specifically to the EGF receptor, while heparin-binding EGF-like growth factor
(HB-EGF), betacellulin (BTC), and epiregulin (EPR) bind to both EGFR and

HER-4 (Sweeney and Carraway 2000; Harris, Chung et al. 2003). Additionally,



neuregulin (NRG) [heregulin (HRG)] 1 and 2 bind only to HER-3 and HER-4,
while NRG-3 and 4 are specific only to HER-4. Finally, NRG 1 and 2 as well as
BTC have been shown to bind HER-2/HER-3 heterodimers (Figure 1.2)
(Sweeney and Carraway 2000; Harris, Chung et al. 2003). This plurality of
ligands exerts ligand-induced specificity by dictating which receptor dimer-pairs
are formed (Sweeney and Carraway 2000). For example, Hrg-1 or -2,
preferentially induces HER-2/HER-3 heterodimers and activation of the anti-
apoptotic Akt/PKB signaling cascade through direct recruitment of the p85
subunit of PI3K (Sweeney and Carraway 2000). In contrast, BTC preferentially
activates HER-4 homodimers and promotes cellular growth and proliferation by
recruiting the adaptor proteins She and Grb2 (Sweeney and Carraway 2000).
Despite their receptor-binding specificity, all eleven ligands contain a
canonical EGF-like motif containing six spatially conserved cysteine residues.
These six cysteines form three intramolecular disulphide bonds in the following
manner: C1-C3, C2-C4, and C5-C6 (Harris, Chung et al. 2003). This EGF motif is
critical for binding to the EGF receptor family, though binding specificity is

mediated through specific side-chain moieties interacting with the receptors.

The EGF Receptor Family Protein Structure

The EGF receptor family ECD is further characterized by four subdomains
I (L1), Il, (81, CR1), Il (L2), and IV (82, CR2) (Figure 1.2). Subdomains | and Il
have been termed the “ligand binding domains” and are known to coordinate

ligand binding, while subdomains Il and IV are the cysteine rich (CR) domains



that do not directly participate in ligand binding (Bajaj, Waterfield et al. 1987).
The CR domains contain a total of 50 cysteine residues that form 25
intramolecular disulphide bonds, the spacing of which is conserved throughout
the receptor family. The cysteines are configured into groups of eight, each set
forming a cysteine knot with a repeat pattern of 1-3, 2-4, 5-6 and 7-8 disulphide
pairing (Abe, Odaka et al. 1998).

Recent crystallographic data have provided important new information on
how these subdomains function in ligand binding and receptor dimerization. With
the exception of HER-2, the EGF receptor family ECD is found in two
conformations: the unliganded open conformation and the ligand-bound closed
conformation (Cho and Leahy 2002; Garrett, McKern et al. 2002; Ogiso, Ishitani
et al. 2002; Cho, Mason et al. 2003; Garrett, McKern et al. 2003) (Figure 1.3).
Previous studies determined that subdomains | and Ill form the ligand binding
pocket. In the closed receptor conformation, a B-strand in subdomain |, lies
parallel with B-strands in the ligand, forming strong contact points (Garrett,
McKern et al. 2002). These contact points between subdomain Ill and the ligands
occur mainly though side chain interactions from loops that surround R-sheets
(Garrett, McKern et al. 2002). Interestingly, these crystal structures reveal that
lack of conservation of specific residues in subdomain | of HER-2 contribute to its
inability to bind ligand though both steric clash and loss of a critical hydrogen
bond (Garrett, McKern et al. 2002).

In addition to substantiating previous data about the ligand binding

domains, the crystal structures revealed unique information about the dimer-



orientation of the ECD. While most receptors either exist in a pre-formed dimer,
or dimerize though association of a bivalent ligand or direct contacts of two
monovalent ligands, the EGF receptor family was found to dimerize in a
completely different fashion. Surprisingly, the dimer interface was found to be
mediated through receptor contact points, primarily in subdomain Il and to a
lesser extent, in subdomain IV. Subdomain Il contains the “dimerization loop” that
is intramolecularly bound to the outer portion of subdomain IV in the absence of
ligand and extends to form the dimer contact point in the ligand-bound receptor
(Cho and Leahy 2002; Garrett, McKern et al. 2002; Ogiso, Ishitani et al. 2002)
(Figure 1.3). The conformation that involves release of the dimerization arm, also
allows the ligand binding pocket formed by subdomains | and Ill to close, forming
ligand-binding contact points. Though crystal structures give a glimpse of active
and resting receptors, it is yet to be established whether binding of ligand triggers
the conformational change, or if the open and closed conformations are in
equilibrium with each other, with the active conformation stabilized by ligand
binding.

The crystal structures also help to explain both the inability of HER-2 to
bind ligand and its preferred heterodimer status. The dimerization arm in
subdomain Il of HER-2 is constitutively extended and the ligand-binding pocket is
closed, helping to explain both its preferred dimer partner status and its inability
to bind ligand (Cho, Mason et al. 2003; Garrett, McKern et al. 2003). The inability
of HER-2 to bind ligand is further explained by substitutions of key conserved

residues in the binding pocket of subdomain |. In HER-2 these residues, which



normally form contact points with the ligand, are replaced by amino acids with
bulky side chains that are likely to sterically inhibit binding of any ligand (Garrett,
McKern et al. 2002). Both the extension of the dimerization arm, which closes the
binding pocket, and the substitution of key conserved residues explain the unique
status of the HER-2 receptor.

The full ECD crystal structures of HER-2, and its rat ortholog, neu, have
given insight into the role of subdomain IV. The human and rat structures are
superimposable, and dimers were not detected in the either crystal structure.
Modeling based on the dimers present in EGFR ECD crystal structures suggest
that subdomain IV pairs in dimers reside in close proximity (Cho, Mason et al.
2003; Bagossi, Horvath et al. 2005). This is in agreement with recent biological
data that indicate that receptor transmembrane domains must be juxtaposed for

competent signaling to occur (Bagossi, Horvath et al. 2005).

The EGF Receptor Family — Signal Transduction

The capacity to homo- and hetero-dimerize, the plurality of ligands, and
the ability to recruit multiple intracellular effectors makes the EGF receptor family
a highly regulated orchestrator of mitogenic signaling. Binding of the EGF growth
factor ligands to the receptors causes dimerization, activation, and C-terminal
tyrosine phosphorylation (Schlessinger, Ullrich et al. 1988; Dougall, Qian et al.
1994; Hynes and Stern 1994; Riese and Stern 1998: Tzahar and Yarden 1998;
Sweeney and Carraway 2000). Phosphorylation of the C-terminal tyrosines

promotes formation of SH-2 and PTB docking sites, leading to the potentiation of

10



intracellular signaling cascades, typified by activation of the mitogenic MAPK,
anti-apoptotic Akt, and JAK/STAT signaling molecules (Rommel, Clarke et al.
1999; Busse, Doughty et al. 2000; Blume-Jensen and Hunter 2001). Recruitment
of a specific adaptor protein, which couples receptor activation to downstream
intracellular signaling molecules, is heavily dependent on the 5-8 amino acid
residues surrounding the phosphotyrosine (Rotin, Margolis et al. 1992; van der
Geer, Wiley et al. 1995; Sweeney and Carraway 2000). Therefore, extracellular
ligand-induction of intracellular effectors is modulated by differential
phosphorylation of the C-terminal tails of the receptors.

Though differential ligand stimulation may lead to different signaling
outcomes, all receptor/ligand combinations stimulate the MAPK pathway, either
directly through the Grb-2/Sos pathway or indirectly through Shc (Marmor, Skaria
et al. 2004). Activation of MAPK (Erk1/2) leads to its rapid translocation into the
nucleus where it activates several transcription factors such as, Sp1, E2F, Elk-1,
and AP1. Activated MAPK also plays a role in the cytoplasm where it
phosphorylates a variety of cytoplasmic and cytoskeletal proteins (Marmor,
Skaria et al. 2004). This multiplicity of MAPK action makes it a potent mitogen in
normal growth and development.

On the other hand, stimulation of the Akt, the primary effector of PI3K, is
different by receptor type. EGFR and HER-2 do not directly couple to the Akt
signaling cascade. Rather, they bind the p85 regulatory subunit of PI3K through
the use of multiple adaptor proteins, such as Gab1 (Marmor, Skaria et al. 2004).

In contrast, HER-3 has six and HER-4 has one p85 binding sites, allowing the
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receptors to directly couple to the PI3K lipid kinase (Soltoff and Cantley 1996).
Akt promotes cell-survival by phosphorylating the pro-apoptotic protein, Bad,
consequently blocking its association with the anti-apoptotic proteins, Bcl-2 and
Bcl-X (Danielsen and Maihle 2002; Marmor, Skaria et al. 2004). Otherwise, upon
Bad activation, Bcl-2 and Bcl-X insert into the outer mitochondrial membrane
(OMM) and block membrane permeabilization, a critical step in mitochondrial-
mediated apoptosis (Adrain, Creagh et al. 2003). Additionally, Akt promotes cell-
cycle progression by phosphorylating and thus downregulating the cyclin-E
dependent kinase inhibitor (CKI), p27" . Therefore, the EGF receptor family is
capable of regulating many proliferative and cell-survival signaling events,
through the Akt pathway.

In addition to activating secondary effectors and intracellular signaling
cascades, the EGF receptor family is capable of directly and indirectly targeting
transcription factors. The EGFR directly phosphorylates STAT1, STAT3, and
STATS. These transcription factors then dimerize through exposed SH2 domains
and translocate to the nucleus where they are involved in activating pro-
proliferation genes. Additionally, it has recently been shown that proteolytic
fragments of the EGF, HER-3 and HER-4 receptors translocate to the nucleus

where they may function to activate transcription factors (Wells and Marti 2002).
The EGF Receptor Family in Normal Growth and Development

The EGFR is the prototypical receptor in regulating normal growth and

development of epithelial tissues. The in vivo evidence for the function of the
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EGF receptor family has come primarily from murine knockout studies. Targeted
deletion of the receptors and/or their ligands frequently leads to embryonic or
perinatal death, both suggesting the importance of these receptors and
highlighting their unique functions (Holbro and Hynes 2004).

Murine studies targeting the EGF receptor in a similar fashion show a
variety of phenotypes depending on mouse background. This variation suggests
that other proteins may partially compensate for one or several of the roles in
different tissues. However, until mouse-strain specific modifiers, which lead to
unique backgrouds, are fully identified, it will be difficult identify which specific
proteins participate in these compensatory functions. Embryonic defects were as
severe as pre-implantation death and inability to support the inner cell mass, but
ranged to include placental defects and mid-gestation lethality (Threadagill,
Dlugosz et al. 1995). In backgrounds that supported live birth, abnormalities
compared to matched litter-mates were found in epithelial derived tissues,
specifically: skin, kidney, liver, brain, and Gl tract, and resulted in death at no
later than three months (Threadgill, Dlugosz et al. 1995). These studies suggest
that the EGF receptor is involved in a variety of cellular activities essential for
normal growth and development.

Additional studies targeting the HER-2 ortholog, neu, have highlighted its
importance as a heterodimeric signaling partner for other EGF family receptors.
HER-2/HER-3 knockouts were shown to be of critical importance for the proper
development of the peripheral nervous system (Burden and Yarden 1997; Holbro

and Hynes 2004). Furthermore, specific knockouts of HER-2, HER-4, or NRG-1
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were all lethal at E10.5 due to improper cardiac development (Burden and
Yarden 1997; Holbro and Hynes 2004). To ensure that these HER-2 based
phenotypes were not due to a scaffolding effect, a kinase-dead HER-2 was
knocked in. The resultant phenotype mimicked the HER-2 null mouse (Burden
and Yarden 1997; Holbro and Hynes 2004). These data suggest specific roles for
different heterodimers in different tissue-types.

Due to the propensity of EGF receptor family deletions to be embryonic
lethal, it has been difficult to study the role of these receptors in the mature adult.
Several studies have used conditional knockouts/knockins to investigate the
tissue-specific roles of these receptors. The EGFR was found to play an
important role in adult skin and hair follicles. HER-2/neu, on the other hand, was
found to be essential in cardiac and neuromuscular synaptic function, as well as
muscle spindle formation and regeneration (Miettinen, Berger et al. 1995: Holbro
and Hynes 2004). Other studies have highlighted the importance of HER-2
heterodimers in mammary gland development. Co-localization and activation of
EGFR and HER-2 is observed in the murine mammary gland at puberty, late
pregnancy and lactation (Stern 2003; Holbro and Hynes 2004). Additionally,
HER-3 and HER-4 expression is greatly increased in the developing, mature, and
lactating gland compared to that of the pre-pubescent gland, and their expression
is cell-type specific (Stern 2003; Holbro and Hynes 2004). This evidence points
to both unique and overlapping roles of these receptors.

These data suggest that the EGF-receptor family and ligands all

participate in cell-type specific signaling in normal growth and development.
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Though the receptors share a high-degree of homology and common intracellular
signaling pathways, their functions are non-overlapping to a certain extent.
Expression of one receptor, or ligand, cannot rescue the mutant phenotype
resulting from the knockout of another receptor. Thus it can be suggested,
primarily through heteromeric interactions, that these receptors and ligands exist
in a delicate balance with one another necessary for proper growth and
development. Disruption of this balance may lead to mutant phenotypes or

lethality in embryogenesis, and possibly cancer in the adult organism.

Soluble EGF Receptors

In addition to full-length membrane-bound receptors, soluble EGF family
receptor isoforms have been detected. To date, several alternate transcripts
encoding these soluble receptor isoforms have been found for EGFR, HER-2,
and HER-3, but none have been reported for HER-4. First characterized, was a
secreted form of the EGF receptor found in human epidermoid carcinoma cells
(Ullrich, Coussens et al. 1984). This receptor isoform, SEGFR, which contains the
ectodomain of the EGFR followed by a novel 18-amino acid C-terminal
extension, is the result of alternate splicing in intron 16 due to chromosomal
translocation (Ulirich, Coussens et al. 1984; Reiter, Threadgill et al. 2001). Early
biochemical analysis showed that this soluble EGFR mutant is capable of binding
EGF-ligand, but with reduced affinity compared to the full-length receptor
(Gunther, Betzel et al. 1990). However, this mutant remains in a monomeric state

independent of ligand-status (Gunther, Betzel et al. 1990). Recently, another
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human EGF receptor alternate transcript was found in normal placenta and liver
(Reiter, Threadgill et al. 2001). The putative coding sequence of this transcript
encodes for the full-EGFR ectodomain followed by a unique 78 amino acid C-
terminal sequence, generated by splicing to the alternative exon 158 (Reiter,
Threadgill et al. 2001). To date, the function of this transcript has not been
characterized. Finally, using expressed sequence tags (ESTs) two additional
EGFR alternate transcripts were detected. Both contained the EGFR ectodomain
followed by 2 and 1 unique amino acids (Reiter, Threadgill et al. 2001). While
ESTs provide a good method for identifying potential novel transcripts, the
validity of these two alternate transcripts needs to be confirmed either by
detection by Northern Blot or through an RNA-protection assay on various
tissues.

Characterization of the HER-2 receptor has also revealed splice variants.
A mutant 2.3 kb mRNA was found in gastric cancer cell lines and in gastric
tumors (Aigner, Juhl et al. 2001). This isoform, which encodes p100HER-2,
contains the HER-2 ECD with no additional sequence. When transfected into
breast carcinoma cells, p100HER-2 was found to inhibit Heregulin-mediated
dimerization and activation of HER-4 and downstream MAPK signaling, as well
as limiting soft-agar colony formation (Aigner, Juhl et al. 2001). Both p100HER-2
and its transcript appear only to be found in tumor samples and cell-lines, but not
in normal tissues, suggesting a non-native, albeit inhibitory, role for the protein.

A HER-2 splice variant, Herstatin, which acts as a naturally-occurring EGF

receptor family autoinhibitor, has also been described (Doherty, Bond et al.
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1999). Herstatin is encoded by either a 4.8 kb or a 2.6 kb transcript in which
intron 8 is retained (Doherty, Bond et al. 1999). The herstatin transcript was
originally found in fetal kidney and liver, at lower levels in fetal lung, and not at all
in fetal brain, thus suggesting a tissue-specific role in normal growth and
development (Doherty, Bond et al. 1999). Herstatin contains subdomains | and II
of the HER-2 ECD followed by a unique 79-amio acid C-terminal domain created
by read-through into intron 8 (Doherty, Bond et al. 1999). The function of
herstatin will be further described at the end of this chapter.

Furthermore, several soluble isoforms of HER-3 have been characterized
in ovarian carcinoma cell lines and normal human tissues (Lee and Maihle 1998).
The presence of these transcripts in normal tissues suggests a role in regulating
normal cellular growth and development; however the presence of these
transcripts in EGF receptor family-driven tumors, suggests that they may not
function in a strong inhibitory role. Two of these alternate transcripts that contain
retained introns encode for p45HER-3 and p85HER-3 and were originally found
in ovarian carcinoma cell lines, but were later found to be expressed in normal
human placenta (Lee and Maihle 1998). Most notable is p85HER-3, which is
secreted, and consists of subdomains |, I, and part of subdomain Il of the HER-
3 ectodomain followed by a novel 24-amino acid C-terminal intron-encoded
domain (Lee and Maihle 1998; Lee, Akita et al. 2001). P85HER-3 has been
shown to bind Hrg with similar affinity as the full-length HER-3 receptor, and can

compete with HER-2/HER-3 heterodimers for Hrg binding (Lee, Akita et al.
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2001). Additionally, p85HER-2 inhibits Hrg-mediated activation and downstream
signaling of HER-2, HER-3 and HER-4 in breast carcinoma cells (Lee, Akita et al.

2001).

The EGF Receptor Family and Its Role in Cancer

Since the EGF receptor family plays a key role in regulating the growth of
epithelial cells, it is consequently heavily implicated in a variety of carcinomas. Of
these receptors, the involvement of HER-2 in oncogenic growth is best
described. HER-2 is overexpressed in breast, ovarian, gastric and endometrial
carcinomas. Amplification of HER-2 by gene duplication occurs in 25-30% of
breast cancers, and correlates with a more aggressive phenotype, shorter time to
relapse and lower survival (Slamon, Godolphin et al. 1989). Additionally, HER-2
overexpressing breast and ovarian tumors have decreased responsiveness to
adjuvant chemotherapy and anti-hormone treatments, such as tamoxifen (Benz,
Scott et al. 1993; Felip, Encabo et al. 1995; Pegram, Finn et al. 1997). The
conventional paradigm has been that an increase in receptor density further
attenuates the constitutive activity of HER-2 homodimers, and is the likely reason
for the transforming capabilities of the HER-2 receptor. However, recent studies
have shown that the oncogenic capabilities of HER-2 in breast cancer are likely
mediated through HER-2/HER-3 heterodimers (Holbro, Beerli et al. 2003).
Therefore, though one receptor-type may be overexpressed, oncogenic signaling

is @ complex network of events that extends beyond one receptor-type.
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The HER-2 rat ortholog, neu, has been extensively characterized and is
best known for an activating mutation within its transmembrane domain, V664E,
that confers oncogenic transformation (Bargmann, Hung et al. 1986; Bargmann
and Weinberg 1988). The corresponding mutation is not found in humans despite
over 90% amino acid identity between rat neu and HER-2 (Suda, Aizawa et al.
1990; Hynes and Stern 1994, Stein and Staros 2000). Rather, wt HER-2 is
constitutively active and its overexpression is sufficient to confer oncogenic
transformation.

Increasingly, the EGF receptor is being recognized for its role in
oncogenesis. Approximately 80% of all head and neck tumors are EGFR-positive
(Mendelsohn 2001; Harari 2004). In these tumors, the presence of the EGF
receptor is a strong prognostic marker (70%) for reduced survival rates. EGFR
overexpression is primarily due to gene amplification (Libermann, Nusbaum et al.
1985; Zwick, Bange et al. 2002). However, recently many mutations in the kinase
domain of the EGFR have been identified that add to its oncogenic potency.
Additionally, a naturally occurring mutant of the EGF-receptor, AEGFR
(EGFRUuvIII), which contains a truncated extracellular domain and is constitutively
active, is present in approximately half of de novo glioblastoma tumors
(Nishikawa, Ji et al. 1994). Though best characterized in head and neck cancers,
the role of the EGF receptor has also been documented in ovarian, cervical,
bladder, esophegal, gastric, breast, endometrial, colorectal and non-small cell
lung (NSCLC) carcinomas (Yarden and Sliwkowski 2001). In addition to receptor-

overexpression and kinase domain mutants, there is evidence that many
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carcinomas also express growth factors to the EGF receptor, suggesting

autocrine activation that supports tumor growth (Yarden and Sliwkowski 2001).

Targeted Therapies for the EGF Receptor Family

Due to the important role of the EGF receptor family in malignant growth,
there has been extensive effort directed toward the development and
characterization of inhibitors that target these receptors. Effective tumor
inhibition has been achieved clinically with inhibitors that antagonize the EGFR
and HER-2. Both small molecule tyrosine-kinase inhibitors and monoclonal
antibodies have been used to target both EGFR and HER-2 (Ross, Schenkein et
al. 2004; Agus, Gordon et al. 2005).

Herceptin (trastuzumab), a partially humanized monoclonal antibody,
whose antigenic heavy chains have been humanized, but whose variable arms
bind subdomain IV of the HER-2 receptor, has been widely used as a therapeutic
for HER-2 positive tumors. It has achieved positive results in metastatic disease
and is now being tested for efficacy in earlier stages of breast cancer (Ross,
Schenkein et al. 2004). More recently, Omnitarg (pertuzumab; 2C4), a partially-
humanized monoclonal antibody, which binds the dimerization arm of the HER-2
receptor, has been developed by Genentech (Ross, Schenkein et al. 2004; Agus,
Gordon et al. 2005). Additionally, a monoclonal antibody to the EGF receptor,
Erbitux (cetuximab), was approved last year for combinatorial use with
chemotherapy for patients with advanced and refractory metatstatic colorectal

cancer (Ross, Schenkein et al. 2004).
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In addition to monoclonal antibodies, several small molecule tyrosine
kinase inhibitors (TKls) have been developed to target the EGF receptor family.
Iressa (gefitinib) interacts with high affinity with the kinase domain of the EGF
receptor. Tarceva (erlotinib), another TKI, also has nanomolar affinity for the
kinase domain of the EGF receptor. Despite its high-specificity for the EGFR
kinase domain, preclinical studies also suggest that Tarceva may inhibit HER-2-
dependant neoplastic growth (Ross, Schenkein et al. 2004; Agus, Gordon et al.

2009%).

The IGF-IR Family

The IGF-I receptor (IGF-IR) family, consisting of the insulin receptor (IR),
the IGF-I receptor, and the insulin receptor —related receptor (IRR), is activated
by insulin-like growth factor (IGF)-I or IGF-II ligands or by insulin (O'Connor
2003). This family of receptors consists of a disulphide linked heterotetrameric
structure of two extracellular a-subunits and two transmembrane R-subunits,
which is distinct from other RTK families. (Massague and Czech 1982; Ward,
Garrett et al. 2001). Despite the different subunit organization, the IGF-IR o-
subunit ectodomain has sequence and structural homology with the ectodomain
of the EGFR (Garrett, McKern et al. 1998; Ward, Garrett et al. 2001; Cho and
Leahy 2002; Ogiso, Ishitani et al. 2002) (Figure 1.4). Ligand binding to the both
the IGF-IR and IR leads to receptor activation and autophosphorylation of
tyrosine residues (Johnston, Pirola et al. 2003) (O'Connor 2003). This

phosphorylation of tyrosines in the carboxyl-terminal domains of the R-subunits
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provides docking sites for PTB and SH2-domain-containing scaffolding and
adapter proteins such as Shc and the insulin receptor substrates (IRS), leading
to activation of two major signaling cascades: the PI3K/Akt pathway and the
MAPK/ERK pathway (Johnston, Pirola et al. 2003) (O'Connor 2003).

Unlike other RTKs that directly activate a myriad of secondary effector
molecules, the majority of intracellular signaling by the IR and IGF-IR occurs
through activation of the IRS family of proteins. The IRS proteins bind to
phosphotyrosines on the C-terminal tails of the receptors, become
phosphorylated, and then recruit down-stream SH-2-containing effector
molecules (Myers, Sun et al. 1994; Johnston, Pirola et al. 2003). Most notably,
IRS-1 and IRS-2 function to potentiate the insulin, IGF-I, or IGF-Il stimulation of
the IR and IGF-IR. It has been shown that basal levels of serine and threonine
phosphorylation must be present for the proper action and further activation of
IRS-1 and IRS-2, thus possibly allowing for tighter regulation of IR and IGF-IR

signaling (Greene and Garofalo 2002; Johnston, Pirola et al. 2003).

Structural Homology between EGFR and IGF-IR

Subdomains 1, Il and Ill of the ectodomain of the EGF receptor each share
approximately 25% sequence identity with the corresponding subdomains of the
a-subunit of the IGF-IR (Ogiso, Ishitani et al. 2002) (Figure 1.4). Sequence
alignment shows that this homology is centered in the ligand-binding domains,
subdomains | and Ill. The crystal structures of the ligand-bound EGF receptor

and the unliganded IGF-I receptor ECDs, reveals that subdomains | and lll each
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fold into “single-stranded right-handed R-helical barrels” (Garrett, McKern et al.
1998, Ogiso, Ishitani et al. 2002). Receptor-specific interactions are then
primarily mediated by side-chain interactions, as well as non-conserved -
helices. Additionally, subdomains 1l of both receptors are cysteine rich and also
share similar topology, as mediated by the EGF-like fold of the cysteines.
However, there are some striking differences in the gross-topology of these
subdomains. Most notably is the dimerization loop, present in the EGF-receptor

but absent in the IGF-IR.

EGFR - IGF-IR Crosstalk

Both the EGF and IGF receptor families are potent orchestrators of cell
growth and proliferation in normal and malignant tissues. Crosstalk between
these receptor tyrosine kinases may allow coordinated control of cellular
responses in both normal and tumor cells (Adams, McKern et al. 2004).

Coordination of signal transduction and crosstalk between the EGF and
IGF 1 receptor families has been examined primarily using in vitro studies
(Adams, McKern et al. 2004). Sustained activation of MAPK by the EGFR
requires a functional IGF-IR, and conversely, activation of MAPK by IGF-IR
requires a functional EGF receptor (Swantek and Baserga 1999; Gilmore,
Valentijn et al. 2002; Ahmad, Farnie et al. 2004; Kuribayashi, Kataoka et al.
2004). While EGFR-IGF-IR crosstalk is crucial for the activation of MAPK, it is not
required for the activation of Akt. IRS-1 activation by the IGF-IR, which leads to

the activation of Akt, is unaffected by EGFR-specific inhibitors (Roudabush,
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Pierce et al. 2000; Gilmore, Valentijn et al. 2002). Furthermore, the EGFR does
not tightly couple to the Akt/PKB signaling cascade (Marmor, Skaria et al. 2004).
Therefore, these data suggest that crosstalk between the EGFR and IGF-IR
coordinately controls activation of the mitogenic MAPK signaling pathway, but not
the anti-apoptotic Akt/PKB pathway.

Redundant signaling through IGF-IR may support activation of pathways
essential for survival in the presence of EGFR family inhibitors. IGF-IR signaling
in MCF7/HER-2 and SKBR-3 breast carcinoma cells protects against growth
inhibition by Herceptin, a HER-2 inhibitor (Lu, Zi et al. 2001). Overexpression of
the IGF-IR and increased IGF-I signaling can also overcome the effects of
AG1478, an EGFR tyrosine kinase inhibitor, in glioblastoma multiforme cells
(Chakravarti, Loeffler et al. 2002). Additionally, it has been shown in cell culture
models that acquired resistance to Iressa, an EGFR kinase inhibitor, occurs
through increased activation and signaling of IGF-IR (Jones, Goddard et al.

2004; Camp, Summy et al. 2005).

Herstatin is an Autoinhibitor of the EGF Receptor Family

Herstatin is a recently described, naturally occurring, autoinhibitor of the
EGF receptor family. Initial characterization of the protein product showed that
both full-length herstatin and its intron 8-encoded domain bind to the HER-2
receptor with nanomolar affinity. Additionally, herstatin was shown to disrupt
HER-2 dimerization and receptor activation as measured by tyrosine

phosphorylation (Doherty, Bond et al. 1999).
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Further characterization revealed that herstatin blocks EGF- and TGF-a-
induced EGFR dimerization and receptor activation. In both NIH-3T3 and CHO
cells transfected with the EGF receptor, herstatin was found to modulate
downstream signaling. In the presence of herstatin, ligand-induced EGF receptor
activation resulted in activation of the mitogenic MAPK cascade, but in
abrogation of the anti-apoptotic Akt/PKB (Justman and Clinton 2002). Ultimately,
this resulted in inhibition of proliferation.

Examination of the effects of herstatin on HRG-induced signaling revealed
that herstatin also inhibits transactivation of HER-3 by HER-2 in transfected CHO
cells (Azios, Romero et al. 2001). Additionally, herstatin was found to inhibit
HRG-induced proliferation of MCF7 and BT474 breast carcinoma cells
(Jhabvala-Romero, Evans et al. 2003). Constitutive expression of herstatin in
MCF7 cells abrogated HRG signaling through both the MAPK and Akt pathways
and prevented HRG-mediated cellular proliferation. Herstatin expression in these
celis also resulted in a down-regulation of the HER-3 and HER-4 receptors, both
of which are HRG-receptors (Jhabvala-Romero, Evans et al. 2003).

Previous studies have characterized the in vitro signaling and growth
outcomes of herstatin interacting with cells expressing receptors from the EGFR
family. This thesis focuses on the peptide-receptor interactions that underlie
these processes. | investigate the unique aspects of herstatin, hamely the novel
79-amino acid C-terminal intron-encoded domain, and examine the receptor-
binding specificities and affinities of both full-length herstatin and its intron-

encoded domain. | show that herstatin and the intron-encoded domain bind to the
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EGF and IGF receptor families, and suggest that the intron-encoded domain is a
receptor-binding module.

This thesis seeks to define the role of herstatin binding. In doing so, |

hypothesize the following:

1) Herstatin binds to all four members of the EGF receptor family with the
similar affinity.

2) The intron 8-encoded domain functions as the binding domain of
herstatin.

3) Herstatin and its intron 8-encoded domain may bind to other receptor
tyrosine kinase families, such as the IGF-IR family, that share
ectodomain homology with the EGF receptor family.

4) If herstatin binds to the IGF-I receptor, it may affect IGF-I-induced

cellular signaling and growth.
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Figure 1.1. Schematic of the EGF receptor family signaling network
throughout evolution. In C. elegans, there is a simple signaling network of one
receptor, LET-23, and one ligand, Lin-3. In D. melanogaster, there are now three
ligands, Spitz, Gurken, and Vein, though still only one receptor, the DER. In
mammals, multiplicity of both ligands and receptors results in a complex
signaling network. There are eleven mammalian ligands. With the exception of
HER-2 which does not bind ligand, the other members of the EGF receptor
family: EGFR, HER-3, and HER-4, bind a variety of ligands, each of which result

in different homomeric and heteromeric receptor dimer combinations.
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Figure 1.2. The EGF receptor family binds many ligands and has unique
properties. A schematic of the EGF receptor family: subdomains |, Il, lll, and [V
of the receptor extracelllular domain (ECD), followed by the transmembrane
domain, and intracellular kinase domain and tyrosine residues. HER-3 is unique
in that it is kinase-dead and must heterodimerize to be phosphorylated. HER-2,
also is the only one of four receptors that does not bind ligand. The eleven

mammalian ligands are depicted below each receptor they bind.
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Figure 1.3. Comparison of the crystal structures of the ectodmains EGF-
bound EGFR dimer, HER-2, and unliganded-HER-3. Ribbon diagram of
EGFR, HER-2, and HER-3 soluble ectodomains: subdomain | (magenta),
subdomain Il (teal), subdomain lll (orange), and subdomain IV (not present in
EGFR) (green). The EGF molecule is in grey. Helices are indicated by curled
ribbons and B-strands by broad arrows. The EGFR dimer is mediated by
interreceptor contacts through the “dimerization arm” in subdomain Il. The HER-2
receptor is in a constitutively active position, poised to accept a dimer partner.
The “dimerization arm” of the unliganded HER-3 is intramolecularly bound to the
outermost portion of subdomain IV (Cho and Leahy 2002; Ogiso, Ishitani et al.

2002; Cho, Mason et al. 2003).
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Figure 1.4. Comparison of the crystal structures of the ectodmains of EGFR
and IGF-IR. Ribbon diagram of EGFR and IGF-IR soluble ectodomains. Helices
are indicated by curled ribbons (red), R-strands by broad arrows (yellow), and
loops (green). The EGF molecule is in grey. Approximately 25% sequence
identity exists in subdomains |, I, and Ill of the EGF and IGF-I receptors (Garrett,
McKern et al. 1998; Ogiso, Ishitani et al. 2002). This high identity is reflected in

the structural similarity shown here.
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Abstract

Retention of intron 8 in alternative HER-2 mRNA generates an inhibitory
secreted ligand, Herstatin, with a novel receptor-binding domain (RBD) encoded
by the intron. This study examines binding interactions with several receptors
and investigates sequence variations in intron 8. The RBD, expressed as a
peptide, binds at nM concentrations to HER-2, the EGFR, AEGFR, HER-4 and to
the IGF-I receptor, but not to HER-3 nor to the FGF-3 receptor, whereas a rare
mutation in the RBD (Arg to lle) eliminates receptor binding. The full length
Herstatin binds with 3-4 fold higher affinity than its RBD, but with ~10 fold lower
affinity to the IGF-IR. Sequence conservation in rhesus monkey but not in rat
suggests that intron 8 recently diverged as a receptor-binding module critical for

the function of Herstatin.
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l. Introduction

The ErbB receptor family consists of four receptor tyrosine kinases: EGFR
(HER-1, erbB-1), HER-2 (erbB-2), HER-3 (erbB-3) and HER-4 (erbB-4).
Aberrant expression of ErbB receptors by mutational activation, receptor
overexpression, and tumor production of ligands contributes to the development
and maintenance of a variety of human cancers (Blume-Jensen and Hunter
2001; Holbro, Civenni et al. 2003).

The ErbB receptors are activated by several ligands consisting of an EGF
core domain (Groenen, Nice et al. 1994). The exception is the HER-2 receptor,
which is recruited as a preferred dimer partner with other ligand binding erbB
receptors. While the eleven mammalian EGF-like ligands are all agonists, the
ligand Argos, in Drosophila, inhibits activation of the EGFR (Jin, Sawamoto et al.
2000; Vinos and Freeman 2000).

Although the HER-2 receptor does not directly bind EGF-like ligands, a
secreted product of an HER-2 alternative transcript, Herstatin, binds with nM
affinity to the ectodomain of HER-2. Herstatin consists of a segment of the HER-
2 ectodomain followed by 79 novel amino acids, encoded by intron 8, which
function as a receptor-binding domain (RBD) (Doherty, Bond et al. 1999).
Herstatin blocks homomeric and heteromeric ErbB receptor interactions, inhibits
activation of the PI3K/Akt pathway initiated by EGF, TGF-«, and Heregulin, and
causes growth arrest suggesting potential as an anti-cancer agent (Doherty,
Bond et al. 1999; Azios, Romero et al. 2001; Justman and Clinton 2002;

Jhabvala-Romero, Evans et al. 2003). However, no study has yet addressed the
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receptor specificity of Herstatin. To identify receptor binding targets and to further
assess the significance of the novel intron 8-encoded RBD, we investigated
binding to several receptors expressed in transfected cells, examined the
consequence of a rare mutation in intron 8, and compared the sequence in

human, rat and rhesus monkey.



ll. Materials and Methods

2.1 Cell lines, transfections, and Western blots

The 3T3/HER-2 cells were previously described (Lin and Clinton 1991).
The 3T3/IGF-IR cells were from Dr. Charles Roberts, OHSU, Portland, OR. For
transient transfections, 2 pg of empty vector or 2 uyg EGFR, HER-2, HER-3, HER-
4, AEGFR, or FGFR-3-myc expression vectors were added with Lipofectamine
(GIBCO-BRL) to Cos-7 cells in 6 cm plates. The HER-2 and EGFR expression
plasmids were previously described (Azios, Romero et al. 2001), AEGFR was a
gift from Dr. Webster Cavenee (Ludwig Institute, UCSD, La Jolla, CA), the
FGFR-3-myc construct was from Dr. William Horton (Shriners Research Hospital,
Portland, OR), and the HER-4 expression plasmid was a gift of Dr. Nancy Hynes
(Friedrich Miescher-Institute for Biomedical Research, Basel, Switzerland). To
analyze receptors by Western blot analysis, proteins were resolved by SDS-
PAGE and electro-transferred onto nitrocellulose membranes (BioRad, Hercules,
CA). Blots were blocked in 5% milk and incubated with primary antibody
overnight at 4°C. The antibodies included anti-HER-2 (Christianson, Doherty et
al. 1998) anti-EGFR, anti-HER-3, anti-HER-4, which were all rabbit polyclonal
antibodies against the receptor C-terminal domains (Santa Cruz Biotechnology).
Antibodies against the B subunit of IGF-IR were from Dr. Charles Roberts. After
washing, the blots were incubated with secondary antibody conjugated to HRP
for 30 min (BioRad, Hercules, CA). The membranes were developed with

SuperSignal West Dura (Pierce, Rockford, IL) and exposed to x-ray film.
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2.2. Sequencing of Intron 8

Human genomic DNA was obtained from blood samples (supplied by Dr.
David Henner, OHSU) from individuals 18 years or more, after giving informed
consent, with approval by the Institutional Review Board of OHSU. The samples,
assigned random four-digit numbers, could not be traced to patient identity. The
polymerase chain reaction (PCR) was employed to amplify intron 8 using
primers: 3' AACACAGCGGTGTGAGAAGTGC (exon 8) and &’
GTATCGGTAGTTCATTTCCTTTGGTTGC (intron 9). The reactions were cycled
95°C for 1207; 69°C for 30”; 72°C for 30”; for 30 cycles. PCR products were
purified and sequenced. Electropherograms were individually reviewed to detect
polymorphic alleles. Samples found to contain a polymorphism were sequenced
at least twice to confirm the mutation. Rhesus monkey DNA, provided by Dr.
Scott Wong (ORPC, Portland, OR) was amplified and sequenced using the
above primers. Intron 8 in rat genomic DNA was amplified by PCR using rat
specific primers: 5-CTACCTGTCTACGGAAGTGG-3' and 5'-
TTCCGGGCAGAAATGCCAGG-3'. The cycling parameters were: 94°C for 30;

62°C for 30”; 72° C for 60", for 25 cycles.

2.3. Expression and purification of infron 8-encoded peptide (Int8) and Herstatin
The intron 8 cDNA was cloned into the pET 30 bacterial expression vector

(Novagen, Madison, WI), expressed in bacteria (BL-21), and purified by nickel

affinity chromatography as described (Doherty, Bond et al. 1999). For purification

of insect Herstatin, S2 insect cells, stably transfected with 6xHis tagged-Herstatin
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in the pMT/BIiP expression plasmid (Invitrogen, Carlsbad, CA), were induced with
100 uM cupric sulfate for ~16hrs. Herstatin was purified to ~90% purity by Ni-
NTA (Qiagen, Valencia, CA) affinity chromatography as previously described

(Jhabvala-Romero, Evans et al. 2003).

2.4. Cell binding studies

About 2 x 108 cells in 6-well plates were incubated with purified Herstatin
or int8 peptide for 2 hours at 4°C in serum-free media. Cells were washed with
Phosphate Buffered Saline (PBS) and extracted in 50mM Tris-HCI, pH 7.0, 1.0%
NP-40. Int8 peptide or Herstatin bound to cells were quantified using a sandwich
Herstatin ELISA per manufacturer’s instructions (Upstate Biotechnology, Lake
Placid, NY). The dissociation constant (Kq) and maximal binding (Bmay) of
Herstatin or the int8 peptide were determined by nonlinear regression analysis of
the plot of pmol of bound versus nM of Herstatin or int8 peptide added. Statistical
comparisons between different binding curves were performed by extra sums-of-
squares F-test nonlinear regression coefficients. All tests were performed (o =

0.05) using GraphPad Prism 4 software (GraphPad Software, 1994-2003).

2.5. Pull-downs with int8 peptide immobilized on protein S agarose

About 100 pl of a 50% suspension of S-protein agarose (Novagen) was
incubated with or without 100 pg of int8 peptide with an S-protein tag, at room
temperature for 1hr, and then washed twice with 500 ul PBS. The agarose

samples were then incubated at room temperature for 1 hr with 200 pg of
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transfected Cos-7 cell extract and washed twice with 500 ul of PBS with 1%
NP40. The proteins were eluted from the resin at 92°C for 2 min in 40ul of SDS-

sample buffer, and analyzed as a Western blot.
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lIl. Results

3.1 Sequence of human, rhesus monkey, and rat intron 8

Herstatin is generated by retention of HER-2 intron 8, which encodes the
unique C-terminal proline-rich domain of 79 amino acids (Fig 2.1a). Because of
its critical function in receptor binding (Doherty, Bond et al. 1999), we sequenced
genomic HER-2 intron 8 from 215 humans, rhesus monkey, and rat. The HER-2
intron 8 deduced amino acid sequence, originally determined from SKOV3
ovarian cancer cells (AF177761), was found to be the most common in germ line
DNA. In addition, we identified a sequence variation in intron 8 (G1112T in
AF177761) resulting in an Arg to lle substitution at residue 31 in Figure 2.1. This
mutant allele was found in only one of 215 (<0.5%). The deduced amino acid
sequence of intron 8 from rhesus monkey was 85% identical to that of humans
(Fig. 1) and the nucleotide sequence, up to the stop codon, was 93% identical.
However, there was no conservation between rat and human intron 8 (Fig 2.1), in
contrast to the HER-2 receptor coding sequence, which is highly conserved in rat

neu (Stein and Staros 2000).

3.2 Receptor binding of the HER-2 intron 8-encoded peptide.

To identify other potential receptor targets of Herstatin, we examined
binding of the intron 8-encoded RBD, expressed as a bacterial peptide (Int8).
Protein S agarose, with or without immobilized int 8 peptide, was incubated with
extracts from Cos-7 cells transiently transfected with several different receptors.

Following washing steps, the protein bound to the agarose was analyzed as a
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Western blot with receptor-specific antibodies. As previously observed (Doherty,
Bond et al. 1999; Azios, Romero et al. 2001) EGFR and HER-2 from the
transfected cell extracts bound specifically to the agarose with int8 peptide (Fig.
2.2A). In contrast, the int8 peptide with the Arg to lle mutation at residue 31 (see
Fig. 2.1) did not pull-down the HER-2 receptor (Fig. 2.2B). Figure 2.2A also
demonstrates that AEGFR, a tumor variant of the EGFR missing its N-terminal
subdomains | and Il specifically associated with int8 peptide (Nishikawa, Ji et al.
1994). Another member of the erbB family, HER-4, was also pulled-down by
int8. However, there was no detectable association of HER-3 with int8 peptide
agarose despite abundant expression in the transfected cells (Fig. 2.2A). We
also investigated the possible interaction with the IGF-I receptor (IGF-IR), which
contains regions of ectodomain sequence homology with the EGFR (Garrett,
McKern et al. 2002). Interestingly, we observed specific pull-down of the
subunit of the IGF-IR from transfected cell extracts (Fig. 2.2A). The FGFR-3, a
receptor tyrosine kinase with Ig-like motifs and no structural homology with the
ErbB family ectodomains, did not bind to the int8 peptide.

To further examine interaction of the int8 peptide with the extracellular
domain of receptors at the cell surface, an Herstatin ELISA was used to quantify
bound peptide. The int8 peptide bound in a specific and dose-dependent manner
to EGFR, HER-2, HER-4, and AEGFR, but not to HER-3, FGFR-3, or mock-
transfected cells (Fig. 2.2C) in agreement with results obtained by the pull-down
assay. Binding affinities were further characterized by generating saturation-

binding curves. Int8 peptide bound to HER-2 transfected Cos-7 cells (K4 =50 =
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6nM) and to EGFR transfected Cos-7 cells (Ks=78 = 10nM) with binding affinities,
assessed by comparative nonlinear regression analysis, that were not
significantly different (P=.40) (Fig. 2.3A). Further, int8 peptide bound to the IGF-
IR/3T3 cells (Ky =70 = 21nM) and to HER-2/3T3 cells (Kg=66 = 16nM) with similar
affinities (P=0.96) (Fig. 2.3B). In contrast the mutant int8 peptide with Arg31lle
did not significantly bind to the HER-2 receptor overexpressing cells at any of the
peptide concentrations tested (Fig. 2.3C) even though the Herstatin ELISA
detected the wildtype and mutant peptide equally (Fig. 2.3D). These results
suggested that the int8 peptide bound to EGFR, HER-2, and IGF-IR with
overlapping binding affinities and that the Arg-lle mutation inhibited receptor

binding without destroying antibody binding epitopes.

3.3 Receptor binding properties of full length Herstatin.

The full length Herstatin bound to 3T3/HER-2 cells with a Ky = 14.7 +1.8
nM, which is significantly different from the binding affinity of int8 peptide
(P<.0001) by 3-4 fold . A direct comparison of the binding of Herstatin to
3T3/HER-2 and 3T3/IGF-IR cells revealed that the affinity for the IGF-IR (Kyq ~151
nM) was lower (P<.0001) by about 10 fold (Fig. 2.4A). The dissociation constant
of Herstatin for EGFR was similar to that of HER-2, and was unaffected by ligand
occupation indicated by a Ky = 16.4 = 3.6 nM versus 16.3 =3.6 nM (respectively)
for Cos-7/EGFR treated or not with 10 nM EGF (Fig. 2.4B). Herstatin bound with
saturation to endogenous receptors in A431 epidermoid carcinoma cells, which

express very high levels of EGFR and low levels of other ErbB receptors (Fig.
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2.4C). At saturation, 6.9 +0.4 pmol of Herstatin were bound indicating ~2 x 10°
binding sites/cell, which matches the number of EGFR per A431 cell at 2 x 10°
(Filmus, Pollak et al. 1985). Comparison of nonlinear models indicated that a
hyperbolic one-affinity site binding model was the best fit for EGFR-specific

binding of Herstatin, in the presence and absence of EGF.
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IV. Discussion

We present evidence that intron 8 of the HER-2 gene, retained in an
alternative HER-2 transcript, encodes a receptor binding domain. We also report
that a nonlethal, point mutation of unknown physiological significance, resulting in
Arg to lle in the intron 8-encoded domain, eliminates binding to the HER-2
receptor. Unaltered interaction of this mutant RBD with two monoclonal
antibodies in an ELISA suggested that global structure was unaffected and that
this Arg residue may be directly involved in receptor binding. While the intron 8
encoded domain is critical for receptor binding, it does not appear to affect
receptor activity suggesting a requirement for the N-terminal subdomains | and Il
of Herstatin for receptor inhibition (Doherty, Bond et al. 1999) (Shamieh and
Clinton, unpublished observations).

While the intron 8-encoded RBD is critical for the receptor binding activity
of Herstatin, it is not conserved between humans and rats despite the high
degree of sequence identify between the HER-2 receptor and its rat ortholog,
neu. There are distinct regions in their ectodomains, however, with very little
identity (Stein and Staros 2000). An additional distinction is that the rat neu
receptor is activated as an oncogene by a single point mutation in the
transmembrane domain, while the human ortholog, HER-2, is oncogenic without
aberrations in the coding sequence (Weiner, Liu et al. 1989). Furthermore, the
activating mutation is not functionally equivalent when introduced into HER-2

(Suda, Aizawa et al. 1990; Hynes and Stern 1994). These collective observations
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point to differences in regulation of the human HER-2 receptor versus its rat
ortholog, neu.

Specific binding of the RBD suggests that the HER-4 receptor will be a
target of Herstatin. Since Herstatin binds to and blocks the dimerization of the
EGFR and HER-2, we predict that Herstatin will have a similar effect on the
structurally similar HER-4. Effects of Herstatin on HER-4 activation and signaling
are currently under investigation. Lack of Herstatin binding to the other ErbB
family member, the HER-3 receptor, was surprising. HER-3 is unique, however,
since it is kinase deficient and requires an active receptor partner to signal. The
Herstatin binding site may be disguised when HER-3 is overexpressed without a
dimer partner.

The binding of Herstatin to the IGF-IR with nM affinity was unforeseen,
since ligands do not typically cross-react with receptors from different families.
Interestingly, the IGF-IR has regions of ectodomain sequence homology with the
EGFR and crosstalk occurs, most notably, transactivation of the EGFR by IGF-
(Ahmad, Farnie et al. 2004). Our finding that the binding affinity of Herstatin, but
not its RBD, is significantly weaker for IGF-IR than for HER-2 or the EGFR
suggests that stabilizing interactions between the N-terminus of Herst<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>