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Chapter 1

1.1 Epidermal Growth Factor Receptor

A. EGFR discovery and identification of EGFR family of proteins

Discovery/Structure of EGFR

The epidermal growth factor receptor (EGFR) was discovered as a result of the finding
that epidermal growth factor (EGF), a potent mitogen, showed specific, rapid, and reversible
binding to the cell surface (Hollenberg and Cuatrecasas, 1973; O'Keefe et al., 1974;
Carpenter et al., 1978; Das et al.,, 1978; Linsley et al., 1979). Sequence and structural
analysis showed that EGFR contains three primary domains: a 621 amino acid extracellular
EGF binding domain, a 23 amino acid transmembrane domain, and a 542 amino acid
cytoplasmic domain (Fig. 1.1). The ligand binding domain of EGFR was further subdivided
into four sub-domains, domains I, I, IIT and IV. Domains I and IIl were shown to be directly
involved in ligand binding to the receptor (Lax et al., 1989), while domain II was necessary
for receptor dimerization, and domain IV was required for localization to membrane
microdomains (Heldin, 1995; Garrett et al., 2002; Ogiso et al., 2002; Yamabhai and
Anderson, 2002). The transmembrane domain, along with an N-terminal signal sequence,
were responsible for directing EGFR to the plasma membrane where it becomes a type I
integral membrane protein (Ullrich and Schlessinger, 1990). The cytoplasmic domain of
EGFR has been demonstrated to contain a tyrosine kinase domain and c-terminal regulatory
region that is autophosphorylated upon kinase activation (Buhrow et al., 1982; Cohen et al.,
1982a; Cohen et al., 1982b; Buhrow et al., 1983). Specifically, EGFR autophosphorylation

occurs on tyrosines 992, 1068, 1086, 1148, and 1173 (Downward et al., 1984a).
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Figure 1.1: EGFR structure, dimerization, and activation. Before activation, EGFR exists as
an inactive dimer in the membrane. Upon ligand binding, a conformational change occurs in
both the extracellular and intracellular domains leading to autophosphorylation of the receptor
complex.



Phosphorylation of these residues results in the recruitment and activation of downstream
signaling molecules that participate in cell growth, survival, migration, differentiation, and

angiogenesis [reviewed in (Jorissen et al., 2003)].

EGEFR tyrosine kinase family members

Further analyses of the structural and functional qualities of EGFR revealed a common
protein family. The EGFR tyrosine kinase family consists of four members that include

EGFR, HER2, HER3, and HER4.

HER?2

Coussens and colleagues discovered a receptor tyrosine kinase with high homology to
EGFR, human EGFR-related 2 (HER?2), while other laboratories identified the same protein
in human mammary carcinoma cells, naming it ErbB2 (Coussens et al., 1985; King et al.,
1985). HER2 is the most homologous to EGFR in the family, and is thought to be the major
partner for heterodimerization (Tzahar et al., 1996; Graus-Porta et al., 1997). HER2 contains
82% structural homology with EGFR in the kinase domain, 33% in the c-terminus, and 44%
in the extracellular domain (Earp et al., 1995). HER2 has no known ligand, thus is thought to
be activated following heterodimerization, however, when HER?2 is over-expressed, it may

form active homodimers (Tzahar et al., 1996).

HER3

HER3 was discovered through cDNA homology screenings of EGFR in 1989 (Kraus et
al., 1989). HER3 possesses a 59% structural similarity to EGFR within the kinase domain,

24% in the c-terminus and 36% in the extracellular domain (Earp et al., 1995). This receptor



lacks intracellular kinase activity, and therefore, becomes phosphorylated only when
heterodimerized (Guy et al., 1994b; Kim et al., 1998). Neuregulins, rather than the EGFR

ligands described later, are the ligands for HER3 (Stove and Bracke, 2004).
HER4

The final EGFR family member, HER4 was also discovered through cDNA homology
screening of EGFR (Plowman et al., 1993a). HER4 presents a 79% structural similarity to
EGFR in the kinase domain, 28% in the c-terminus, and 48% in the ligand-binding domain
(Earp et al., 1995). As with HER3, neuregulins are the primary ligands for HER4 (Stove and

Bracke, 2004).

B. Activation of EGFR

i. EGFR Ligands

EGFR has six known ligands that all posses an EGF-like domain that may be sufficient to
confer binding specificity (Beerli and Hynes, 1996). Ligands for EGFR include EGPF,
amphiregulin, transforming growth factor alpha, betacellulin, heparin-binding EGF-like
growth factor, and epiregulin (Marquardt et al., 1984; Shoyab et al., 1989; Higashiyama et
al., 1991; Shing et al., 1993; Toyoda et al., 1995). These proteins differ in sequence identity
(with ~25% homology between each other), as well as glycosylation, presence of heparin-
binding domains, and other biochemical properties (Harris et al., 2003). Primarily, these
proteins all have cysteine rich EGF modules. The restrictive spacing of these residues and
the splicing and functional placement of this module distinguishes these ligands from other
EGF module-containing proteins (Groenen et al., 1994; Van Zoelen et al., 2000; van der

Woning et al., 2006). Despite diversity in primary sequences, the tertiary structures of EGFR



ligands are all similar. Specifically, orientation of two beta sheet domains, a short omega
loop, and a leucine at the fifth position past the sixth cysteine have been shown to be similar
or identical in all EGFR binding ligands (Harvey et al.,, 1991; Matsunami et al., 1991;
Hommel et al., 1992; Barbacci et al., 1995; Chau et al., 1996; Jacobsen et al., 1996; Louie et

al., 1997; van de Poll et al., 1997; Ballinger et al., 1998).

Ligand binding to the receptor results in an amplification of EGFR activation such that
occupancy of 20% of receptors by ligand results in maximal cellular proliferation
(Hollenberg and Cuatrecasas, 1973). However, this amplification may be contingent on the
differential binding affinities of the ligands for EGFR, as well as their ability to recycle the
receptor or target the receptor for degradation due to the pH stability of the ligand-receptor
complex (French et al., 1995; Olayioye et al., 2000). Most EGFR ligands act in an autocrine
or paracrine fashion (Olayioye et al., 2000). Activation of EGFR ligands requires proteases
which release the ligand from the cell surface and remove the regulatory domains (Lee et al.,
1985; Massague and Pandiella, 1993; Harris et al., 2003). These ligands are summarized

below and in Table 1.1.

EGF

Epidermal growth factor (EGF) was discovered as a peptide growth factor purified from
mouse salivary glands by Cohen and colleagues. EGF treatment in newborn mice led to
early tooth eruption and eyelid opening (Cohen, 1962). EGF is produced in a precursor form
that needs to be proteolytically cleaved to be functional. The active form of EGF is a 53

amino acid peptide that binds specifically to EGFR (Salomon et al., 1995).



Other
ize EGFR
( r(fcessed Homology receptor EGFR
Ligand pamino to EGF afﬁrll)i ¢ family | Overexpression | Knockout References
acids) (%) (nM)y member
binding
Hyperproliferation Salomon et al.,1995,
EGF 53 — 1.9 - of skin cells No phenOtype Jones et al., 1999
Decreased
Shoyab et al., 1989,
I ﬂ t k d d;lCtal ¢ Brown et al., 1998,
nflammatory skin | development | Adam et al., 1995,
AREG 78-84 38 90 - lesions in the Thompson et al., 1996,
Neelam et al., 1998,
mammary Jones et al., 1999
gland
Hyperproliferation Salomon et al., 1995,
: 3 Salomon et al., 1990,
TGFalpha 50 30-40 9.2 . |of liver, metaplasialy o p e rvne|  Maague and
of pancreas, breast Pandiella, 1993, Jones
carcinoma etal., 1999
Growth retardation
and Sasada et al., 1993,
BTC 80 32 1.4 HER4 . |No phenotype|shing et al., 1993, Jones
pulmonary/cardiac etal., 1999
distress
Hyperplasia of skin Lethal, 1I;i9g121 Sgi{lmilet al.&
. , ochnewder an
HB-EGF 75 43 7.1 HER4 and heart cardlag ~ [Wolf. 2009, Jones etal.,
abnormalities 1999
Susceptibility to Toyoda et al., 1995,
Epiregulin 46 37 2800 | HER4 | cancercausing |No phenotype| s oal. 2002,

intestinal damage

Jones et al., 1999

Table 1.1: Structure, affinity, and function properties of EGFR ligands.



AREG

Amphiregulin (AREG) was discovered as an EGFR ligand produced by MCF-7 breast
adenocarcinoma cells. It was named “amphi” due to an apparent, but yet to be validated,
growth inhibitory effect in human neuroblastoma and adenocarcinoma cell lines, and a
growth stimulatory effect in human fibroblast, cervical, ovarian, and other breast carcinoma
cell lines (Shoyab et al., 1988). AREG is also synthesized as a precursor protein that is
cleaved from the membrane, to produce a 78-84 amino acid peptide that shares 38%
homology with EGF (Shoyab et al., 1989; Brown et al., 1998a). Like EGF, AREG binds
specifically to EGFR. The binding affinity for AREG to EGFR is less than EGF due
potentially to a methionine substitution in a conserved region of the ligand (See Table 1.1)

(Adam et al., 1995; Thompson et al., 1996; Neelam et al., 1998; Jones et al., 1999).

TGFa

Transforming growth factor alpha (TGFa) was discovered as a low molecular weight
polypeptide able to induce transformation of normal rat kidney fibroblasts (de Larco and
Todaro, 1978). TGFa is a 50 amino acid peptide when fully processed with 30-40%
sequence homology to EGF (Salomon et al., 1995). This ligand binds specifically and with
high affinity to EGFR (Table 1.1) (Salomon et al., 1990; Massague and Pandiella, 1993). It
is expressed during normal embryogenesis and in a number of adult tissues including

regenerating populations of epithelial cells (Kudlow and Bjorge, 1990; Yasui et al., 1992).

Betacellulin

Betacellulin (BTC) was identified from conditioned media of pancreatic beta cell tumor

lines, and binds to both EGFR and HER4 with high affinity (Table 1.1) (Sasada et al., 1993;



Jones et al., 1999). BTC is an 80 amino acid peptide that shares 32% homology with EGF
(Sasada et al., 1993; Shing et al., 1993). BTC is also expressed in many mesenchymal and
epithelial cell lines, particularly in the pancreas, liver, kidney, and small intestine, as well as
the heart, lung, colon, testis, and ovary (Sasada et al., 1993; Seno et al., 1996; Dunbar et al.,

1999; Dunbar and Goddard, 2000).

HB-EGF

Heparin-binding epidermal growth factor (HB-EGF) was purified originally from
conditioned medium of a human lymphoma cell line (Higashiyama et al., 1991). HB-EGF is
a 75 amino acid peptide that shares 43% homology with EGF. HB-EGF binds to EGFR with
high affinity (Table 1.1), and is also capable of binding HER4 and, potentially, N-arginine
dibasic convertase (Higashiyama et al., 1991; Schneider and Wolf, 2009). HB-EGF is highly
controlled, both in timing and distribution, as it is induced within the uterine luminal
epithelium at the site of blastocyst apposition approximately six hours before uterine
implantation (Paria et al., 1999). HB-EGF is the only EGFR ligand whose loss results in
lethality due to defects in cardiac and lung function [reviewed in (Schneider and Wollf,

2009)].

Epiregulin

Epiregulin was purified from conditioned media of NIH 3T3/clone T7 cells in a 46 amino
acid soluble form (Toyoda et al., 1995). Epiregulin is 37% homologous to EGF (Toyoda et
al., 1995). Epiregulin is capable of binding to both EGFR and HER4, however, it may
preferentially activate EGFR-containing heterodimers (Shelly et al., 1998). This ligand is

expressed primarily in placenta and peripheral blood leukocytes, and in cancers of the



bladder, lung, kidney, pancreas, and colon (Toyoda et al., 1997; Zhu et al., 1999). Itis a
stronger mitogenic signal as compared to EGF, although epiregulin has a far weaker binding
affinity for EGFR (Table 1.1) (Toyoda et al., 1995; Jones et al., 1999; Komurasaki et al.,

2002).

Mice with disruption in EGFR ligand expression have indentified functional redundancy
between EGFR ligands, as well as specific contributions of individual ligands to EGFR-
mediated pathways (Luetteke et al., 1999). Loss of EGF gene expression shows no true
phenotype alone, however over expression results in hyperproliferation of epidermal basal
layer cells (Schneider and Wolf, 2009). Knockout mouse models have shown that AREG
expression is related to ductal development (Luetteke et al., 1999). Overexpression of AREG
results in psoriasis-like inflammatory lesions (Schneider and Wolf, 2009). Overexpression of
TGFa results in hyperproliferation of the liver, metaplasia of the pancreas, and breast
carcinoma, while, in contrast to AREG, knockout models showed no developmental
phenotype in the mammary gland (Matsui et al., 1990; Sandgren et al., 1990; Sandgren et al.,
1995). As with EGF, no phenotype is reported due to loss of BTC alone, however,
overexpression results in growth retardation and an abnormally large heart and lungs which
result in pulmonary and cardiac distress (Schneider and Wolf, 2009). Mice lacking the
ability to shed HB-EGF develop severe heart abnormalities (similar to HB-EGF knockout)
while mice expressing constitutively soluble HB-EGF suffer with hyperplasia of the skin and
heart (Yamazaki et al., 2003). Knockout of epiregulin results in no developmental
abnormalities, however, epiregulin knockout mice are more susceptible to cancer-

predisposing intestinal damage (Lee et al., 2004).
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1i. Homodimerization

In 1987, Yarden and Schlessinger described a reversible aggregation of EGFR upon EGF
stimulation, suggesting that EGFR may dimerize (Yarden and Schlessinger, 1987). Early
evidence of this possible dimerization has been described by Zidovetzki and colleagues, and
was hypothesized to have a role in EGFR function (Zidovetzki et al., 1981; Schreiber et al.,
1983). Initial studies utilizing covalent cross-linking reagents have suggested that EGFR
dimers are formed upon ligand-binding to the receptor (Cochet et al., 1988; Lax et al., 1989;
Lax et al., 1991; Tanner and Kyte, 1999). However, more recent technologies such as
fluorescence resonance energy transfer (FRET), single-molecule imaging of EGFR, and
biophysical studies, have implied the existence of pre-formed dimers of EGFR on cell
membranes (Gadella and Jovin, 1995; Sako et al., 2000; Teramura et al., 2006; Clayton et al.,
2007). Further studies have indicated that dimerization and activation of the receptor are
independent events (Van de Vijver et al., 1991; Yu et al., 2002). Unfortunately, limitations
of crystallography techniques used to analyze the membrane bound EGFR have prevented
the analyses of an intact EGFR molecule. However, crystallography has demonstrated that
asymmetric orientation of the intracellular domains of the receptor pair is required before
activation of the dimer can occur (Groenen et al., 1997; Zhang et al., 2006). In the active
asymmetric dimer, the c-terminal lobe of one kinase domain and the n-terminal lobe of the
second are in contact (Fig. 1.1) (Zhang et al., 2006). The donor kinase then promotes activity
of the acceptor kinase (Zhang et al., 2006). In the absence of ligand, the dimer is non-
functional due to the extracellular domain having a compact structure where the domain II
hairpin loop is buried (Burgess et al., 2003; Ferguson et al., 2003). Upon ligand binding to

domains I and III of the extracellular region of the receptor, activation occurs due to a change
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in conformation of the receptor dimer complex that brings domain II from each receptor
molecule in contact (Heldin, 1995; Garrett et al., 2002; Ogiso et al., 2002). This is thought to
bring the intracellular kinase domains in closer proximity to allow autophosphorylation to

occur (Fig. 1.1) (Zhang et al., 2006).

iii. Regulation of EGFR via internalization and degradation of the receptor

The earliest notion of EGFR internalization was proposed by Carpenter and Cohen in
1976. Their pulse chase experiments suggested that, after approximately 10 hours, EGF
binding to membrane receptors decreased. New synthesis of DNA and RNA were required
for binding efficiency to be recovered (Carpenter and Cohen, 1976). This ten hour time point
correlates with the discovered half life of EGFR (Stoscheck and Carpenter, 1984). Silver
grains with electron microscopy, fluorescence, and affinity labeling were all employed to
analyze the loss of EGFR described by Stoscheck and Carpenter. These analyses uncovered
concomitant loss of EGF-binding activity or fluorescence, and loss of EGF:EGFR complex
or staining at the cell surface with appearance of defined degradation products or increased
EGF fluorescence in lysosomal fractions (Das and Fox, 1978; Gorden et al., 1978; Haigler et
al., 1978; Schlessinger et al., 1978). Internalization of the ligand-receptor complex is
mediated via coated pits and coated vesicles (Schlessinger, 1986; Carpenter, 1987). This
degradation is inhibited by lyosomal inhibitors, suggesting a role of lysosomes in the
degradation of EGFR. Also, inhibitors of vesicular trafficking impair EGF-induced
degradation of EGFR, suggesting that EGFR is trafficked through vesicles into the lysosomes

(Stoscheck and Carpenter, 1984).
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While it was previously thought that EGFR is solely degraded, as no recycling of the
receptor had been described (King et al., 1980; Krupp et al., 1982; Lyall et al., 1985), it was
later determined by Beguinot and colleagues that the receptor has the capacity to recycle
back to the membrane. Essentially, internalization of the receptor does not automatically
target the receptor for degradation. An ubiquitin ligase, known as Cbl, is responsible for
targeting EGFR for lysosomal degradation. Recruitment of Cbl to the receptor in early
endosomes promotes receptor ubiquitination and loss of Cbl results in receptors recycling to
the plasma membrane (Levkowitz et al., 1998). A specific EGFR tyrosine residue, 1045, is
essential for Cbl-mediated EGFR degradation, and mutation of this site leads to extended

EGEFR signaling (Levkowitz et al., 1999).

iv. EGFR family receptor associations

EGFR family members are capable of forming both homo and heterodimers. EGF, HB-
EGF, and BTC are known to stimulate dimerization between EGFR and HER2 (Goldman et
al., 1990; Wada et al., 1990; Graus-Porta et al., 1997). HER2:EGFR heterodimers are more
stable on the cell surface than other EGFR containing dimers. They are also preferentially
recycled rather than sent for degradation. This is due to being less stable in the early
endosomal environment, thus Cbl dissociates from the complex, allowing the receptors to
recycle to the cell surface (Lenferink et al., 1998). HER2 heterodimerization with EGFR
also slows the rate of ligand dissociation from EGFR, prolonging and strengthening the
activation of downstream signaling (Karunagaran et al., 1996). Both EGF and neuregulins
can stimulate dimerization between EGFR and HER3 (Graus-Porta et al., 1997; Pinkas-
Kramarski et al., 1998). HER3 has been shown to effectively associate with the p85a subunit

of phosphoinositide-3-kinase (PI3K) due to the presence of consensus motifs present in the
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intracellular domain of the receptor (Fedi et al., 1994; Prigent and Gullick, 1994). As such,
EGFR heterodimerization with HER3 is thought to be a mechanism by which EGFR
mediates PI3K activity (Soltoff et al., 1994). HER2:HER3 heterodimers have also been
described, and these form in the presence of neuregulins (Sliwkowski et al., 1994). In 1996,
Zhang and colleagues found that co-expression of EGFR and HER4 leads to phosphorylation
of EGFR in response to heregulins, and phosphorylation of HER4 in response to EGF,
suggesting that functional heterodimers form between these two proteins (Zhang et al.,
1996). EGF has also been demonstrated to stimulate dimers of EGFR:HER4 in cell lines
(Graus-Porta et al., 1997). Functional dimers of HER4 and HER2 have been shown in
artificial systems (Plowman et al., 1993b). In contrast, co-expression of HER3 and HER4
did not result in increased cellular foci in response to ligand stimulation, suggesting that
these two proteins either do not functionally interact, or that their interaction does not result
in increased cellular survival and proliferation (Zhang et al., 1996). More recent evidence
suggests a role in HER3:HER4 dimerization in the sustained activation of PI3K in colorectal
carcinoma (Lee et al., 2009). Together, these possible dimerization pairs can alter the
properties of stability and functionality of the EGFR family of receptors, and as such, add

important diversity to EGFR signaling (Riese et al., 1995; Riese et al., 1996).

C. Interactions and Signaling

The EGFR family is a complex system involved in growth factor cellular signaling
(Gullick, 2001). Knockout studies determined that EGFR was important in normal growth
and development of epithelial cells. Specifically, knockout of EGFR resulted in embryonic
lethality or failure of development of the epithelium of multiple organs including the skin,

lungs, and gastrointestinal tract (Miettinen et al., 1995; Sibilia and Wagner, 1995; Threadgill



14

et al.,, 1995). Indeed, the consequences of activation of EGFR are a number of second-
messenger cascades, which promote cell proliferation, angiogenesis, migration,
differentiation, and survival (Fig 1.2) (Jorissen et al., 2003). Phosphorylation of EGFR at the
plasma membrane results in high-affinity binding sites for Src homology 2 (SH2) domain

containing proteins (Pawson, 1995; Pawson, 1997).

1. EGFR substrates

Shc/Grb2

Shc interacts with EGFR via SH2 domains that bind to the phospho-tyrosine residues on
EGFR (Lowenstein et al., 1992; Chardin et al., 1993; Gale et al., 1993; Li et al., 1993). Shc
is present in three isoforms, p52/46Shc and p66Shc, the first two of which are involved in
EGF-induced mitogen activated protein kinase (MAPK) signaling (Migliaccio et al., 2006).
Grb2 binds to receptor-bound Shc (via phosphorylation of residues on Shc/SH2 domain), or
can bind directly to EGFR via tyrosines 1068 and 1086 (Batzer et al., 1994; Sasaoka et al.,
1994). Grb2 also contains two SH3 domains, which allow for interactions with proline-rich
sequences, including those of Son of sevenless (SOS) (Pawson, 1995). The Grb2/Shc/EGFR
interaction results in the recruitment of SOS to the plasma membrane. SOS is a guanine
nucleotide exchange factor which promotes the conversion of Ras-GDP to the active Ras-
GTP. Ras then activates Raf, a serine-threonine protein kinase, which in turn phosphorylates
and activates MEK1/2, which then activates ERK1/2 (MAPK) (Marshall, 1994; Pawson,
1995; Marshall, 1996). Shc null cells demonstrated that Shc is not required for Ras
activation to occur, however, p52/46Shc amplifies the signal and enhances Ras activity (Lai

and Pawson, 2000). Induction of this pathway results in marked increases in cellular
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Figure 1.2: EGFR signaling pathways. Phosphorylation of EGFR on tyrosine residues leads to
recruitment of proteins involved in downstream signaling pathways. Tyrosine 845 is involved in
c-Src signaling. Tyrosines 891 and 920 facilitate PI3K recruitment leading to Akt activation and
cellular survival. Tyrosine 992 is where PLCy interacts leading to migration pathways.
Tyrosine 1045 is responsible for c-Cbl binding, which leads to receptor degradation. Tyrosine
1068 recruits Grb2 directly, leading to cellular migration. Finally, tyrosines 1148 and 1173 bind
to Shc, which recruits other proteins leading to Ras activation and MAPK signaling which
promote proliferation.
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proliferation [reviewed in (Zhang and Liu, 2002)]. Shc itself can also be detected complexed
with other proteins including MEKK-1, linking to JNK pathway activation, as well as
cadherins, which implies a role for this protein in cell-cell adhesions (Xu et al., 1997b;
Pomerance et al., 1998). Grb2 also links EGFR to proteins such as Fak and dynamin which
implicate a role for Grb2 in migration of cells (Schlaepfer et al., 1999). Grb2 is also
associated with differentiation, as Grb2 null mouse embryos contain defects in this process

(Cheng et al., 1998).

Signal transducers and activators of transcription (STAT)

Signal transducers and activators of transcription (STAT) proteins are transcription
factors that, when activated by tyrosine phosphorylation, translocate to the nucleus [reviewed
in (Jorissen et al., 2003)]. The STAT family of proteins consists of seven members (STATI,
STAT2, STAT3, STAT4, STATS5a, STATSb, and STAT6), of which, STATI1, STATS3,
STATS5a, and STATSb are known to play a role in cancer [reviewed in (Quesnelle et al.,
2007)]. Unlike in cytokine receptor activation of STATSs, ligand-dependent phosphorylation
of STATs by EGFR does not require Jak kinases (David et al., 1996; Leaman et al., 1996;
Park et al., 1996). EGFR has been noted to activate STATI1, STAT3, and STATS5 (Olayioye
etal., 1999). STATs may also be constitutively associated with EGFR, and their activation is
strictly dependent on EGFR tyrosine kinase activity (David et al., 1996; Olayioye et al.,
1999; Xia et al., 2002). Activation of STATSs leads to increased transcription of proteins
involved in mitogenesis, cell survival, and cell differentiation (Cressman et al., 1995; David
et al., 1995; Eilers and Decker, 1995; Eilers et al., 1995; Demoulin et al., 1996; Kordula et

al., 1996).
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p8io.

PI3Ks can be divided into subclasses, of which, class Ia is the only one activated by
tyrosine kinase receptors (Jorissen et al., 2003). The regulatory subunit of PI3K, p85a, binds
to, and represses, the catalytic subunit of PI3K, p110a. This complex is recruited to receptor
tyrosine kinases by interaction between an SH2 domain of p85a and phospho-tyrosine
residue of the receptor. Binding of the SH2 domain of p85a to a phospho-tyrosine residue
results in a conformational change in the p85a: p110a complex that de-represses the activity
of p110a. This de-repression allows p110a to catalyze the phosphorylation of the 3’ position
of phosphatidylinositols [reviewed in (Vanhaesebroeck et al., 2010)]. p85a associates with
EGFR either through ErbB3 heterodimerization (as HER3 is a major binding partner for
p85a) or through c-Src phosphorylation of EGFR (Kim et al., 1994; Stover et al., 1995; Ram
and Ethier, 1996). Activation of PI3K in this manner leads to phosphorylation of Akt, and
subsequent activation of cellular processes such as proliferation, survival, adhesion, and
migration [reviewed in (Cantley, 2002)]. Akt activation also results in phosphorylation of
Bad, a Bcl family member, that when phosphorylated cannot translocate to the mitochondria
to inhibit the survival protein Bcl-XI, such that, apoptosis does not occur (Zha et al., 1996;

Datta et al., 1997).

PLCy

Phospholipase C gamma (PLCy), is one of a family of enzymes that catalyze the
hydrolysis of phosphatidylinositol bisphosphate (PIP2) to inositol trisphosphate and diacyl
glycerol [reviewed in (Rhee et al., 1989)]. This family of enzymes has a common

dependence on calcium, and substrate specificity for phosphoinositols. PLCy shares
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structural homology with the Src family tyrosine kinases within the SH2 and SH3 domains
(Pawson, 1988; Stahl et al., 1988; Suh et al., 1988). Phosphorylated EGFR provides a
docking site for PLCy (Margolis et al., 1989) to induce EGFR-mediated cell motility but not

EGF-induced mitogenesis (Chen et al., 1994a).

Gabl

Gabl, or Grb2-associated protein 1, is a docking protein that binds to EGFR, is
phosphorylated, and then acts as a docking center for protein complexes (Holgado-Madruga
et al., 1996). In particular, Gabl contains three p85a PI3K binding sites (Holgado-Madruga
et al., 1996), and association of p85a with Gab1 and subsequent activation of PI3K has been
shown after ligand stimulation (Holgado-Madruga et al., 1997). Rodrigues and colleagues
have demonstrated that the PH domain of Gabl is sufficient for binding of Gabl to PIP3 and
targeting of Gabl to the plasma membrane. They have also shown that Gabl directly binds
to EGFR and potentiates EGF-induced MAPK, JNK, and PI3K activity (Rodrigues et al.,

2000).

Src Family kinases — see Section 1.2

ii. EGFR localization

While EGFR signaling is well known to occur at the plasma membrane, signaling from
EGFR also occurs at alternative localizations including the mitochondria, endosomes, and
nucleus.  For example, EGFR is functionally active at the mitochondria, where
phosphorylation of tyrosine 845 is required for association of EGFR with cytochrome c
oxidase II. This co-localization and co-association occurs after ligand-stimulation and re-

localization of EGFR to the mitochondria through clathrin mediated endocytosis (Boerner et
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al., 2004; Demory et al., 2009). EGFR is also capable of signaling while within endosomes.
A number of groups have shown that EGFR is autophosphorylated and catalytically active
while in endosomes (Cohen and Fava, 1985; Kay et al., 1986; Kuruvilla et al., 2000). Also,
signaling molecules (specifically those that regulate Ras activity — including Grb2, SHC, and
Cbl) are associated with EGFR localized within endosomes (Di Guglielmo et al., 1994;
Fukazawa et al., 1996; Wang and Moran, 1996; Levkowitz et al., 1998; Clague and Urbe,
2001). Following these findings, Wang and colleagues were able to show that EGFR
stimulates signal transduction pathways leading to cell survival from within endosomes
(Wang et al., 2002; Sadowski et al., 2009). Localization of EGFR to the nucleus has been
shown in a number of cell types (Gusterson et al., 1985; Kamio et al., 1990; Lipponen and
Eskelinen, 1994; Tervahauta et al., 1994; Zimmermann et al., 1995). Specifically, Lin and
colleagues have shown that EGFR rapidly translocates to the nucleus after ligand stimulation,
where it acts as a transcription factor in a complex to activate gene transcription of cellular
factors including cyclin D1 (Lin et al., 2001), thus promoting cell cycle progression. These

diverse localizations increase the complexity of EGFR signaling.

D. EGFR in cancer

Purification and sequencing of EGFR revealed a close sequence similarity of this receptor
to the previously characterized v-erb-B viral oncogene. v-erb-B and EGFR are most similar
in the transmembrane and cytoplasmic tyrosine kinase domains (Downward et al., 1984b),
suggesting that the functional portion of EGFR may be implicated in the cancer phenotype
(Downward et al., 1984b). An oncogene is a gene, the product of which has the ability (via

mutation, amplification, or overexpression) to promote transformation of normal cells.
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EGFR can be labeled an oncogene as EGFR is over-expressed in many cancer types, and this

overexpression has been shown to lead to increase tumorigenicity of cells (Velu et al., 1987).

i. EGFR and hallmarks of cancer

The hallmarks of cancer, as described by Hanahan and Weinberg, include evading
apoptosis, sustained angiogenesis, un-regulated cellular proliferation, and tissue invasion and
metastasis (Hanahan and Weinberg, 2000). EGFR has been shown to regulate each of these
hallmarks. Specifically, by increasing PI3K/Akt signaling, EGFR family receptors can
modulate both the extrinsic and intrinsic apoptosis pathways. Also, EGFR is known to
constitutively activate Stat3 in head and neck cancer (Grandis et al., 1998), which may lead
to sustained expression of the anti-apoptotic protein Bcl-XI1 effectively allowing these cells to
evade apoptosis (Grandis et al., 2000). Angiogenesis, or neovascularization, is necessary to
support growing tumors and supply the nutrients and oxygen the tumor needs for growth.
Treatment of cells with small molecule kinase inhibitors of EGFR (which block kinase
activity of the receptor) results in decreased vascular epithelial growth factor (VEGF)
expression, which, in turn, decreases the ability of vascular epithelial cells to migrate towards
tumor cells in vitro. EGFR inhibition also leads to the death of tumor-associated vascular
epithelial cells in orthotopic pancreatic tumor models (Bruns et al., 2000; Hirata et al., 2002).
The ability to proliferate independently of normal growth inhibitory signals is also a trait of
cancer cells. EGFR activation can lead to and modulate cellular proliferation and neoplastic
growth (Salomon et al., 1995). Interestingly, studies have shown that inhibition of the EGFR
family of proteins leads to proliferative block (Mendelsohn and Baselga, 2000) Therefore, it
can be suggested that EGFR is necessary for the limitless replicative potential of cancer cells.

EGFR has been shown to influence the movement of a variety of cell types in a ligand-
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dependent fashion (Barrandon and Green, 1987; Chen et al., 1994b). As mentioned earlier,
PLCly activation is necessary for EGFR mediated cell movement (Chen et al., 1994a). EGFR
has also been suggested to directly affect expression and function of integrins, which mediate
cytoskeletal changes associated with focal adhesions and motility (Bellas et al., 1991).
EGFR can also promote the metastatic phenotype of cancer cells [reviewed in (Khazaie et al.,

1993)].

ii. EGFR in human cancers

Ullrich and colleagues showed the first evidence that EGFR itself may be closely related
to tumor cell function, as they discovered that EGFR was amplified at the genetic level in
A431 epidermoid carcinoma cells (Ullrich et al., 1984). These data, along with the close
structural relationship between EGFR and v-erb-B, suggested that EGFR may be important
in the cancer phenotype. Mouse models have demonstrated that overexpression of EGFR
induces cellular transformation in the mammary gland (Brandt et al., 2000; Marozkina et al.,
2008b), ovary (Marozkina et al., 2008a), uterus (Marozkina et al., 2008a), bladder (Cheng et
al., 2002), esophagus (Andl et al., 2003), and brain (Holland et al., 1998). Indeed, as
mentioned earlier, EGFR itself has been found to be over-expressed in nearly all tumors of

epithelial origin (Earp et al., 1995) Below is a concise review of EGFR in these tumor types.

Gliomas

Over-expression of EGFR occurs in 40% of gliomas and correlates with amplification
and mutation of the receptor (Libermann et al., 1985; Wong et al., 1987; Helseth et al., 1988;
Yung et al., 1990; Ekstrand et al., 1991; Agosti et al., 1992; Chaffanet et al., 1992; Wikstrand

et al., 1995). EGFR expression is a negative prognostic marker in glioblastomas, and is



22

correlated with higher grade of tumor and reduced overall survival (Hurtt et al., 1992;
Hiesiger et al., 1993). While overexpression is one way EGFR is activated in gliomas,
mutations of EGFR are also present. The most common is a mutation that deletes part of the
extracellular domain (vIII) and yields a constitutively active receptor (Wong et al., 1992;

Moscatello et al., 1995).

Prostate

EGFR over-expression occurs in approximately 18% of prostate cancers (Schlomm et al.,
2007). This protein is amplified in 3-11% of prostate cancers (Edwards et al., 2003;
Schlomm et al., 2007). EGFR expression may serve as a prognostic marker for prostate
cancers (Gorgoulis et al., 1992; Wong et al., 1992; Irish and Bernstein, 1993). Di Lorenzo
and colleagues investigated the relationship of EGFR expression with prostate cancer in
human tumor tissue samples. They found that EGFR expression was significantly correlated
with higher Gleason scores and PSA levels, as well as disease relapse in patients (Di Lorenzo
et al., 2002). EGFR contributes to prostate cancer growth by activating the androgen
receptor (AR) through phosphorylation, promoting further cellular growth of both androgen-
dependent and androgen-refractory prostate cancer cells without androgen stimulation
(Bonaccorsi et al., 2004; Migliaccio et al., 2006; Bonaccorsi et al., 2007; Leotoing et al.,
2007). In contrast to normal prostate, where androgens decrease EGFR expression, prostate
cancer cell lines have increased EGFR expression induced by androgens leading to increased
cellular proliferation (Liu et al., 1993b). Hammarsten and colleagues have demonstrated that
treatment of castrated animals with gefitinib (an inhibitor of EGFR) leads to prostate cancer

cell growth inhibition (Hammarsten et al., 2007).
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Pancreatic

EGFR overexpression occurs in ~30-50% of pancreatic carcinomas (Yamanaka et al.,
1990; Barton et al., 1991; Korc et al., 1992; Yamanaka et al., 1993). Pancreatic cancer cell
lines often contain overexpression of EGFR without gene amplification (Smith et al., 1987;
Chen et al., 1990). Treatment of cells with small molecule kinase inhibitors of EGFR results
in decreased angiogenesis in orthotopic pancreatic tumor models (Bruns et al., 2000; Hirata

et al., 2002).

Lung

EGFR is over-expressed in 40-80% of primary non-small cell lung cancers (NSCLC);
however, squamous cell carcinomas generally have higher levels of expression than other
types of NSCLC (Berger et al., 1987b; Veale et al., 1987; Dazzi et al., 1989; Di Carlo et al.,
1993). This high level of overexpression is due primarily to amplification of the gene
encoding for EGFR (Suzuki et al., 2005). EGFR expression has been shown as an important
prognostic indicator for NSCLC, as stage III NSCLC was found to have higher levels of
EGFR expression compared to stage I and II tumors (Veale et al., 1987). Furthermore,
overexpression of EGFR correlates with high levels of metastases, poor differentiation of the
tumor, and elevated tumor proliferation rates (Pavelic et al., 1993). As mentioned for
gliomas, a mutation that deletes part of the extracellular domain (vIII) yields a constitutively
active receptor, and has been found in NSCLC (Garcia de Palazzo et al., 1993). Additional
mutations in EGFR also occur in lung cancer. Many of these, including the L858R mutation,
result in sensitivity to EGFR inhibitors (Costa and Kobayashi, 2007). This conferred

sensitivity to EGFR inhibitors has led to FDA approval of the EGFR TKIs gefitinib and
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erlotinib. However, other mutations, such as the T790M mutation, result in acquired
resistance to EGFR kinase inhibition (Kobayashi et al., 2005; Pao et al., 2005). Thus,
screening of patients for EGFR mutational status in lung cancer may allow further approval
of EGFR-based therapies for the sub-populations of lung cancer patients who possess these

mutations.

Colon

Approximately 8% of all colorectal carcinomas over-express EGFR. This overexpression
is a result of genetic amplification in ~60% of cases (Ooi et al., 2004). While no correlation
has been observed between this expression and tumor grade, proliferative index, histological
stage, or overall survival (Salomon et al., 1995), Mayer and colleagues have shown that
patients whose tumors are over 50% positive for EGFR expression have worse prognosis
compared to those with less than 50% of their tumor positive for EGFR (Mayer et al., 1993).
Also, EGFR expression is elevated in more highly metastatic primary colon tumors than
those with a less aggressive phenotype (Radinsky, 1993). Cetuximab (Erbitux), an EGFR-

directed monoclonal antibody, is currently in clinical use in colorectal cancers.

Ovarian

EGFR is over-expressed in 35-70% of primary ovarian carcinomas (Battaglia et al., 1989;
Bauknecht et al., 1989a; Bauknecht et al., 1989b; Bauknecht et al., 1990; Johnson et al.,
1991; Morishige et al., 1991b; Berns et al., 1992; Henzen-Logmans et al., 1992; Owens et al.,
1992; Scambia et al., 1992; Bauknecht et al., 1993). Such overexpression occurs without
gene amplification (Zhang et al., 1989; Bauknecht et al., 1990; Berns et al., 1992; Kohler et

al.,, 1992). EGFR expression was found to be significantly associated with high risk of
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ovarian carcinoma progression (Scambia et al., 1992). As with gliomas and lung cancers, the
vIII constitutively active mutant of EGFR is expressed in ovarian carcinomas (Wong et al.,
1992; Moscatello et al., 1995). Proliferation of ovarian cancer cells can be significantly
inhibited in vitro utilizing EGFR monoclonal antibodies or anti-TGFa antibodies (Morishige

et al., 1991a; Morishige et al., 1991b; Stromberg et al., 1992).

Liver

EGFR over-expression occurs in 30-60% of hepatocellular carcinomas, however little is
known about the mechanism of this over-expression (Nonomura et al., 1988; Ito et al., 2001).
Nevertheless, over-expression of EGFR in this cancer type correlates with high proliferation,
advanced stage, and poor prognosis (Ito et al., 2001). Also, EGFR, as well as ErbB3, and the
ligands HB-EGF, TGFa, BTC, and AREG are over-expressed in human hepatocellular
carcinoma tissues (Ding et al., 2004; Avila et al., 2006; Breuhahn et al., 2006; Castillo et al.,
2006; Berasain et al., 2007). Production of EGFR ligands has been suggested to influence
the growth of premalignant liver epithelial cells (Drucker et al., 2006). Activation of EGFR
in a ligand-dependent manner in liver cancer cells has been demonstrated to potentiate the

aggressive behavior of such cells (Lin et al., 2006).

Bladder

EGFR expression is higher in malignant bladder as compared to normal bladder
epithelium, yet EGFR is rarely genetically amplified (Neal et al., 1985; Berger et al., 1987a;
Messing et al., 1987; Neal et al., 1989; Messing, 1990; Lonn et al., 1993). EGFR expression

in these tumors correlates with invasive potential, poor tumor differentiation, decreased



26

survival, increased recurrence, and increased rate of progression in bladder cancers (Neal et

al., 1985; Neal et al., 1989; Smith et al., 1989; Neal et al., 1990).

Esophagus

Approximately 35% of primary esophageal tumors express EGFR (lihara et al., 1993)
and EGFR is genetically amplified in primary human esophageal carcinomas (Hollstein et al.,
1988; Lu et al., 1988). Survival rate is significantly lower in patients with tumors that over-
express EGFR as compared to patients with no EGFR overexpression (lihara et al., 1993). In
these tumors, TGFa is also highly expressed, and this expression correlates with short

doubling time of esophageal cancer cells (Kim et al., 1991; Thornley and Jones, 1992).

Head & Neck

EGFR is over-expressed in oral squamous cell carcinomas (SCC) (Todd and Wong,
1999), and this over-expression often times occurs without gene amplification [reviewed in
(P et al.,, 2002)]. Ligand-independent activation of EGFR through E-cadherin and
subsequent MAPK phosphorylation allows adhesion-mediated survival for this cancer type
(Shen and Kramer, 2004). EGFR is known to constitutively activate Stat3 in head and neck
cancer (Grandis et al., 1998). Ligand stimulation of EGFR was shown to stimulate
anchorage-independent growth in oral SCC cell lines (Lee et al., 1990). Resistance of oral
SCCs to chemotherapy and radiotherapy can be pharmacologically reversed through the

utilization of inhibitors of EGFR function (Bonner et al., 2002; Raben et al., 2002).
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Gastric

Over-expression of EGFR has been noted in approximately 33% of advanced stage
gastric carcinomas (compared to 3.8% in early stage or non-malignant samples) (Yasui et al.,
1988). Such over-expression is rarely due to genetic amplification in this form of cancer
(Kim et al., 2008). EGFR expression has been suggested as a useful prognostic indicator for
gastric cancer (Yasui et al., 1988; Lemoine et al., 1991). EGFR expression occurs more
frequently in well-differentiated advanced stage adenocarcinomas; however there is no
apparent association of EGFR expression with tumor grade or size (Yasui et al., 1988;

Lemoine et al., 1991).

Breast — see Section 1.4

E. Inhibiting EGFR activity

i. Monoclonal Antibodies

In 1981, John Mendelsohn and colleagues initially hypothesized that blocking the binding
site for EGFR ligands using a monoclonal antibody (mAbs) might be an effective treatment
strategy for cancer [reviewed in (Mendelsohn and Baselga, 2000)]. In the years following
that hypothesis, mAbs directed toward EGFR have been developed and applied in the clinic,
leading to treatment regimens for cancer [reviewed in (Herbst et al., 2001)]. Specifically,
mADb 225 (later derived into C225, a humanized murine chimeric version of the mAb) was
isolated in 1983. This antibody was later developed into a cancer therapeutic for head and
neck cancer. There are currently five EGFR targeting antibodies in development including
Cetuximab (Erbitux), Matuzumab, Nimotuzumab (TheraCIM), Panitumumab (Vectivix), and

Zalutumumab (Wheeler et al., 2010). These inhibitors have been introduced in clinical trials
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both as monotherapies and as combinatorial therapy with chemo- or radio-therapies in
colorectal, head and neck, pancreatic, and lung cancers (Mendelsohn, 2004). EGFR-directed
mAbs compete with ligand binding and then down-regulate receptor expression, leading to
inhibition of cell growth by arresting cells in G1 (Wu et al., 1996; Waksal, 1999). While
mAbs can directly stimulate immune response in patients, leading to complement-mediated
cytotoxicity or antibody-dependent cell-mediated cytotoxicity (Harris and Mastrangelo,
1989), at least in the case of cetuximab, the primary mechanism of action is related to the
disruption of EGFR-mediated signaling (Mendelsohn, 1997). It has been suggested that
antibodies against HER2 require endocytic sorting and Cbl to exert their antitumor effects,
however, it has yet to be shown if antibodies specific to EGFR act in the same manner
(Klapper et al., 2000). To date, two EGFR targeting monoclonal antibodies have been FDA
approved for use in cancer patients. Specifically, cetuximab (Erbitux) was approved for use
in combination with irinotecan or alone if the patient cannot tolerate irinotecan in metastatic
colorectal cancer in 2004, and for head and neck cancer in 2006. Also, panitumumab
(Vectibix) was approved for EGFR-expressing advanced colorectal cancer with disease
progression on or following fluoropyrimidine-, oxaliplatin-, and irinotecan-containing

chemotherapy regimens in 2006.

ii. Small molecule tyrosine kinase inhibitors (TKIs)

TKIs target the intracellular ATP-binding pocket of the tyrosine kinase moiety of EGFR.
In xenograft models and human tumor-derived cell lines, these inhibitors have shown dose
dependent tumor growth inhibition alone, or in combination with drugs and/or radiation
(Ciardiello, 2000). Clinically, TKIs have demonstrated anti-tumor activity in head and neck

cancer (Feng et al., 2007; Reuter et al., 2007) where approximately 10% respond to the
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inhibitor, non-small cell lung cancer (Jubelirer et al., 2006), and glioblastomas (Mellinghoff
et al., 2005) where again 10-20% of patients respond. Glioblastoma patients that responded
were VIII mutants. Those that responded in non-small cell lung cancer have been
demonstrated to possess the L858R EGFR mutation (Costa and Kobayashi, 2007).
Currently, five EGFR tyrosine kinase inhibitors are in clinical trials including erlotinib
(Tarceva), gefitinib (Iressa), vandetanib (Zactima), lapatinib (Tykerb), and pelitinib (Wheeler
et al.,, 2010). Gefitinib (Iressa), an EGFR specific TKI, was approved in 2004 for
monotherapy treatment for advanced, chemotherapy-refractory non-small cell lung cancer
based on an 11-18% response rate in two phase II clinical trials (Mendelsohn and Baselga,
2000), but approval was later revoked do to failure to produce survival benefit alone or with
chemotherapy in three phase III trials (Giaccone et al., 2004; Herbst et al., 2004; Thatcher et
al., 2005). Erlotinib (Tarceva) was approved for treatment of non-small cell lung cancer and
pancreatic cancer, and recently has been approved for maintenance of locally advanced or
metastatic NSCLC that is not progressing after four cycles of platinum based chemotherapy
(2010). Lapatinib, a dual EGFR/HER2 inhibitor, has also been recently approved, in
combination with letrozole, in post menopausal women with hormone receptor positive

metastatic breast cancers that over-express HER2 (2010).

Resistance to EGFR TKIs is a common occurrence in cancer. Generally, resistance can
occur by two mechanisms. First, de novo or intrinsic resistance may occur. This type of
resistance is thought to be due to lack of tumor dependence upon EGFR (Baselga and
Arteaga, 2005). Also, EGFR-independent or constitutive activation of effectors downstream
of EGFR could contribute to de novo resistance. For example, failure to inhibit PI3K/Akt, by

mutation or alternative activation, also prevents response to EGFR inhibitors (Bianco 2003,
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Cheng 1992, Cheng 1996, Forgacs 1998, Lu 1999, Hoilestelle 2007). EGFR-independent
activation of c-Src after interaction with other tyrosine kinases or integrins may lead to
activation of signaling pathways downstream of EGFR [reviewed in (Bianco et al., 2007)].
Activated Ras (and thereby persistent MAPK signaling) is associated with intrinsic resistance
to both gefitinib and cetuximab in NSCLC (Janmaat et al., 2003), and resistance to gefitinib
in breast cancer cells (Normanno et al., 2006). In addition, glioblastomas containing the
EGFRVIII mutation are relatively resistant to gefitinib due to persistent Akt phosphorylation
after PTEN loss (Kuan et al., 2001). Acquired resistance may also occur after initial
response to EGFR inhibitors. This may be due to alternative activation of proangiogenic
pathways, as EGFR inhibition can lead to subsequent down-regulation of tumor-induced,
VEGF-mediated angiogenesis (Ciardiello et al., 1996; Petit et al., 1997; Perrotte et al., 1999).
It has been demonstrated that altered control of these angiogenic pathways can induce
resistance to EGFR inhibitors in vivo (Viloria-Petit et al., 2001). Also, activation of
alternative tyrosine kinases (such as IGF-1R or c-Met), has also been shown as a potent
mechanism of acquired resistance to EGFR blockade (Jones et al., 2004). While alterations
in EGFR protein such as the L858R mutation or deletion mutants may lead to sensitivity to
EGFR inhibitors (Lynch et al., 2004; Paez et al., 2004), secondary mutations, including the
T790M mutation, can occur and lead to acquired resistance to EGFR inhibitors (Kobayashi et

al., 2005; Pao et al., 2005).
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1.2. Src Family Kinases (SFKs)

A. Structure and Activation of SFKs

c-Src, the prototypical member of the Src family kinases, was discovered in 1976 as a
mammalian homologue of the transforming agent in avian sarcoma virus, v-Src (Stehelin,
1976; Stehelin et al., 1976). This family of non-receptor tyrosine kinases contains nine
members that differ based on tissue specific expression. The first subfamily, Lck, Blk, Lyn,
and Hck, are fairly restricted in their expression to hematopoietic cells. The second
subfamily, c-Src, Yes, Fyn, Yrk, and Fgr, are ubiquitously expressed (Bolen and Brugge,
1997). These proteins have structural homology consisting of an N- terminal sequence,
unique domain, a SH3 domain, a SH2 domain, and a tyrosine kinase domain (Fig 1.3)
[reviewed in (Tsygankov and Shore, 2004)]. Within the c-terminal tyrosine kinase domain
are two phosphorylation sites that are critical to the function of the protein. First,
phosphorylation on tyrosine 527 negatively regulates SFK activity. Phosphorylation of this
site occurs via the Csk-family of protein tyrosine kinases (Okada et al., 1991; Bergman et al.,
1992; Sabe et al., 1992; Chow et al., 1993; Nada et al., 1993; Superti-Furga et al., 1993;
Takeuchi et al., 1993; Thomas et al., 2006). The SH2 domain of SFKs binds to tyrosine 527
after phosphorylation on this site (Roussel et al., 1991; Amrein et al., 1993; Liu et al., 1993a;
Weijland et al., 1997), which induces the binding of the SH3 domain to the linker region
between the SH2 and tyrosine kinase domains, prohibiting binding of ATP, effectively
inactivating the protein (Fig. 1.3) (Sicheri et al., 1997; Williams et al., 1997; Xu et al., 1997a;
Gonfloni et al., 1999; Schindler et al., 1999; Xu et al., 1999). Dephosphorylation on tyrosine

527 occurs by one of several protein tyrosine phosphatases including CD45, SHP-1, SHP-2,



32

g

Lipid —7

modification

Unique Domain

C-terminal tail

YSubstrate Binding
Pocket

Inactive Active

Figure 1.3: c-Src activation. In the inactive conformation, tyrosine 527 on the c-terminal tail
of c¢-Src is phosphorylated, which facilitates binding of the Src SH2 domain to this tail. This
binding positions the link region in close proximity to the SH3 domain and prevents the
activation of the complex. In the active conformation, tyrosine 416 is phosphorylated leading to
opening of the substrate binding pocket and release of the SH2 domain from tyrosine 527, thus
repositioning the SH3 and linker domains.
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PTP-a, or PTP-A (Mustelin et al., 1989; Mustelin and Altman, 1990; Mustelin et al., 1992;
Shiroo et al., 1992; Zheng et al., 1992; Hurley et al., 1993; Sieh et al., 1993; Biffen et al.,
1994; Fang et al., 1994; Peng and Cartwright, 1995; Somani et al., 1997; Harder et al.,
1998a; Bjorge et al., 2000). Second, phosphorylation of tyrosine 416, must occur for the
protein to be active. Phosphorylation on this site results in displacement from a pocket of
hydrophobicity formed within the catalytic domain, resulting in the repositioning of the
region and formation of a substrate binding pocket (Fig 1.3) (Yamaguchi and Hendrickson,
1996; Sicheri et al., 1997; Williams et al., 1997; Xu et al., 1997a; Schindler et al., 1999; Xu
et al., 1999). Tyrosine 416 is phosphorylated by many proteins, including PDGFR, focal
adhesion kinase (FAK), and EGFR (discussed later) (Kypta et al., 1990; Cobb et al., 1994;
Schaller et al., 1994; Alonso et al., 1995; Eide et al., 1995; Alexandropoulos and Baltimore,
1996; Moarefi et al., 1997; Chiang and Sefton, 2000). Phosphorylation on tyrosine 416 is
sufficient to activate c-Src, even when tyrosine phosphorylation of 527 is present (Sun et al.,
1998; Boerner et al., 2004). Thus, dephosphorylation of tyrosine 416 is critical to the
inactivation of SFKs. PTP-o and PTP-A are known to de-phosphorylate tyrosine 416 of c-

Src (Zheng et al., 1992; Fang et al., 1994).

SFKs are localized to the plasma membrane, perinuclear regions and endosomal
membranes (Silverman et al., 1993; Ley et al., 1994; Resh, 1994). As SFKs contain no
transmembrane domain, membrane localization is due, in part, to myristoylation and
palmitoylation on N-terminal fatty acid modification sites (Marchildon et al., 1984; Pellman
et al., 1985; Peters et al., 1990; Paige et al., 1993; Shenoy-Scaria et al., 1993; Koegl et al.,

1994). Localization may also be dependent on the specific protein interactions between
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SFKs and cytoskeletal components, cytokines, and growth factor receptors including EGFR

(Kaplan et al., 1992; Sandilands et al., 2004; Donepudi and Resh, 2008).

Like the EGFR ligands, SFKs have a high level of functional redundancy. However, loss
of c-Src results in the onset of osteoporosis due to defective osteoclast function (Soriano et
al., 1991; Boyce et al., 1992). Loss of Lck results in hematopoetic deficiencies (Molina et
al., 1992; Molina et al., 1993; Wen et al., 1995) and severe nervous system defects are seen
in models where Fyn is knocked out (Grant et al., 1992; Beggs et al., 1994; Miyakawa et al.,
1994; Umemori et al., 1994). Yes, Hck, Fgr, and Blk have also been knocked out in mice,
however, no distinct phenotypes are seen, suggesting, again, that a high degree of

redundancy exists within the family [reviewed in (Lowell and Soriano, 1996)].

B. Function of c-Src

For the purposes of this dissertation, we will focus the remainder of this section the
prototypical membrane of the Src family, c-Src. c-Src is involved in a number of cellular
processes including membrane trafficking, cellular motility and migration, cell cycle
progression, apoptosis, and differentiation (Fig. 1.4). First, c-Src has been shown to play a
role in the regulation of membrane trafficking. Specifically, c-Src phosphorylates ASAPI,
an ADP-ribosylation factor GTPase-activating protein, and association of this protein with
Arfs and PIP2 has been shown to be important in actin cyoskeletal remodeling (Brown et al.,
1998b; Randazzo et al., 2000). Src also associates with synapsin I, dynamin, synaptophysin,
snaptogyrin, and cellugyrin which are all involved in vesicle transport (Barnekow et al.,
1990; Onofri et al., 1997; Foster-Barber and Bishop, 1998; Janz and Sudhof, 1998). Second,

cellular motility is a process that has also shown a dependence on c-Src. c-Src localizes to
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Figure 1.4: c-Src signaling pathways. c-Src is activated through interaction with
transmembrane proteins including receptor tyrosine kinases (RTK). Activation of c-Src
mediates the Ras/MAPK pathway, leading to proliferation, PI3K/Akt pathway leading to
survival, FAK signaling leading to migration and invastion, and STAT pathway leading to
proliferation, survival, and angiogenesis.
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focal adhesions, where it associates with FAK, a protein tyrosine kinase that is active
following the engagement of integrins (Schaller et al., 1993; Cobb et al., 1994; Schaller et al.,
1994). This co-association activates Src, which in turn phosphorylates FAK. Subsequently,
there is an accumulation of phosphorylated proteins critical to cell motility and migration
including p130cas, paxillin, and PI3K (Hildebrand et al., 1993; Schaller et al., 1994; Chen et
al., 1995; Polte and Hanks, 1995; Altun-Gultekin and Wagner, 1996; Burnham et al., 1996;
Hall et al., 1996; Harte et al., 1996; Vuori et al., 1996; Yokote et al., 1996; Schlaepfer et al.,
1997; Schlaepfer and Hunter, 1997). Third, c-Src has been shown to be involved in cell
cycle progression. Specifically, c-Src activates Shc and PI3K to modulate DNA synthesis
and c-Src phosphorylates SAMG68 to regulate mitosis (Augustine et al., 1991; Yamanashi et
al., 1992; Pleiman et al., 1993; Taylor and Shalloway, 1993; Fumagalli et al., 1994; Ptasznik
et al., 1995; Broome and Hunter, 1996; Luttrell et al., 1996; Pillay et al., 1996; Taylor and
Shalloway, 1996). Through these interactions, c-Src may also regulate apoptosis.
Specifically, constitutive activation of c-Src leads to rescue of apoptosis induced by cytokine
removal, irradiation, chemotherapeutics, or disruption of extracellular matrix interactions
(Anderson et al., 1990; Frisch and Francis, 1994; Basu and Cline, 1995; Canman et al.,
1995). Lastly, differentiation has also been described to involve c-Src. Constitutive
activation of c-Src is sufficient to block differentiation in myoblasts, retinoblasts, and
chondroblasts, allowing a self renewal phenotype to persist (Muto et al., 1977; Yoshimura et

al., 1981; Alema and Tato, 1987).

C. The interaction between c-Src and EGFR

c-Src interacts with a number of receptor tyrosine kinases including PDGFR, FGFR,

CSF-1R, NGF-R, HGF-R, IGF-R, HER2, and EGFR (Luttrell et al., 1988; Kozma and
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Weber, 1990; Kypta et al., 1990; Kremer et al., 1991; Courtneidge et al., 1993; Faletto et al.,
1993; Zhan et al., 1994; Muthuswamy and Muller, 1995). Interaction between EGFR and c-
Src enhances many EGFR-dependent cellular functions including DNA synthesis, protein
tyrosine phosphorylation, transformation of mouse fibroblasts and human mammary
epithelial cell lines, and tumor formation in nude mice (Luttrell et al., 1988; Wilson et al.,
1989; Wilson and Parsons, 1990; Chang et al., 1995; Maa et al., 1995; Boerner et al., 2005;
Dimri et al., 2007). Activation of EGFR increases c-Src catalytic activity (Sato et al., 1995a;
Sato et al., 1995b; Weernink and Rijksen, 1995). c-Src, in turn, phosphorylates novel sites
on EGFR, including tyrosine 1101, 891, 920, and 845 (Maa et al., 1995; Tice et al., 1999). c-
Src-dependent phosphorylation on these sites promotes EGFR signaling. Specifically,
phosphorylation of tyrosine 845 has been shown to be critical to EGFR-induced mitogenesis
(Biscardi et al., 1999a; Tice et al., 1999), while phosphorylation of tyrosines 891 and 920
mediates the binding of PI3K to EGFR (Stover et al., 1995). c-Src may also be important in
EGFR crosstalk. c-Src expression mediates crosstalk between estrogen receptor and EGFR
(Castoria et al., 1999), as well as between EGFR and the HGF receptor, c-Met (Mueller et al.,

2008). Thus, c-Src is an important regulator of EGFR signaling.

D. c-Src in cancer

As c-Src was discovered due to its homology to viral v-Src, a potent oncogene, it was
widely believed that c-Src would be involved in the cancer phenotype (Fung et al., 1983).
Overexpression of c-Src alone is insufficient to transform mouse fibroblasts in culture, and
cannot sustain tumor growth in vivo (Shalloway et al., 1984; Luttrell et al., 1988; Maa et al.,
1995). However, other findings have suggested a role for c-Src in tumorigenesis. c-Src is

necessary for induction of mammary tumors produced by the polyoma middle T oncogene
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(Guy et al., 1994a). Also, expression levels of c-Src are elevated in lung, skin, colon, breast,
cervical, parotid, esophageal, gastric, and brain cancers [reviewed in (Biscardi et al., 2000;
Irby and Yeatman, 2000)]. While mutations of c-Src are rare in cancer, a mutant form of c-
Src that is truncated before the inhibitory phosphorylation site was identified in 1999 by Irby

and colleagues in highly metastatic colon carcinoma (Irby et al., 1999).

E. c-Src tyrosine kinase inhibition

Two classes of c-Src inhibitors have been identified and tested in clinical trials: those that
alter the interactions of c-Src with other proteins (SH3 and SH2 inhibitors) and those that
inhibit the intrinsic tyrosine kinase activity of Src itself [reviewed in (Sawyer et al., 2001)].
The SH3 and SH2 inhibitors are small molecules that mimic the specific structure of SFK
SH3 and SH2 domains thereby blocking association of substrates with c-Src. The first active
SH3 inhibitor of c-Src was reported in 1999 (Cussac et al., 1999), however, SH3 domains
found in various proteins contain common protein sequences, thus specificity might be an
issue. The same is true for c-Src SH2 inhibitors, of which, only one has been shown
effective in vivo [reviewed in (Sawyer et al., 2001)]. Small molecule c-Src tyrosine kinase
inhibitors, such as PP1, PP2, SU6656, and dasatinib have also been developed [reviewed in
(Sawyer et al., 2001)]. While PP1 and PP2 were found to inhibit Src family tyrosine kinase
inhibitors effectively, they also showed efficacy for the PDGF receptor (Hanke et al., 1996).
To overcome this, Blake and colleagues at SUGEN Inc., developed SU6656, which more
selectively inhibited Src family tyrosine kinases (Blake et al., 2000). These inhibitors have
shown to be useful tools in the study of the effects of c-Src kinase in cell models. Most
clinically relevant, and important to this dissertation, is the small molecule c-Src tyrosine

kinase inhibitor dasatinib. Dasatinib, or BMS-354825, was originally described as an
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inhibitor of the oncogenic tyrosine kinase Bcr-Abl (Lombardo et al., 2004). Lombardo and
colleagues suggested that dasatinib also could act as a potent inhibitor of SFKs. The ICsgs for
dasatinib inhibition of SFKs were in the picomolar range, whereas the ICsy for Ber-Abl was
closer to 1 nanomolar. Preclinically, dasatinib was found to have antitumor activity in mouse
xenograft models of leukemia (Lombardo et al., 2004) which led to the development of
clinical trials and the approval of dasatinib for the treatment of Bcr-Abl expressing acute
lymphoblastic leukemia in 2006 (Brave et al., 2008). Due to the elevated c-Src expression
levels in many solid tumor types and preclinical evidence for an effect of c-Src TKIs on solid
tumor growth, dasatinib has gone forward into clinical trials alone, and in combination with
other therapeutics, in breast, skin, pancreatic, brain, colorectal, head and neck, ovarian,

gastrointestinal, and prostate cancers (Laird et al., 2003; Kim et al., 2010).

1.3. Lipid Rafts

A. Discovery of lipid rafts

Early on, scientists held a two dimensional view of the lipid bilayer. This view was that
the plasma membrane was a "fluid mosaic" (Singer, 1972) containing "Icebergs in the sea"
(i.e. proteins in a fluid surrounding of lipid). This idea was further perpetuated by the finding
that the membrane contained areas that were loosely packed and demonstrated rapid lateral
diffusion (Lee, 1977). However, in the early 1950s, flask-shaped invaginations in the plasma
membrane were discovered by electron microscopy (Palade, 1953). These invaginations
were termed “little caves” or caveolae (Yamada, 1955) and were found to contain the protein
caveolin (Glenney, 1992; Rothberg et al., 1992; Scherer et al., 1995; Tang et al., 1996). The

identification of caveolin-1 led to the development of biochemical techniques that resulted in
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the isolation of low density detergent resistant microdomains (DRMs) (Brown and Rose,
1992; Lisanti et al., 1995). These DRMS are rich in flotillin protein (Smart et al., 1999) as
well as glycosphingolipids, gangliosides (including GM-1), cholesterol, and other proteins;
however, some DRMs lack caveolin and invagination structure (Mirre et al., 1996; Wu et al.,
1997). Simons and Ilkonen coined the term “lipid raft” for the DRMs that do not contain
caveolin protein (Simons and Ikonen, 1997). These rafts range in size from 10 to 200 nm in
diameter (Varma and Mayor, 1998; Sharma, 2004; Pike, 2006). Because of their high lipid
content, lipid rafts float to low densities during gradient centrifugation (Brown and Rose,
1992). However, localization within buoyant fractions after isolation does not constitute co-
association or co-localization specifically with plasma membrane lipid rafts as most isolation
techniques also result in the isolation of caveolae, as well as lipid rafts from organelles
[reviewed in (Simons and lkonen, 1997)]. As recently as 2006, a consensus definition of
what a lipid raft is was developed at the Keystone Symposium of Lipid Rafts and Cell
Function, stating that “Lipid rafts are small (10-200nm) heterogeneous, highly dynamic,
sterol- and sphingolipid-enriched domains that compartmentalize cellular processes. Small
rafts can sometimes be stabilized to form larger platforms through protein-protein and
protein-lipid interactions” (Fig 1.5) (Pike, 2006). Lipid rafts have been isolated from many
cell types including epithelial cells, fibroblasts, hematopoietic cells, endothelial cells,

adipocytes, muscle cells, neurons, and even yeast [reviewed in (Brown and London, 1997)].

B. The controversy of lipid rafts

It was suggested originally by Simons and colleagues that the presence of
glycosphingolipid rich lipid rafts may be an artificial finding. Their hypothesis was that

rather than the lipids interacting to form rafts in intact cells, the lipids may interact during the
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Figure 1.5: The structure of lipid raft membrane microdomains. Lipid rafts contain
elevated levels of cholesterol, glycosphingolipids, and gangliosides (including GM-1).
Transmembrane proteins, as well as various lipid modified proteins (including GPI-anchored
proteins) have the ability to associate with lipid rafts. A commonly used method of detection for
lipid rafts takes advantage of the ability of cholera toxin subunit B (CTXB) to bind GM-1.
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extraction process (Simons and van Meer, 1988; Simons and Wandinger-Ness, 1990).
Further indication that lipid rafts may not be present as structures within the plasma
membrane is the finding that detergents themselves can cause redistribution of proteins on
the cell surface. For example, Triton X-100 extraction results in GPI-anchored proteins
enriched in biochemically isolated DRMs, while other proteins, such as the transferrin
receptor, are readily solubilized (Hooper and Turner, 1988; Hooper and Bashir, 1991;
Sargiacomo et al., 1993; Mayor and Maxfield, 1995). However, Mayor and Maxfield
performed immunofluorescent staining and electron microscopy of GPI-anchored proteins in
the absence and presence of detergent. They found that treatment of cells with Triton X-100
was sufficient to induce clustering of GPI-anchored proteins, suggesting that membrane
domains enriched in GPI-anchored proteins are an artificial product of detergent treatment
(Mayor and Maxfield, 1995). However, in 1998, Schroeder and colleagues found that DRMs
were not formed spontaneously during Triton X-100 treatment, as exogenously applied
radiolabelled sphingomyelin (a main component of DRMSs) is not incorporated into
membranes previously identified as detergent soluble (Schroeder et al., 1998). In summary,
detergent extraction did not spontaneously produce DRMs where there were none previously.
A number of groups utilized single particle tracking of GM-1, chemical cross-linking of GM-
1 to other proteins, FRET between GM-1 and these proteins, and immunofluorescent
microscopy, to show that lipid rafts exist in living cells (Sheets et al., 1997; Friedrichson and
Kurzchalia, 1998; Harder et al., 1998b; Simson et al., 1998; Varma and Mayor, 1998). More
recently, non-detergent methods have addressed concerns over detergent "artifacts.” These

methods isolate lipid rafts from the cell by mechanical lysis in detergent free buffers
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followed by ultracentrifugation. These findings, along with the studies using microscopy

techniques, support the presence of lipid rafts (Macdonald and Pike, 2005).

C. Rafts in cellular functions

Rafts are thought to first assemble within the golgi, where sphingolipids are synthesized (van
Meer, 1989). From there, these domains travel through vesicles to the plasma membrane and
other cellular organelles. At the membrane, lipid rafts participate in many cellular functions,

including endocytosis and cellular signaling.

The endocytotic pathway has been proposed to involve lipid rafts. Both clathrin
dependent and independent mechanisms of endocytosis have been shown to involve lipid
rafts (Puri et al., 1999) as evidenced by the fact that lipid rafts are themselves are found in
early endosomes that are recycled back to the cell surface or Golgi apparatus (Puri et al.,
1999; Mukherjee and Maxfield, 2000). Lipid rafts are also involved in the cellular
internalization of toxins. For example, cholera toxin, the infectious agent of vibrio cholerae,
requires lipid rafts for entry into human cells (Orlandi and Fishman, 1998). Specifically,
GM-1, a lipid raft specific ganglioside, is the target binding partner for cholera toxin subunit
B (Fig 1.5), and the cellular function of cholera toxin is solely triggered when GM-1 is

present in lipid rafts (Wolf et al., 1998).

Lipid rafts contain high concentrations of signaling molecules (Chang et al., 1994; Lisanti
et al., 1994; Hope and Pike, 1996; Wu et al., 1997). Different classes of signaling proteins
localize within lipid rafts including GPI-anchored proteins, transmembrane proteins, receptor
tyrosine kinases, G-protein coupled receptors, and Src family kinases (Skibbens et al., 1989;

Sargiacomo et al., 1993; Danielsen and van Deurs, 1995). These rafts may facilitate
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signaling through localizing components of a signaling pathway together or localizing
distinct signaling pathways within the same raft to facilitate crosstalk. Lipid rafts also
negatively regulate signaling by sequestering molecules and preventing their association with
molecules required to activate the proteins [reviewed in (Zajchowski and Robbins, 2002)].
The B cell receptor (BCR) is an excellent example of the capability of lipid rafts to regulate
the signaling abilities of proteins. Specifically, in immature B cells, BCR does not
translocate to lipid rafts after activation, and signaling pathways activated downstream lead
to apoptosis rather than activation of the cell (Sproul et al., 2000). However, in mature B-
cells, BCR rapidly translocates into lipid rafts, where it interacts with the Src family kinase
member Lyn to promote signaling (Cheng et al., 1999; Petrie et al., 2000). Interestingly, in
mature B cells infected with Epstein-Barr virus, this movement into lipid rafts is impaired,

preventing BCR signaling activation (Dykstra et al., 2001).

D. The effect of lipid rafts on EGFR and c-Src signaling

Of the many proteins that are capable of localizing to lipid rafts, EGFR and c-Src are the
most relevant to this dissertation. EGFR has been demonstrated to localize within lipid rafts
in a variety of human cancer cell lines (Ringerike et al., 2002; Sun et al., 2002; Abulrob et
al., 2004; Macdonald and Pike, 2005; Oh et al., 2007; Schley et al., 2007), monkey kidney
cells (Peres et al., 2003), vascular smooth muscle cells (Zuo et al., 2004), and Chinese
hamster ovary cells (Macdonald and Pike, 2005). The localization of EGFR to lipid rafts was
difficult to detect initially, as the biochemical techniques used to isolate lipid rafts initially
involved detergent extraction. EGFR is lost from lipid raft fractions when Triton X-100 is
the detergent used for biochemical fractionation (Pike and Casey, 1996; Gustavsson et al.,

1999). When other, less stringent, detergents are utilized in lipid raft isolations, EGFR
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remains associated with lipid rafts (Roepstorff et al., 2002). The advent of detergent-free
methodologies of biochemical raft isolation, as well as fluorescent and EM based techniques,
have since confirmed the localization of EGFR to lipid rafts (Couet et al., 1997b; Waugh et
al., 1999). Most recently, Hofman and colleagues utilized fluorescence resonance energy
transfer (FRET) microscopy to show co-localization of EGFR with lipid raft specific
gangliosides (Hofman et al., 2008). Mineo and colleagues have demonstrated that
approximately 60% of EGFR is contained within low density caveolae and non-caveolae raft
fractions (lipid rafts) in human fibroblasts (Mineo et al., 1999). Unlike localization to the
nucleus (Kalderon et al., 1984; Lanford and Butel, 1984), mitochondria (Omura, 1998),
endoplasmic reticulum (Munro and Pelham, 1987), peroxisome (Gould et al., 1989), or
caveolae (Couet et al., 1997a), there is no conserved signaling motif present in all lipid raft
localized proteins [reviewed in (Brown, 2006)]. However, Yamabhai and Anderson utilized
deletion and chimera constructs to map the region of EGFR that is responsible for
localization to lipid rafts. Their results have suggested that the second cysteine-rich region of
EGFR is responsible for localization of this protein to lipid rafts, however, the mechanisms
by which this region promote such localization have yet to be determined (Yamabhai and

Anderson, 2002).

There is evidence that lipid rafts play both negative and positive roles in EGFR signaling.
First, lipid rafts are inhibitory to EGFR signaling functions in that lipid raft localization of
EGFR inhibits EGF binding (Pike and Casey, 2002; Ringerike et al., 2002; Roepstorff et al.,
2002), decreases receptor autophosphorylation (Pike and Casey, 2002; Ringerike et al., 2002;
Westover et al., 2003), and reduces the activation of PLCy, Gabl and Ras (Chen and Resh,

2002). Subsequently, activation of MAPK and p38 MAPK is abrogated (Liu et al., 1996;
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Anderson, 1998; Furuchi and Anderson, 1998; Schley et al., 2007). In contrast, increased
EGFR signaling as a result of lipid raft localization of EGFR has also been demonstrated.
Specifically, EGFR localization to lipid rafts recruits Shc and Grb2 after EGF binding (Biedi
et al., 2003; Ridyard and Robbins, 2003; Yang et al., 2004), activates PI3Kinase activity
(Pike and Casey, 1996; Pike and Miller, 1998), and mediates Akt signaling (Oh et al., 2007).
For example, in Vero cells (non-transformed monkey kidney cells), using cholesterol
depletion via methyl-beta cyclodextrin (MBCD), Peres and colleagues found that lipid rafts
provide a platform to bring together EGFR, PI3K, and PIP2, creating an environment
favorable for PI3K activation, and thereby leading to Akt activation (Peres et al., 2003).
Thus, while lipid rafts inhibit EGFR signaling to the MAPK pathway, they also facilitate

EGFR signaling via the PI3K/Akt pathway.

As mentioned earlier, Src family kinases contain lipid modifications on the N-terminus.
In the case of Fyn and Yes, this is a double modification with both myristate and palmitate,
whereas c-Src is singly modified with myristate (Paige et al., 1993; Koegl et al., 1994;
Shenoy-Scaria et al., 1994; Robbins et al., 1995; Yurchak and Sefton, 1995). Src family
kinases are capable of localizing to lipid rafts (Liu et al., 1997; Furuchi and Anderson, 1998;
Davy et al., 2000). While other family members are likely to associate preferentially to lipid
rafts through their double lipid modification, c-Src contains basic residues in the unique
domain that, in combination with the single lipid modification on c-Src, promotes interaction
with lipid rafts (Sigal et al., 1994). In particular, c-Src has been shown to localize to lipid
rafts in neuronal (Mukherjee et al., 2003; Kasai et al., 2005), hematopoietic (Stoddart et al.,
2002), and madin-darby canin kidney cells (Shenoy-Scaria et al., 1994), as well as skeletal

myoblasts (Smythe et al., 2003), murine fibroblasts (Robbins et al., 1995), and cervical and
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lung cancer cell lines (Shenoy-Scaria et al., 1994; Arcaro et al., 2007). Lipid rafts also play a
dual role in Src family kinase signaling. While lipid rafts are important in mediation of the c-
Src dependent activation of PI3K/Akt signaling in human SCLC cell lines (Arcaro et al.,
2007) and in the co-localization FAK to promote early contact signaling in cells (Baillat et
al., 2008), lipid rafts also provide a platform for Csk binding protien (Cbp) to bring Csk, an
endogenous inhibitor of c-Src, in close proximity to its substrate to down regulate SFK

activity (Torgersen et al., 2001).

E. Lipid rafts in cancer

In the early 1900s, long before the discovery of lipid rafts, deposition of cholesterol was
detected in various tumor types [reviewed in (Patra, 2008)]. It has been postulated that
increased membrane cholesterol, and thereby lipid rafts, contributes to oncogenic pathways
of cell signaling [reviewed in (Patra, 2008)]. Neuroblastoma and melanoma cell lines have
specifically shown the presence of lipid rafts in cancer cells (Brown and London, 1997)).
Levels of lipid rafts have also been shown to be elevated in prostate and breast cancer cell

lines as compared to normal cell lines(Hazarika et al., 2004; Li et al., 2006).

There is evidence to suggest that lipid rafts may be essential in anti-cancer therapeutics.
Lipid rafts cluster apoptosis-inducing death receptors for anti-cancer therapeutics (Sun,
2005). Specifically, lipid rafts mediate the response of colon adenocarcinoma cells to the
chemotherapeutic cisplatin, as treatment of cells with the cholesterol-sequestering reagent
nystatin prevents Fas clustering in these cells which is necessary for the induction of
cisplatin-induced apoptosis (Lacour et al., 2004). Also, edelfosine, an anti-leukemic drug,

induces apoptosis quickly in leukemia cells where activation of Fas death receptor and
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ligand-independent recruitment of Fas into lipid rafts occurs (Gajate et al., 2000; Gajate and
Mollinedo, 2001; Gajate et al., 2004; Gajate and Mollinedo, 2007). Other anti-tumor drugs,
including resveratrol (Delmas et al., 2003), aplidin (Gajate and Mollinedo, 2005), perifosine
(Gajate and Mollinedo, 2007), and anandamide (DeMorrow et al., 2007), work via a similar
mechanism. Lipid rafts also facilitate the entry of chemotherapeutics into cancer cells. For
example, the anti-cancer drug class of alkylphospholipids have toxic effects against many
tumor types (Unger et al., 1989; Munder and Westphal, 1990; Mollinedo et al., 1997; Ruiter
et al.,, 1999) and, in 2007, van der Luit and colleagues demonstrated that all
alkyphospholipids utilize lipid rafts for entry into cancer cells, specifically lymphoma cells,

where they induce apoptosis (van der Luit et al., 2007).

While lipid rafts may be useful in targeting cancer cells with anti-cancer therapeutics,
they also play a role in oncogenesis. First, proliferative signaling and migration are increased
due to the presence of lipid rafts. In cervical cells, the known oncogenic virus HPV-16 ES is
found at increased levels within lipid rafts, leading to enhanced activation of oncogenic
signaling and proliferation (Suprynowicz et al., 2008). In breast cancer, knockdown of lipid
raft specific Src family kinases impairs cell adhesion and cell cycle progression (Hitosugi et
al., 2007). Also, in migrating cells, establishment of polarity between the front and rear of
the cell is of vital importance for cellular motility. Manes and colleagues have demonstrated
that lipid rafts help to establish this polarity through re- localization of proteins including
chemokine receptors, (Manes et al., 1999). Lipid rafts also regulate survival in cancer cells.
Li and colleagues found that breast and prostate cancers are more sensitive to apoptotic

stimuli after cholesterol depletion, due, in part, to decreased lipid raft content and a decrease
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in Akt activity following that depletion of lipid rafts (Li et al., 2006). Thus, lipid rafts

mediate an escape from apoptosis in cancer cells.

F. Depletion of lipid rafts

Both lipid rafts and caveolae require cholesterol for structure (Rothberg et al., 1990), thus
pharmacological depletion of cholesterol has become an important tool in the study of these
domains. Methods commonly used to alter cholesterol levels within cells include lipid-free
lipoprotein-mediated cellular lipid efflux (which also removes phospholipids from the
membrane) [reviewed in (Oram and Yokoyama, 1996)], cholesterol extraction (Ohtani et al.,
1989; Kilsdonk et al., 1995; Neufeld et al., 1996), and inhibition of cholesterol biosynthesis
(Kandutsch and Chen, 1974; Endo et al., 1976a; Alberts et al., 1980; Berkhout et al., 1996;
Brown et al., 1998a). Of these methodologies, cholesterol extraction and inhibition of

cholesterol biosynthesis are important to this dissertation.

1. Cyclodextrins

The main methodology to extract cholesterol from cellular membranes is the use of
cyclodextrins. The first reported isolation of a cyclodextrin substance was in 1891 when
Villivers isolated a product from Bacillus amylobacter [reviewed in (Szejtli, 1998)]. There
are three well known cyclodextrins, alpha, beta, and gamma, as well as several less
characterized larger cyclodextrins, which are cyclic oligosaccharides that differ in the
number of glucopyranose units (alpha with six, beta with seven, and gamma with eight)
[reviewed in(Szejtli, 1998)]. Cyclodextrins have a barrel like structure with hydrophillic
sites on the outside, and a hydrophobic core. Water molecules present in the core of

cyclodextrins create an energetically unfavorable environment, and thus a reactive complex.
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Molecules that are less polar than water, such as cholesterol, will be readily substituted
within the core of the cyclodextrin molecule [reviewed in (Szejtli, 1998)]. Cyclodextrins can
be useful to aid in drug delivery through complex formation of a drug with the molecule, or
in research as discussed below. While toxicities of cyclodextrins were originally reported,
further studies have not found in vivo toxicity in most models, however, beta cyclodextrin is
relatively unused for in vivo applications due to its high affinity toward membrane lipid
components which could result in hemolysis [reviewed in (Szejtli, 1998)]. However, this
high affinity for membrane lipids can be exploited for research use in vitro. For example, the
methyl derivative of beta-cyclodextrin (MBCD) effectively removes cholesterol from the
plasma membrane (Kilsdonk et al., 1995; Klein et al., 1995; Yancey et al., 1996; Furuchi and
Anderson, 1998; Hao et al., 2001; Parpal et al., 2001; Kanzaki and Pessin, 2002) thereby

reducing the main structural component of lipid rafts and caveolae.

ii. Statins

The inhibition of cholesterol biosynthesis with statin-type drugs is another effective
means of reducing levels of lipid rafts in cells. Statins were originally discovered for their
function of reducing activity of 3-hydroxy-3-methyl-glutaryl-CoA (HMG-CoA) reductase,
which, in turn, abrogated cholesterol biosynthesis. Therefore, Endo and colleagues spent two
years and searched over 6,000 microbes for one that would inhibit this enzyme. Penicillium
citrinum produces an inhibitor to lipid synthesis that was a new compound, mevastatin (Endo
et al., 1976b), which inhibited HMG CoA reductase at nanomolar concentrations (Endo et al.,
1976b). In 1980, mevastatin was utilized in a Japanese clinical study in heterozygous
patients with familial hypercholesterolemia. In this study, the HMG CoA reductase inhibitor

showed the largest reduction in plasma cholesterol of these patients ever seen (Yamamoto et
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al., 1980). In 1976, Merck & Co. isolated a molecule similar to mevastatin from Aspergillus
terreus. Lovastatin was more effective than mevastatin (Tobert et al., 1982), and was FDA
approved in 1987 (Stossel, 2008). However, the landmark discovery that cholesterol
reduction via statins was associated with inhibition of cardiovascular events was not
established until 1994 (Stossel, 2008). This, is turn, lead to the development of other statin-
type drugs, many of which are approved and in clinical use. Indeed, statins are one of the
most widely prescribed drugs in America (Collisson et al., 2003) and are well tolerated in

patients (Law et al., 2003).

Statins inhibit cholesterol biosynthesis by competitive inhibition of the committed step of
isoprenoid and sterol synthesis (Fig 1.6) (Endo et al., 1976a; Corsini et al., 1995).
Specifically, statins inhibit HMG-CoA reductase by binding to the active site, sterically
hindering the binding of substrate to the enzyme (Istvan and Deisenhofer, 2001). There are
two groups of statins, including type I (lovastatin, pravastatin, simvastatin) which are all
similar in structure to the originally isolated mevastatin, and type II (fluvastatin, cerivastatin,
atorvastatin, and rosuvastatin) which are fully synthetic inhibitors (Istvan and Deisenhofer,
2001). These drugs can be ranked according to their hydrophobicity. The most lipohilic
statin is cerivastatin, followed by lovastatin, simvastatin, fluvastatin, atorvastatin,
rosuvastatin, and finally pravastatin (McTaggart et al., 2001). Only highly lipophilic statins
are capable of permeating the cell membrane directly to affect cellular signaling (Katz,
2005). In addition to inhibiting the production of cholesterol, statins also promote the growth
of new blood vessels (Kureishi et al., 2000), stimulate bone formation (Mundy et al., 1999),
decrease oxidative modification of LDL, and have anti-inflammatory effects (Davignon and

Laaksonen, 1999). While there is evidence that statins may have clinical benefit in other
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diseases including Alzheimer's, multiple sclerosis, bacteremia, and HIV (Vaughan, 2003;
Almog et al., 2004; del Real et al., 2004; Vollmer et al., 2004), the information pertinent to
this dissertation is the benefit of statins in cancer. Interestingly, cancer cells, as compared to
normal cells, generally express elevated levels of HMG-CoA reductase and low-density lipid
receptor (LDL), making them more sensitive than normal cells to depletion of HMG-CoA

reductase activity (He et al., 1997; Liao, 2002).

As a single agent, statins have shown anti-cancer effects in vitro. Specifically, in
preclinical models, statins have anti-cancer effects as single agents in breast (Campbell et al.,
2006; Kotamraju et al., 2007), melanoma (Depasquale and Wheatley, 2006; Glynn et al.,
2008), lung (Glynn et al., 2008), lymphoma (Cafforio et al., 2005), myeloma (van de Donk et
al., 2003), brain (Jones et al., 1994; Girgert et al., 1999; Macaulay et al., 1999), prostate
(Sivaprasad et al., 2006), renal (Woodard et al., 2008) and pediatric leukemia,
rhabomyosarcoma and medulloblastoma (Dimitroulakos et al., 2001). However, the
epidemiological data on the use of statins as a singular agent in cancer prevention are mixed
(Olsen et al., 1999; Blais et al., 2000; Coogan et al., 2002; Kaye et al., 2002; Beck et al.,
2003; Cauley et al., 2003; Boudreau et al., 2004; Graaf et al., 2004; Katz, 2005). These
results are confounded by the lack of information on the type of statin used or by the
reporting of the use of pravastatin, a hydrophilic statin that has no known anti-cancer activity
in vitro (Campbell et al., 2006). When the hydrophobicity of the statin drug is taken into
account, there is a 47% reduction in the relative risk of colorectal cancer (Poynter et al.,
2005) and an 18% reduction in breast cancer incidence (Cauley et al., 2006). Also,

hydrophobic statins may act to prevent cancer recurrence. For example, post-diagnosis statin
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use is associated with decreased risk of both breast and prostate cancer recurrence (Kwan et

al., 2008; Gutt et al., 2010; Hamilton et al., 2010).

In combination therapy, there is more hope for statins as anti-cancer drugs. In preclinical
in vivo studies, lovastatin enhances the response to chemotherapy in a mouse model of
melanoma (Feleszko et al., 1998; Feleszko et al., 2002). Also, clinical studies have
suggested that statin drugs may increase sensitivity to chemotherapy or radiotherapy at
therapeutic doses in prostate, rectal, and hepatocellular carcinomas (Kawata et al., 2001; Katz
et al., 2005). Statins also improve the efficacy of small molecule tyrosine kinase inhibitors in
glioblastoma cells (Cemeus et al., 2008). In addition, Mantha and colleagues have shown
that the effects of gefitinib, an EGFR TKI, can be potentiated by large doses of statins in
head and neck squamous cell carcinoma, non-small cell lung carcinoma, and cervical
carcinomas (Mantha et al., 2005). However, the doses used in this study were far above
selective concentrations for these inhibitors, and, as such, may be inhibiting a myriad of other

proteins.

Statins are a widely used research tool for the reduction of lipid rafts. As mentioned
earlier, lipid rafts and caveolae depend on cholesterol for structure. Thus, the inhibition of
cholesterol biosynthesis by statins can reduce the amount of membrane cholesterol, thereby
reducing lipid rafts (Endo et al., 1976a; Alberts et al., 1980). However, statins are not
necessarily specific for cholesterol. As seen in figure 1.6, statins may also inhibit isoprenoid
synthesis. Thus, while statins may have a primary effect on cholesterol, they may also inhibit
protein prenylation leading to other cellular effects. Generally speaking cholesterol content
is unaffected when statin treatment decreases protein prenylation (Ghittoni et al., 2005;

Paintlia et al., 2008), and effects deemed to be related to protein prenylation are typically
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seen after short duration (under 24 hour) statin treatment, whereas effects requiring longer
treatment times are generally indicated as cholesterol based effects (deCathelineau and
Bokoch, 2009). Therefore, the use of drugs, such as NB-598, that inhibit downstream
effectors in the cholesterol biosynthesis pathway (Fig. 1.6), should be utilized to tease out the
effects of statins that are based on depletion of prenylation versus cholesterol (Horie et al.,

1990).

1.4. Breast Cancer

Breast cancer is currently one of the leading causes of cancer death in American women
[reviewed in (Maughan et al., 2010)]. Approximately one in eight women will be afflicted
with breast cancer in her lifetime [reviewed in (Maughan et al., 2010)]. As such, an
understanding of the molecular mechanisms of breast cancer, and research on how to
effectively treat these cancers, is of vital importance. In 2000 and 2001, Perou and Sorlie
and colleagues established distinctive molecular sub-types of breast cancers (Perou et al.,
2000; Sorlie et al., 2001). These genetic classifications were found to correlate well with

clinical implications of these diseases (Sorlie et al., 2001).

A. Molecular sub-types of breast cancer

The first sub-type, normal-like, contained tumor samples as well as normal breast
specimens that are typified by expression of genes that are "normally" expressed in basal

epithelial cells and adipose cells (Perou et al., 2000).

The second sub-type, luminal breast cancers, can be further stratified into two groups,

luminal A and luminal B (Sorlie et al., 2001). Luminal A breast cancers are approximately
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45% positive for the estrogen receptor (ER) alpha and express high levels of luminal cell
keratins 8/18 (Perou et al., 2000), but have low or no expression of HER2. Luminal A breast
cancers have the best prognosis (Sorlie et al., 2001). Luminal B breast cancers express many
of the same components as luminal A (including ER), and have expression of HER2 (Sorlie
et al., 2001). As such, luminal B-type breast cancers have a less favorable outcome than
luminal A-type breast cancers (Sorlie et al., 2001). While chemotherapeutics and surgery
with radiation are standards of care in the breast cancer world, targeted therapeutics have
become more commonly utilized [reviewed in (Maughan et al., 2010)]. Indeed, after
approval of selective estrogen receptor modulators (SERMs), which are utilized for treatment
of ER positive luminal breast cancers, the mortality rates of US women with breast cancer
have declined significantly (Altekruse SF, 1975-2007) suggesting that targeted therapeutics
may be more beneficial than previous therapies. Specifically, tamoxifen, an estrogen
receptor antagonist, was the first SERM to be approved for use clinically. Currently,
tamoxifen is used either alone or in sequence with an aromatase inhibitor for the treatment of
ER positive breast cancers [reviewed in (Maughan et al., 2010)]. Aromatase inhibitors have
also shown clinical efficacy in luminal breast cancers, and three have been approved for use
alone or in sequence with tamoxifen including anastrozole, exemestane, and letrozole (Baum

et al., 2003; Coombes et al., 2004; Thurlimann et al., 2005).

The third sub-type, HER2 positive breast cancer, is characterized by expression of the
EGFR family member HER2, and GRB7, with low or no estrogen receptor expression (Perou
et al., 2000). These cancers have a worse prognosis than luminal breast cancers, however, a
better prognosis than basal-type breast cancers (described below) (Sorlie et al., 2001).

Trastuzumab (Trastuzumab), a monoclonal antibody inhibitor of the HER2 receptor, has
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been clinically approved for the treatment of HER2+ breast cancer. Trastuzumab targets
HER?2 by binding to domain IV of the extracellular domain of the receptor and activates
immune effecter cells to the ErbB2-overexpressing tumor (Sliwkowski et al., 1999; Clynes et
al., 2000; Cho et al., 2003) The use of trastuzumab has significantly improved the disease-
free and overall survival rates for women with HER2+ breast cancer (Romond et al., 2005;
Smith et al., 2007). Recently, a dual HER2/EGFR inhibitor, lapatinib, was approved for the

treatment of HER2+ breast cancer (Ryan et al., 2008).

The final breast cancer sub-type is basal-type. These tumors represent approximately 15-
20% of all breast cancers and are defined by elevated expression of cytokeratin 5 and 17,
laminin, and fatty acid-binding protein 7, and lack of estrogen receptor expression (Perou et
al., 2000; Millikan et al., 2008). Although basal-type breast cancers do have a high
chemotherapy response rate (45%), they remain associated with the worst patient prognosis
(Sorlie et al., 2001; van de Rijn and Rubin, 2002; Rouzier et al., 2005; Fulford et al., 2006;
Laakso et al., 2006). Basal-type breast cancers tend to be triple-negative, in that they do not
express ER, progesterone receptor (PR), or HER2 [reviewed in (Seal and Chia, 2010)]. As
such, no targeted therapeutic has been approved for the treatment of this type of breast
cancer. Thus, the current standard of care for basal-type breast cancers is surgery with
radiation and/or chemotherapy [reviewed in (Chen and Russo, 2009)]. Taking into account
the decreased mortality rates after approval of targeted therapeutics for luminal and HER2
positive breast cancers, it would be advantageous to develop targeted therapeutics for basal-
type breast cancers, which, as mentioned before, are the worst breast cancers in terms of

prognosis.
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B. EGFR in breast cancer

HER?2 is probably the most widely known EGFR family member to be implicated in
breast cancer. Initially, HER2 was found to be closely related to the transforming oncogenes
neu and c-erb-B2 (Shih et al., 1981; Schechter et al., 1984; Coussens et al., 1985; Schechter
et al.,, 1985). Much like these oncogenes, over-expression of HER2 in transgenic mouse
models induces transformation in the mammary gland (Pierce et al., 1991; Guy et al., 1994b;
Eccles, 2001). It was later discovered that the HER2/neu oncogene was amplified in breast
cancer cell lines and tissue samples (King et al., 1985; Slamon et al., 1987). Specifically,
amplification of HER?2 is seen in 20-30% of all breast cancers and over-expression of HER2
correlates with poor clinical outcome (Slamon et al., 1987; Ross et al., 1998; Menard et al.,
2001). More recently, Perou and colleagues discovered that HER2-positive breast cancers
share a similar genetic profile (Perou et al., 2000). Due, in part, to the high level of HER2
expression, inhibitors to HER2, such as trastuzumab and lapatinib, have been developed.
These inhibitors increase patient survival by increasing the time to progression of HER2

positive breast cancers (Slamon and Pegram, 2001).

EGEFR is expressed in 14-91% of all breast cancers (Sainsbury et al., 1987; Klijn et al.,
1992; Ferrero et al., 2001; Tsutsui et al., 2002). This wide range is most likely due to the
myriad of techniques utilized to analyze breast cancer specimens for EGFR, including
autoradiography, immunohistochemistry, immunoezymatic assay, and gene transcript
analyses. There are conflicting data on the quality of EGFR expression as a prognostic
indicator in breast cancer (Rampaul et al., 2005). These conflicts are due to studies being
restricted based on small cohort size, short follow-up times, variable adjuvant therapies, and

differing detection methodologies. For example, in a study performed by Fox and colleagues
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370 patients were examined over a period of eighteen months. Utilizing a ligand-binding
assay to detect EGFR, no correlation was reported between EGFR expression and size, stage,
or grade of tumor. However, multivariate analysis of their data revealed EGFR as a
prognostic indicator for relapse-free survival (Fox and Das, 1979). A more recent study by
Tsuitsu and colleagues utilized immunohistochemistry to detect EGFR in 1029 cases of
breast cancer over forty-six months and found that EGFR was an independent prognostic
factor (Tsutsui et al., 2002). This study, as well as several other large studies, has shown that
EGFR over-expression is a negative prognostic variable in breast cancer (Bolla et al., 1990;
Toi et al., 1991; Jardines et al., 1993). More specifically, EGFR is over-expressed in 60% of

basal-type breast cancers (Livasy et al., 2006; Siziopikou and Cobleigh, 2007).

EGFR contributes to the normal development of the mammary gland and deregulation of
EGFR is a contributing factor for breast cancer (Hanahan and Weinberg, 2000; Harari et al.,
2007). Unlike brain and lung cancers (as described earlier), deregulation of EGFR through
activating mutations is rare in breast cancer (Rae et al., 2004; Weber et al., 2005). Genetic
amplification of EGFR occurs in approximately 6% of breast cancers (Kersting et al., 2004;
Bhargava et al., 2005; Milanezi et al., 2008), however; over-expression at the protein level
seems to be the primary mechanism by which EGFR becomes deregulated. Such over-
expression is controlled through transcriptional up-regulation and/or protein stabilization

(Fox and Harris, 1997).

Other mechanisms that result in deregulated EGFR signaling include increased ligand
expression and receptor crosstalk (Arteaga, 2002; Goswami et al., 2005; Milanezi et al.,
2008). Elevated ligand expression is one mechanism by which EGFR is deregulated in breast

cancer leading to the transformed phenotype. Specifically, over-expression of TGFa, an
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EGFR ligand, in transgenic mouse models leads to a hyperplastic phenotype, as well as
tumor formation in the mammary gland (Matsui et al., 1990; Sandgren et al., 1990; Sandgren
et al., 1995). TGFa promotes the growth of breast cancer cell lines, and is expressed at
higher levels in estrogen receptor negative breast cancers (Perroteau et al., 1986; Bates et al.,
1988; Salomon et al., 1990). Cross-breeding between TGFo and HER2 over-expressing mice
results in synergistic tumorigenesis due to increased EGFR transactivation of HER2 (Muller
et al., 1996). This particular EGFR ligand is expressed in 40-70% of primary and metastatic
breast tumors (Bates et al., 1988; Dublin et al., 1993; Murray et al., 1993; Ciardiello et al.,
1996). AREG is also expressed in breast cancer cell lines, although there is evidence that
ER-positive breast cancers express increased levels of AREG as compared to ER-negative
cell lines (Plowman et al., 1990). EGF is also upregulated in breast cancer cell lines where it
induces PI3K activity resulting in proliferation (Harris, 1989; Atalay et al., 2003). Receptor
crosstalk is also capable of inducing EGFR deregulation. G-protein coupled receptors
activate EGFR-dependent signaling. Specifically, Andreev and colleagues have utilized
genetic knockout models to show that c-Src and Pyk2 (another protein tyrosine kinase)
mediate activation of EGFR by G-protein coupled receptors leading to activation of MAPK
signaling (Andreev et al., 2001). c-Met-dependent activation of EGFR has also been noted in
breast cancer (Mueller et al., 2008; Mueller et al., 2010). In particular, c-Met is responsible
for EGFR-kinase independent phosphorylation of EGFR in breast cancer cells. Co-treatment
of these cells with EGFR and c-Met inhibitors resulted in abrogation of EGFR

phosphorylation and inhibition of breast cancer cell growth (Mueller et al., 2008).

EGFR expression is twice as frequent in ER/PR negative breast cancer than positive

(Klijn et al., 1992), and, in fact, cellular proliferation in estrogen receptor negative breast
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cancers is dependent on EGFR signaling (Biswas et al., 2001). When EGFR and estrogen
receptor are co-expressed, it is thought that the signaling pathways of these two molecules
may be intertwined. For example, EGFR activation results in phosphorylation and activation
of nuclear estrogen receptor. Also, plasma-membrane localized estrogen receptor is able to
hijack the EGFR signaling cascade for signal transduction (Levin, 2003). EGFR may also be
involved as a mechanism of resistance to endocrine therapy (Yarden et al., 1996; Yarden et
al., 2001). Specifically, estrogen-receptor positive breast cancer cell lines with acquired
resistance to tamoxifen, an estrogen receptor antagonist, have increased levels of EGFR and
HER?2 expression as compared to the parental cell line (McClelland et al., 2001; Knowlden et
al., 2003). Also, treatment naive breast cancers that have elevated EGFR and/or HER2
expression are more likely to be resistant to estrogen directed therapeutics as compared to
low expressing cells (Gee et al., 2001). As EGFR and HER2 are increased on tamoxifen
resistant breast cancers, lapatinib, a dual EGFR/HER?2 inhibitor (described earlier), has been

used in preclinical studies in an effort to overcome such resistance (Chu et al., 2005).

As described previously, both monoclonal antibodies and small molecule tyrosine kinase
inhibitors directed against EGFR have been designed and tested in clinical trials. In breast
cancer, however, the results have been less than hopeful. While lapatinib, a small molecule
was approved in 2007 in HER2 positive breast cancer in patients that have failed trastuzumab
therapy (Ciardiello et al., 1996; Geyer et al., 2006), lapatinib has failed to show efficacy in
HER2 negative breast cancers, including those of the basal sub-type (Finn et al., 2007; Di
Leo et al., 2008). The monoclonal antibody cetuximab has shown promise in vitro, however,
clinical trials combining cetuximab with chemotherapeutics have shown negative results

(Modi et al., 2006; Shiu et al., 2008; Burness et al., 2010). Other small molecule EGFR TKIs
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have been tested in clinical trial, however, most ER-negative breast cancers fail to respond to

EGFR-specific tyrosine kinase inhibitors [reviewed in (Atalay et al., 2003)].

C. c-Src in breast cancer

c-Src expression and activity are elevated in breast tumor tissue and cell lines as
compared to matched non-tumor tissue (Ottenhoff-Kalff et al., 1992; Verbeek et al., 1996;
Belsches-Jablonski et al., 2001; Reissig et al., 2001). Furthermore, inhibition of Src kinase
activity results in decreased proliferation, adhesion, and invasion of breast cancer cells in
vitro (Finn et al., 2007; Green et al., 2009). c-Src expression correlates with breast cancer
recurrence, and with poor clinical outcome (Aligayer et al., 2002; Wilson et al., 2006). c-Src
effectively promotes the mitogenic effects of estrogen (Shupnik, 2004), and as such, has been
implicated in the tumorigenic phenotype of estrogen receptor positive breast cancers (Herynk
et al., 2006). c-Src kinase activity is elevated in in vitro models of tamoxifen resistant breast
cancers, independent of its gene or protein level (Hiscox et al., 2006). In these tamoxifen
resistant cells, inhibition of c-Src kinase activity with a small molecule tyrosine kinase
inhibitor is sufficient to abrogate invasion and migration (Hiscox et al., 2006), suggesting a
role for c-Src in resistance to estrogen targeted therapies. c-Src has also been implicated in
the metastatic process in breast cancer. Kinase activity of c-Src is implicated in the highly
metastatic phenotype of HER2-type breast cancer [reviewed in (Kim et al., 2010)]. Also,
there is an established association between c-Src and metastases to the bone and other sites

(Myoui et al., 2003; Rucci et al., 2006; Jallal et al., 2007).

The interaction between EGFR and c-Src is apparent in breast cancer. As mentioned

earlier, co-overexpression of EGFR and c-Src occurs in a subset of human breast cancer cell
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lines and tumor tissues (Maa et al., 1995). The interaction between EGFR and c-Src induces
oncogenesis through increased EGFR signaling (Luttrell et al., 1988; Wilson et al., 1989;
Maa et al., 1995; Biscardi et al., 1998; Olayioye et al., 1999). Inhibition of c-Src kinase
activity reduces EGFR-mediated proliferation of breast cancer cells (Wilson et al., 1989;
Roche et al., 1995). c-Src also plays a role in transactivation of EGFR in breast cancer. For
example, activation of EGFR by urokinase-type plasminogen activator (uPA) is c-Src-

dependent, and leads to breast cancer invasion (Guerrero et al., 2004).

Due to the apparent role of c-Src in breast cancer growth, drug resistance, and metastasis,
tyrosine kinase inhibitors of c-Src are currently in clinical trial. Dasatinib, one such c-Src
tyrosine kinase inhibitor, is undergoing trials for basal-type breast cancers, as it is efficacious
in preclinical models (Finn et al., 2007; Huang et al., 2007). Also, as c-Src expression alone
is insufficient to cause transformation (Shalloway et al., 1984), c-Src inhibitors are also being
explored in combination therapies with HER family inhibitors, VEGF inhibitors, PDGFR
inhibitors, and chemotherapeutics (Boudny and Nakano, 2003; Griffiths et al., 2004; Hatake

et al., 2007).

D. Lipid rafts and breast cancer

Lipid rafts play a role in the growth and survival of breast cancer cells. Findings
from multiple studies have indicated a role for lipid rafts in the growth of estrogen receptor
positive breast cancer (Auricchio et al., 1996; Chambliss et al., 2000; Kelly and Levin, 2001;
Marquez et al., 2001; Razandi et al., 2002; Li et al., 2003; Song et al., 2004; Marquez et al.,
2006). Also, disruption of lipid rafts by cholesterol depletion results in increased sensitivity

to apoptotic stimuli due to a decrease in Akt signaling in breast cancer cells, as well as
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epidermoid carcinoma and prostate cancer cells (Li et al., 2006). Lipid rafts also play a role
in migration and metastasis in breast cancer. Manes and colleagues have shown a role for
lipid rafts in migration of breast adenocarcinoma cell lines. Specifically, the establishment of
front-rear polarity after growth factor stimulation, which is required for chemotaxis of cancer
cells, is dependent on lipid rafts (Manes et al., 1999). Furthermore, EGF-induced chemotaxis
(Liu et al., 2007), the formation of invadopodia, and extracellular matrix degradation by
breast cancer cell lines are lipid raft dependent (Yamaguchi et al., 2009). Together, these

results suggest a role for lipid rafts in metastasis of breast cancer.

Epidemiological data regarding the use of statins (reviewed earlier in this chapter) as
singular agents in breast cancer prevention or treatment are mixed (Beck et al., 2003; Cauley
et al., 2003; Kwan et al., 2008). However, in regards to breast cancer recurrence, the data on
post-diagnosis statin use are positive. Specifically, a 2007 study by Kwan and colleagues
found that starting lipophilic statin treatment after diagnosis resulted in a significant decrease

in the risk of breast cancer recurrence (Kwan et al., 2008).

Preclinical data for the use of statins as part of combinatorial therapies in breast cancer
has also gained support (Katz, 2005). For example, HER2, a member of the EGFR family of
receptor tyrosine kinases, is expressed in approximately 30% of breast cancer, and as such,
HER?2 has been an attractive therapeutic target in breast cancer (Slamon et al., 1987; Pierce et
al., 1991). However, the response rate for trastuzumab, a clinically approved HER?2
inhibitor, is only 34%, indicating de novo resistance to the therapeutic (Cardoso et al., 2002;
Vogel et al., 2002). HER2 has been demonstrated to localize to lipid rafts (Harder et al.,
1998b; Nagy et al., 1998; Nagy et al., 2002), and modulation of lipid rafts through fatty acid

synthase inhibition has been shown to act synergistically with trastuzumab in breast cancer
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cells (Menzo et al., 1993). These data suggest that statins may be an effective therapeutic

agent in breast cancer.

1.5 Significance

Breast cancer is currently one of the leading causes of cancer death amongst American
women. As described, breast cancer is subdivided into molecular sub-types by the genetic
signature of the tumor. Of those, basal-type breast cancers have the fewest treatment options.
Unlike luminal and HER2+ breast cancers, there are no currently approved targeted
therapeutics for basal-type breast cancers, therefore, cytotoxic chemotherapy regimens, along
with surgery and radiation, remains the standard of care. After the approvals of tamoxifen
and trastuzumab, the mortality rates of American women with breast cancer declined,
suggesting that approval of targeted therapeutics may be the key to lowering the rate of death
from breast cancer. Identification of a targeted therapy for basal-type breast cancers is
therefore of the utmost importance. Nearly 60% of basal-type breast cancers express the
EGFR. As such, EGFR may be an attractive therapeutic target in this cancer sub-type.
However, these breast cancers fail to respond to EGFR tyrosine kinase inhibition. Thus, the
work herein seeks to discover mechanisms of resistance to EGFR tyrosine kinase inhibition.
Levels of cholesterol rich lipid rafts are up-regulated in breast cancer cells as compared to
normal mammary epithelial cells. Depletion of cholesterol in breast cancer cells results in
increased sensitivity to apoptotic stimuli, suggesting that, due to this elevation breast cancer
cells are dependent on signaling within lipid rafts. In support of this idea, retrospective
studies of women with breast cancer found that women who took statins to lower cholesterol
saw a decrease in the recurrence of their cancer compared to women who did not take statins.

c-Src, a non-receptor tyrosine kinase, also localizes to these lipid rafts to promote signaling
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pathways. c-Src and EGFR interact in breast cancer, and their interaction has been
implicated in transformation and tumorigenesis. c-Src is capable of phosphorylating EGFR
on novel sites, which lead to increased association of signaling molecules with the receptor.
Thus, we hypothesized that the interaction of these two proteins within lipid rafts may

mediate resistance to EGFR tyrosine kinase inhibition in breast cancer cells.
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Chapter 2

2. Materials and Methods

2.1 Reagents - Gefitinib was provided by AstraZeneca (Wilmington, DE). All other reagents

were purchased from Sigma or VWR unless otherwise noted.

2.2 Cell lines - The SUM series of cell lines were obtained from Dr. Stephen Ethier (Wayne
State University/Karmanos Cancer Institute, Detroit, MI). The remaining cell lines were
purchased from ATCC (Manassas, VA). The growth conditions for each cell line are as
follows. SUM 52, SUM 149, SUM 159, SUM 185, SUM 225, and SUM 229 cells are grown
in 5%IH media (Ham’s F-12 media, supplemented with 5% FBS, 1pg/ml hydrocortisone, and
Spug/ml insulin). SUM 1315 cells are grown in 5%IE media (Ham’s F-12 media,
supplemented with 5% FBS, 10ng/ml EGF, and Spg/ml insulin). SUM 44 and SUM 190
cells are grown in SFIH media (Ham’s F-12 media, supplemented with 1pg/ml
hydrocortisone, Spug/ml insulin, SmM ethanolamine, 10mM HEPES, Sug/ml transferrin,
10nM triiodo-thyronine, SOuM sodium selenite, and 5% BSA). SUM 102 and MCF10A cells
are grown in SFIHE media (Ham’s F-12 media, supplemented with 1pg/ml hydrocortisone,
Spg/ml insulin, 10ng/ml EGF, 5SmM ethanolamine, 10mM HEPES, 5Sug/ml transferrin, 10nM
tritodo-thyronine, 50uM sodium selenite, and 5% BSA). MCF7, SKBr3, T47D, MDA-MB-
231 and MDA-MB-468 cells are grown in DMEM+10%FBS media (DMEM media,
supplemented with 10% FBS). BT-20 cells are grown in Eagles+NEAA media (Eagle’s
MEM with 2mM L-glutamine and Earle’s BSS adjusted to contain 1.5g/L sodium
bicarbonate, 0.1mM non-essential amino acids, 1mM sodium pyruvate, and 10% FBS). BT-

549 cells are grown in RPMI+L-GLUT(2mM) media (RPMI-1640, supplemented to contain
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1.5g/LL sodium bicarbonate, 4.5g/L glucose, 10mM HEPES, 1mM sodium pyruvate, 0.023
[U/ml insulin, and 10% FBS). HCC 1937 and HCC 1954 cells are grown in RPMI+L-GLUT
media (RPMI-1640 media with 2mM L-glutamine adjusted to contain 1.5g/L. sodium
bicarbonate, 4.5g/L glucose, 10mM HEPES, 1mM sodium pyruvate, and 10% FBS). The
SUM and HCC cells are cultured in 10% CO, and the remaining cells are cultured in 5%
CO,. All media are supplemented with 2.5 pg/ml amphotericin B and 25 pg/ml genatimycin.
Information regarding the isolation and estrogen or HER2 receptor status of these cell lines

can be found in Table 2.1.

2. 3 Immunoblotting — Breast cancer cell lines were plated at a density of 1X10° cells per

100-mm dish and grown for 48 h. Cells were treated with indicated reagents (1.0 uM
gefitinib for 30 min in serum free media, and/or 1 uM lovastatin 72 h, and/or 1.0 uM
dasatinib 2 h in serum free media). Media was aspirated, and then cells were washed in 1X
PBS containing 1 uM sodium orthovanadate. One milliliter of 1X PBS containing sodium
orthovanadate was again added, and cells were scrapped and placed into a conical. Cells
were pelleted by centrifugation, and then lysed in CHAPs lysis buffer [10 mM CHAPs, 50
mM Tris (pH 8.0), 150 mM NacCl, and 2 mM EDTA with 10 uM sodium orthovanadate and
Ix protease inhibitor cocktail]. Lysates were then centrifuged for 10 min at a speed of
18,000Xg at 4 degrees Celsius. Bradford protein assay was then performed. For
immunoblotting, 10 to 100 pg of protein lysate were separated by SDS-PAGE (200 V for 30
min) and transferred to Immobilon P. Membranes were blocked in either 5% nonfat dry milk
for 1 h at 25°C or overnight at 4°C (phospho-MAPK), or 5% BSA overnight at 4°C
(phospho-SrcY416). Membranes were probed with EGFR (Cell Signaling Technology,

Danvers, MA, 1:1000), Akt (Cell Signaling Technology, Danvers, MA, 1:1000), MAPK
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HER2

Cell Line Isolation ER Status References
Status
HMEC Primary
Immortalized
MCF10A normal mammary (Soule et al., 1990)
cell line
SUM 44 Pleural effusion + + (Forozan et al., 1999)
SUM 52 Pleural effusion - + (Turner et al., 1993; Forozan et al., 1999)
Intraductal (Forozan et al., 1999; Bertucci et al., 2005;
SUM 102 carcinoma - - Anders and Carey, 2008)
Invasive ductal
SUM 149 carcinoma - - (Forozan et al., 1999; Bertucci et al., 2005)
(inflammatory)
SUM 159 Anaplastlc - - (Forozan et al., 1999)
carcinoma
SUM 185 Pleural effusion - + (Forozan et al., 1999; Zhou et al., 2004)
Invasive ductal
SUM 190 Carcinoma + + (Forozan et al., 1999)
(inflammatory)
Chest wall
SUM 225 recurrenge of - + (Forozan et al., 1999)
ductal carcinoma
in situ
SUM 229 Pleural effusion - - (Forozan et al., 1999)
Skin metastasis
SUM 1315 of infiltrating - + (Forozan et al., 1999)
ductal carcinoma
. (Soule et al., 1973; Levenson and Jordan,
MCF7 Pleural effusion + - 1997; Ross and Fletcher, 1998)
. (Keydar et al., 1979; Judge and
T47D Pleural effusion + - Chatterton, 1983)
BT 20 Carcinoma - - (Keyomarsi and Pardee, 1993)
I -
BT 474 nva51Ye ductal + + (Lasfargues et al., 1978)
carcinoma
BT 549 Invas1\.le ductal - - (Lasfargues et al., 1978)
carcinoma
SKBR3 Pleural effusion - + (Trempe, 1976)
HCC 1937 Primary ductal - _ (Gazdar et al., 1998; Tomlinson et al.,
carcinoma 1998)
I i -
HCC 1954 nva51Ye ductal + (Gazdar et al., 1998)
carcinoma
MDA-MB 231 Pleural effusion - - (Cruciger et al., 1976)
MDA-MB 468 | Pleural effusion - - (Cailleau et al., 1978)

Table 2.1: Isolation properties and estrogen receptor/HER2 receptor status of cell lines

used.
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(Cell Signaling Technology Danvers, MA, 1:500), phospho-Akt (Ser473; Cell Signaling
Technology, Danvers, MA, 1:2000), phospho-ERK1/2 (MAPK) (Invitrogen, Carlsbad, CA,
1:500), phospho-SrcY416 (Cell Signaling Technology, Danvers, MA, 1:1000), c-Src (Cell
Signaling Technology, Danvers, MA, 1:500), transferrin receptor (Invitrogen, Carlsbad, CA,
1:2000), or flotillin (BD Biosciences, San Jose, CA, 1:1000) antibodies. All antibodies were
incubated overnight at 4°C, except for phospho-MAPK and phospho-SrcY416 (2 h at room
temperature). Membranes were washed with TBS + 0.1% Tween 20 three times for 10 min,
followed by incubation with corresponding secondary antibody and another series of three
washes. Incubation with enhanced chemiluminescence (GE Healthcare Buckinghamshire,
UK) was followed by exposure to film. Experiments were repeated at least three times and

quantified using densitometry (NIH Image).

2.4 In vitro kinase assays — Under normal growth conditions, 1 million cells were grown for

48 h. Cells were washed in 2X in PBS and lysed in solubilization buffer (50 mM HEPES, pH
7.5, 10% glycerol, 0.5% Triton X-100, 1.5 mM MgCl,, 1 mM EGTA, 1 mM PMSF, 50
ug/ml aprotinin, and 400 nM vanadate). Lysates were cleared by centrifugation, quantified,
and 0.5 mg of protein was immunoprecipitated using EGFR antibodies (mab108, M. Weber,
University of Virginia, Charlottesville, VA). Antibody bound proteins were collected using
40 ul protein A beads (Upstate Biotechnology, Lake Placid, NY) and washed three times in
HTG buffer (20 mM HEPES, pH 7.5, 0.1% Triton X-100, and 10% glycerol). For the kinase
assay, 40 ul HTG buffer, 4 pul MnCl, (of 100 mM stock), and 10 pCi **P-yATP were
incubated with the immunoprecipitates for 10 min at 30°C. The beads were pelleted and the
supernatant removed and discarded. The beads were washed twice with solubilization buffer

and once with PBS. 40 ul of sample buffer was added to the pellets, the samples were boiled,
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and proteins were separated using 7.5% SDS-PAGE. The gels were dried and exposed to

film. Each experiment was repeated at least three times.

2.5 ShRNA downregulation of EGFR - To downregulate EGFR expression we utilized 21

EGFR-directed shRNA lentiviral constructs from OpenBiosystems (TRCNO0000039633,
TRCN0000039634, TRCNO0000039635, TRCN0000039636, TRCN0000039637,
TRCN0000010329, TRCN0000121067, TRCNO0000121068, TRCNO0000121069,
TRCN0000121070, TRCNO0000121071, TRCN0000121202, TRCN0000121203,
TRCN0000121204, TRCN0000121205, TRCN0000121206, TRCN0000121327,
TRCN0000121328, TRCN0000121329, TRCN0000121330, TRCNO0000121331 ). Three
constructs were chosen based on their specific reduction in EGFR expression in our cell
models. Specifically, EGFR shRNA #1 = TRCN0000121071
(CCGGCCGTGGCTTGCATTGATAGAACTCGAGTTCTATCAATGCAAGCCACGGTT

TTTG), EGFR shRNA #2 = TRCNO0000121329
(CCGGCAGCATGTCAAGATCACAGATCTCGAGATCTGTGATCTTGACATGCTGTT

TTTG), and EGFR shRNA #3 = TRCN0000121204
(CCGGCCTCCAGAGGATGTTCAATAACTCGAGTTATTGAACATCCTCTGGAGGTT

TTTG) showed pertinent effects in our model system. The lentiviruses were packaged using
a third generation lentiviral packaging system developed by Didier Trono and colleagues
(Lausanne, Switzerland) and purchased from Addgene (Dull et al., 1998). Specifically,
Addgene plasmids pMLDg/pRRE (12251), pRSV-Rev (12253), and pMD2.G (12259) were
transfected into HEK293T cells with the lentiviral vectors containing the shRNAs using
FUGENES6 (Roche). Cellular supernatant was collected on days 2 and 3 after transfection,

pooled, and filtered. The lentivirus was titered using HEK293T cells in a 24-well plate,
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incubated with increasing volumes (10 to 100 pl) of virus with 8 pg/ml polybrene and
selected for via the puromycin selection on the lentiviral vector (I pg/ml puromycin).
Colonies were visualized and used to compare viral preps and between viruses for consistent
titers used in experiments. To determine the efficacy of EGFR downregulation in breast
cancer cells, equal multiplicity of infection (MOI) of EGFR shRNA virus (or a non-silencing
control) was added to the indicated cells in the presence of 8 pg/mL polybrene. Four days
later, cell lysates were prepared, separated by SDS-PAGE, and immunoblotted using EGFR
antibodies as described above. EGFR was considered knocked down if the densitometric
values of at least three experiments demonstrated at least a 50% reduction of EGFR protein

expression.

To determine if EGFR downregulation affects cell proliferation in breast cancer cells, the
indicated cells were incubated with equal MOI of virus and allowed to proliferate for three
days. 1 pug/ml of puromycin was then added to media to select for cells that contain the
lentivirus and cells were allowed to proliferate for an additional eight days. The number of
cells was quantified using a Beckman Coulter Counter. Briefly, media was aspirated and
plates were washed with 1 ml 1X PBS. Cells were then incubated with 500 pL
Hepes:MgCl2 solution (0.01 M Hepes, 0.015 M MgCl, for five minutes, followed by 75 puL
ZAP (Ethyl hexadecyldimethylammonium bromide) for 10 min. This solution was then
added to 9.5 mL of isoton solution and counted using a coulter counter. Each experiment
was repeated at least three times with the following control conditions: no puromycin added
to the cells, no viral infection with puromycin selection, and non-silencing control with
puromycin selection. The percent of cell growth was determined by using the non-silencing

control with puromycin selection as 100% cell growth.
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2.6 Immunostaining - Anti-EGFR (mab108) was labeled with Alexa-fluor-488 (Invitrogen,

Carlsbad, CA) and Anti-Src (2-17, S. Parsons, University of Virginia, Charlottesville, VA)
was labeled with Alexa-flour-594 (Invitrogen, Carlsbad, CA) utilizing Alexa-fluor labeling
kits. Cells were plated onto coverslips at a density of 1.5X10° cells per 35mm dish and
grown for 48 h. For lipid raft staining, media was aspirated, cells were washed with 1X PBS
once, and then incubated with Alexa-fluor-594 labeled cholera toxin subunit B (Invitrogen,
Carlsbad, CA) at 1 pg/ml for 10 min on ice prior to fixation (Roepstorff et al., 2002; Liu et
al., 2007). Cells were then washed three times in 1X PBS (washed), fixed with formalin for
20 min at room temperature, washed, permeabilized with 0.1 % Triton-x 100 (if applicable)
for 2 min on ice, washed, blocked in 20% goat serum for 1 h at room temperature, then
incubated with EGFR (Alexa-fluor labeled) or c-Src (2-17 unlabeled for lipid raft staining,
594 labeled for EGFR co-staining) antibody for 1 h (followed by corresponding Alexa-fluor
594 secondary antibody if necessary), washed, quickly washed once in deionized water, and
then mounted onto slides with Prolong Gold containing DAPI (Invitrogen, Carlsbad, CA).
Imaging was performed via confocal microscopy using a Zeiss Axioplan2 apotome
microscope fitted with a 63X 1.25 oil immersion lens at the Microscopy and Imaging

Resources Laboratory (Wayne State University, Detroit, MI).

2.7 Biochemical Raft Isolation - Biochemical lipid raft isolation was adapted from

established protocols (Macdonald and Pike, 2005). Briefly, cells were plated at a density of
0.5X10° cells in six-100 mm plates for 72 h. Media was aspirated, and then cells were
scraped in base buffer [20 mM Tris, pH 7.8, 250 mM Sucrose, 1 mM MgCl,, 1 mM CaCl,,
100 uM sodium orthovanadate], centrifuged at 250Xg at four degrees to pellet cells and lysed

in base buffer containing 1X protease inhibitor cocktail (EMD Biosciences, Gibbstown, NJ)
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by passing through a 22 gauge X 1.5” needle 40 times. Lysates were centrifuged for 10 min
at four degrees and 1000Xg, and the first and second post-nuclear supernatants were
combined and frozen at -20°C. This freezing step was required for reproducibility of results,
as without it the isolation was never repeatable. Samples were thawed and combined with
equal volume of 50% Opti-Prep (Greiner Bio One, Monroe, NC) and 0-20% Opti-Prep
gradient was applied. Gradients were centrifuged for 90 min at 52,000Xg and then
fractionated into 16 - 0.56 mL fractions from the top of the tube. Fractions were separated
via SDS-PAGE, transferred to Immobolin-P (Millipore, Billerica, MA), and immunoblotted
utilizing antibodies described above. Fractions were dot blotted with Cholera Toxin Subunit
B-HRP (Invitrogen, Carlsbad, CA) to determine GM-1 expression. Incubation with
enhanced chemiluminescence (GE Healthcare, Buckinghamshire, UK) was followed by
exposure to film. Experiments were repeated at least three times and quantified using

densitometry (NIH Image).

2.8 Immunoprecipitation — Five hundred micrograms of whole cell lysates (as collected for

immunoblotting) or two hundred microliters of each lipid raft fractionation (1-7) were pooled
and immunoprecipitated with 10 pg of EGFR antibody (mab108) or 10 pg c-Src antibody (2-
17) for 1 h at 4°C. Forty microliters of a 50% slurry of protein A agarose beads were added
for 30 min. Samples were then pelleted and washed three times in CHAPs lysis buffer, then
25 pL 2X Lamelli buffer was added, and samples were boiled for 5 min. Samples were
subjected to SDS-PAGE followed by immunoblotting for EGFR and c-Src. Whole cell
lysates were utilized as a migration control. Immunoprecipitation with 10 pug mouse IgG

antibody served as a negative control.
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2.9 Cholesterol Assay — SUM159 breast cancer cells were plated at a density of 0.5X10* cells

per well of a 6-well plate then treated with 1 mM methyl-beta cyclodextrin (MBCD 1 h), 1
uM gefitinib (72 h), 1 uM lovastatin (72 h), 1 uM atorvastatin (LC Laboratories, Woburn,
MA; 72 h), or 0.5 uM NB-598 (72 h). Cells were then lysed in CHAPS lysis buffer [10 mM
CHAPs, 50 mM Tris (pH 8.0), 150 mM NaCl, and 2 mM EDTA with 10 uM sodium
orthovanadate and 1x protease inhibitor cocktail] and Bradford protein assay (Bio-Rad,
Hercules, CA) was performed. Cholesterol was measured utilizing the Amplex Red
cholesterol assay kit (Invitrogen, Carlsbad, CA). Briefly, 5 ul of sample was diluted into 45
ul 1X reaction buffer and 50 ul Amplex Red buffer [2 U/mL horse radish peroxidase, 2
U/mL cholesterol oxidase and 0.2 U/mL cholesterol esterase] was added in a 96-well plate.
Reactions were incubated at 37°C for 30 min to allow for production of hydrogen peroxide
due to the reaction of cholesterol esterase and oxidase with cholesterol in the samples. The
Amplex Red buffer changes fluorescent color upon exposure to hydrogen peroxide, thus
excitation was performed at 540/525nm and emission measured at 620/640nm utilizing filters
of a Synergy 2 Multi-Mode Microplate Reader (BioTek, Winooski, VT) to measure the
amount of hydrogen peroxide produced in the samples. Emission readings were averaged

and compared to a cholesterol standard curve, then normalized for protein content.

2.10 Growth Assays — Cells were plated at a density of 3.5X10%cells per well in 6-well plates

on day 0. Every other day starting on day 1, cells were treated with 1 uM gefitinib, 1 uM
lovastatin (EMD Biosciences, Gibbstown, NJ), or increasing doses of dasatinib alone or in
combination. On days 1, 4 and 8, cells were counted with a Coulter counter (Beckman
Coulter, Brea, CA). Briefly, media was aspirated and plates were washed with 1 ml 1X PBS.

Cells were then incubated with 500 uL Hepes:MgCl, solution (0.01 M Hepes, 0.015 M
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MgCl, for five minutes, followed by 75 uL ZAP (Ethyl hexadecyldimethylammonium
bromide) for 10 min. This solution was then added to 9.5 mL of isoton solution and counted
using a coulter counter. Graphs represent the mean of three individual experiments

performed in triplicate.

2.11 MTS Assays — Breast cancer cells were plated at a density of 1-2X10” in 96-well plates,

incubated overnight, and then treated with 0.001-100 uM lovastatin, NB-598, dasatinib,
and/or gefitinib for 72 h. Twenty microliters of CellTiter 96 Aqueous One Solution Cell
Proliferation Assay reagent (Promega, Madison, WI) were added to each well and allowed to
incubate at 37°C. Absorbance at 490nm was detected at 2 h using a OpsysMR microplate
reader (Dynex, Chantilly, VA). Absorbance units were normalized to the mean of a single
dose to compare between experiments. Dose response curves were generated using non-
linear sigmoidal dose response curve analyses in GraphPad Prism 4. ICsy values were
calculated and plotted on isobolograms. The ICsg of the primary drug alone was plotted on
the y-axis and the ICs of the secondary drug was plotted on the x-axis. The line of additivity
was drawn between them. ICs, values of the primary drug were calculated at various doses
of the secondary drug and plotted on the graph. Points in the graph represent a mean of three
independent experiments performed in triplicate. Data points below the line of additivity

were considered synergistic.

2.12 Statistics — Student’s t-test was performed utilizing the statistical software in GraphPad
Prism 4. P-values of <0.05 were considered statistically significant. To perform synergy
analyses, the ICsy gefitinib was calculated for each dose of lovastatin. The combination
index (Cl-value) was calculated as follows: (ICsy gefitinib at X dose lovastatin)/(ICsg

gefitinib alone) + (dose of lovastatin)/(ICsy lovastatin alone).
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Chapter 3

3.1 Introduction

Epidermal growth factor receptor (EGFR) is a receptor tyrosine kinase whose function
has been implicated in many biological processes. When activated, EGFR stimulates
signaling pathways involved in cell growth, survival, and migration. While EGFR contains
activating mutations in glioblastomas and lung cancer, overexpression is the primary
mechanism by which EGFR contributes to breast cancer growth and progression (Wong et
al., 1992; Paez et al., 2004). EGFR overexpression occurs in approximately 30% of all breast
cancers and correlates with poor clinical prognosis (Sainsbury et al., 1987; Bolla et al., 1990;
Toi et al., 1991). Several small molecule tyrosine kinase inhibitors (TKIs) targeting EGFR
have been tested in clinical trials with some success in lung and colon cancers. While EGFR
TKIs have shown some clinical efficacy in hormone receptor-positive breast cancer
(Polychronis et al., 2005; Guix et al., 2008; Cristofanilli et al., 2010), EGFR TKIs lack
efficacy in hormone receptor-negative breast cancer (Blagosklonny and Darzynkiewicz,

2003).

The sub-cellular localization of EGFR determines the signaling pathways stimulated by
EGFR activation. In fact, EGFR promotes differential signaling depending on receptor
localization to endosomes, at the mitochondria, within the nucleus, or on the plasma
membrane. Specifically, EGFR localization to endosomes results in ligand-dependent
activation of extracellular signal-regulated kinase (ERK) and p38 mitogen-activated protein
kinase (MAPK) pathways (Sadowski et al., 2009), while mitochondrial localization of EGFR

has been implicated in modification of cytochrome c oxidase subunit II activity (Boerner et
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al., 2004). Also, EGFR localizes to the nucleus where it may act as a transcription factor
(Lin et al., 2001). Perhaps the most well known localization of EGFR is to the plasma
membrane, where it modulates both MAPK and Akt signaling pathways [reviewed in

(Bianco et al., 2007)].

The plasma membrane contains discrete heterogeneous microdomains (Maa et al., 1995).
These microdomains are less fluid than the surrounding bulk plasma membrane, and are
enriched in cholesterol, sphingolipids, and gangliosides. They have been termed lipid rafts,
and act as platforms for cellular signaling (Simons and Ikonen, 1997). Levels of lipid rafts
are increased in melanomas, prostate, and breast cancer cell lines as compared to normal cell
lines, which suggests that these structures play a functional role during tumorigenesis
(Hazarika et al., 2004; Li et al., 2006). EGFR is one of many proteins shown to exist within
lipid rafts, but the effect of EGFR localization to lipid rafts is not well understood. While it
has been noted that lipid raft localization of EGFR inhibits ligand binding and subsequent
signaling downstream (Chen and Resh, 2002; Roepstorff et al., 2002), other studies have

shown that lipid rafts promote EGFR signaling (Zhuang et al., 2002; Peres et al., 2003).

In this chapter, we have found that lipid raft localization of EGFR plays a role in the
response of breast cancer cell lines to EGFR TKI-induced growth inhibition. Specifically,
EGFR localization to lipid rafts correlated with EGFR TKI resistance. In addition, reduction
of cholesterol from lipid rafts sensitized resistant breast cancer cells to the EGFR TKI
gefitinib. Significantly, the effects of cholesterol biosynthesis inhibitors and gefitinib were
synergistic. Interestingly, while gefitinib abrogated both Akt and MAPK phosphorylation in
EGFR TKI sensitive cells, Akt remained phosphorylated in EGFR TKI resistant cell lines.

Lovastatin was sufficient to diminish this phosphorylation. Thus, our data suggest that lipid
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rafts provide a platform for EGFR-kinase independent activation of Akt in EGFR TKI

resistant cell lines.

3.2 Results

A. Resistance of EGFR expressing breast cancer cell lines to EGFR TKIs

The lack of clinical response of breast cancers to EGFR TKIs prevents the use of an
excellent targeted agent for the treatment of this disease. To study mechanisms of resistance
to EGFR TKIs in breast cancer, we characterized a panel of twenty breast cancer cell lines
for EGFR protein expression (Fig. 3.1A). Thirteen of the cell lines analyzed expressed
EGFR protein. Interestingly, in twelve of the thirteen EGFR expressing cell lines, EGFR
was kinase active under normal growth conditions (Fig. 3.1B). To determine the response of
these twelve cell lines to the EGFR TKI gefitinib, we treated the cells with increasing doses
of gefitinib, an EGFR TKI, and measured cellular proliferation over time (Table 3.1, Fig.
3.2). These experiments identified seven EGFR TKI resistant cell lines: SUM159, SUM229,
BT20, BT549, HCC1937, MDA-MB231, and MDA-MB468 (Fig 3.2B). Breast cancer cells
resistant to gefitinib-induced growth inhibition were also shown to be resistant to other
EGEFR selective TKIs, including the irreversible inhibitor CI-1033 (data not shown). Others
have found similar patterns of sensitivity and resistance to EGFR inhibitors in breast cancer

cell lines (Helfrich et al., 2006).

In order to determine if gefitinib effectively inhibits EGFR kinase activity in these breast
cancer cells in vitro kinase assays were performed. We have previously published that 0.1
UM gefitinib completely abrogates EGFR kinase activity as measured by *’P incorporation

into EGFR via autophosphorylation (Mueller et al., 2008). Interestingly, we found that in
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Figure 3.1 EGFR is expressed and kinase active in breast cancer. Breast cancer cell lines were grown
under normal growth conditions. (A) Cells were lysed and 100 pg of lysate was separated by SDS-PAGE,
transferred to PVDF, and immunoblotted with EGFR or B-actin antibodies. Immunoblots were repeated at
least three times. (B) Cells were lysed in kinase-buffer and immunoprecipitated with EGFR antibodies.
Kinase assays were performed with 3?P-yATP incorporated into EGFR as the substrate for EGFR kinase
activity. (C) Kinase assays were performed as described after indicated treatment times and doses of
gefitinib in SUM 229 cells. {These experiments were performed by Julie Boerner, PhD}
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Figure 3.2 Seven of thirteen EGFR expressing breast cancer cell lines are resistant to EGFR TKI
induced growth inhibition. Cellular proliferation assays were performed in the presence of increasing
doses of gefitinib for eight days. Cell counts were taken on days 1, 4, and 8. Error bars represent the
standard error of the mean. Proliferation assays were performed in triplicate and repeated at least three
times. (A) Sensitive cells (B) Resistant cells. {These experiments were performed by Julie Boerner, PhD}
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Cell Line Gefitinib Sensitivity
SUM 102 Sensitive
SUM 149 Sensitive
SUM 159 Resistant
SUM 229 Resistant
SUM 1315 Sensitive
BT20 Resistant
BT549 Resistant
SKBR3 Sensitive
HCC1937 Resistant
HCC 1954 Sensitive
MDA-MB 231 | Resistant
MDA-MB 468 | Resistant
H3255 Sensitive
H1650 Resistant

Table 3.1: Breast cancer cell lines differ in their sensitivity to EGFR TKIs.
Proliferation of breast cancer cell lines in the presence of increasing doses of gefitinib
was determined as described for Figure 3.2. Sensitive cell lines are those where less
than 1 uM inhibited proliferation, while resistant (bold) cells lines are those that
continued proliferation in the presence of 1 uM gefitinib.
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five of the seven EGFR TKI resistant breast cancer cells, tyrosine phosphorylation was
maintained in the absence of EGFR kinase activity which we have evidence to support occurs
via transphosphorylation by other activated tyrosine kinases (Mueller et al., 2008). Here, we
added to these findings by determining the minimal dose and time of gefitinib required to
completely inhibit EGFR kinase activity (Fig. 3.1C).  We found that as little as 10 nM
gefitinib for five minutes was sufficient to deplete EGFR kinase activity in these cells.
Therefore, EGFR kinase activity was successfully inhibited by the doses of gefitinib utilized

in these studies in both EGFR TKI sensitive and resistant cell lines.

Although EGFR kinase activity is not required for the growth of EGFR TKI resistant cell
lines, the previously described maintenance of EGFR phosphorylation in the absence of
kinase activity (Mueller et al., 2008) suggests that the protein itself may still be required for
proliferation. Thus, to directly determine if proliferation of EGFR TKI resistant cells
requires EGFR protein expression, we used EGFR-targeting shRNA lentiviral infection to
down-regulate EGFR protein expression. Twenty-one EGFR shRNA constructs were
screened for efficiency of knocking down EGFR expression, as measured by
immunoblotting. Three EGFR shRNA constructs consistently decreased EGFR protein
expression (Fig. 3.3A). Construct three gave the best knockdown, as there was at least a 50%
reduction in EGFR protein of all cell lines tested when compared to the non-silencing sShARNA
control. In order to determine if knockdown of EGFR was sustained over the period utilized
to conduct growth assays, SUM159 and SUM229 cells were infected with EGFR shRNA,
and grown with puromycin selection for two weeks. As seen in Figure 3.3B, EGFR protein
expression remained reduced at two weeks in both cell lines, demonstrating that EGFR #3

shRNA sufficiently knocks down EGFR expression over the time period necessary for
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Figure 3.3: EGFR protein expression is required for growth in four of seven EGFR TKI
resistant breast cancer cell lines. (A) Cells were incubated with equal MOI of virus for four
days, lysed, separated by SDS-PAGE, and immunoblotted for EGFR and B-actin. (B) SUM 159
and SUM 229 cells were grown under selection pressure for two weeks post-infection, then lysed,
separated by SDS-PAGE, and immunoblotted for EGFR (C) Cells were plated at 1,000 cells/well
of a 6-well plate and inoculated with EGFR shRNA #3 lentivirus or non-silencing control
lentivirus. Three days later, the media was changed to puromycin containing media for eight days.
Cells were then counted using a Beckman Coulter Counter. Experiments were performed at least
three times with the error bars representing the standard error of the mean. Statistical analyses
were performed utilizing Student’s t-test, * = p>0.05. {These experiments were performed by Julie
Boerner, PhD}
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growth assays to be performed. Additionally, SUM44 cells, which do not express EGFR
(Fig. 3.1A) were utilized as a negative control, and HCC1954 cells which are sensitive to
EGFR TKIs (Table 3.1, Figure 3.2A) were utilized as a positive control. Notably, BT549,
MDA-MB231, and MDA-MB468 cells continued to grow after a decrease in EGFR protein
expression (Fig. 3.3C). This non-dependence on EGFR protein expression in these three
cells lines may be a result of genetic alterations in signaling proteins downstream of EGFR.
For example, MDA-MB-468 and BT549 cells have lost PTEN expression and MDA-MB-231
cells contain an activating K-Ras mutation (Hollestelle et al., 2007). Conversely, in
SUM159, HCC1937, SUM229, and BT20 breast cancer cell lines, knocking down EGFR
expression significantly decreased proliferation, suggesting that EGFR protein expression is

at least in part required for the growth of these cell lines (Fig. 3.3C, * = p<0.05).

Previous studies have shown that EGFR localization can modulate EGFR signaling (Lin
et al., 2001; Chen and Resh, 2002; Zhuang et al., 2002; Boerner et al., 2004; Li et al., 2006).
Thus, to determine if the localization of EGFR was mediating the response of cells to EGFR
TKIs, immunostaining and confocal microscopy were performed. Cells were stained with
Alexa-Fluor 488-labeled EGFR antibodies (Fig. 3.4; green) and DAPI as a nuclear dye
(blue). In two EGFR TKI sensitive cell lines (SKBr3 and SUM1315), EGFR localized
entirely within intracellular compartments and the cytosol. However, in two other EGFR
TKI sensitive cell lines (SUM149 and HCC1954), as well as all four EGFR TKI resistant cell
lines, EGFR localized both within intracellular regions and at the plasma membrane.
Interestingly, EGFR staining was not always contiguous around the membrane. The patchy
nature of the staining, most prominent in SUM159 cells (Fig. 3.4; arrows), suggested that

EGFR may localize to lipid rafts (Harder et al., 1998b; Grossmann et al., 2006). EGFR has
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Figure 3.4: EGFR is localized to the plasma membrane in breast cancer cell lines. For each cell line,
two hundred thousand cells were plated onto coverslips and cultured under normal growth conditions for 48
h. Cells were fixed, permeabilized, and blocked with 20% goat serum. EGFR was detected with Alexa-
fluor 488 labeled EGFR antibody (green) and nuclei were identified with DAPI (blue). Imaging was
performed using Zeiss Axioplan2 apotome microscope fitted with a 63X 1.25 oil immersion lens at the
Microscopy and Imaging Resources Laboratory (Wayne State University, Detroit, MI). Arrows indicate
patchy EGFR staining. Scale bars represent a distance of 50 pm.
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been shown to localize within lipid rafts in Hela and CHO cells (Macdonald and Pike, 2005;
Pike, 2005). In order to determine if EGFR was localized to lipid rafts in breast cancer cells,
we used two methods of identifying these structures: biochemical raft isolation and confocal
microscopy. First, a detergent-free Opti-Prep gradient was used to isolate lipid rafts (adapted
from (Macdonald and Pike, 2005)). Flotillin, a membrane protein found both within and
outside of lipid rafts, was used to show presence of membrane components within all
fractions, while transferrin receptor was used as a marker for non-raft containing fractions.
These markers, along with dot blotting for the lipid raft specific glycosphingolipid GM-1
(Fig. 3.5A) indicated fractions 1-7 as lipid raft fractions. When these fractions were
immunoblotted using EGFR antibodies, EGFR localization to the lipid raft fractions was
most prominent in the EGFR TKI resistant cell lines (Fig. 3.5A). As SKBR3 and SUM1315
cell lines showed solely intracellular EGFR staining, these cell lines were excluded from
lipid raft analyses. Quantification of the percent of total EGFR that was present in the lipid
raft fractions found that the four EGFR TKI resistant breast cancer cell lines contained
significantly more EGFR within lipid rafts as compared to the average EGFR content within
lipid rafts of two EGFR TKI sensitive cell lines, SUM149 and HCC1954 (Fig. 3.5B, * =p <
0.05). Taken together, these data suggest that elevated EGFR localization to lipid rafts may

correlate with resistance to EGFR TKI-induced growth inhibition.

While lipid rafts are predominately found within the plasma membrane, there is evidence
that they are also present in endosomes, lysosomes, and mitochondria (Galbiati et al., 2001).
To determine if EGFR localized specifically within plasma membrane lipid rafts, we used
immunofluorescent staining under non-permeabilizing conditions. Cholera toxin subunit B

binds specifically to GM-1 and was used to detect localization of lipid rafts and EGFR was



A Lipid Raft Fractions EGFR 88
1 2 3 2 5 6 7 8 9 10111213141516 B
b s K SUM 149 e
, ‘ *
HCC 1954 =% * *
3 *
SUM 159 2
o
HCC 1937 & a0
SUM 229 £
BT20 s -
¢
TfR* 10
0 T T
SUM 149 HCC 1954 SUM 159 HCC 1937 SUM 229 BT20
GM-1 Dot Blot*

C SUM 149 SUM 159 HCC 1937

HCC 1954

Figure 3.5: EGFR localization to lipid rafts correlates with EGFR TKI resistance (A) One half
million cells were plated, cultured 72 h, detergent-free lysis was performed and lipid rafts were
separated by ultracentrifugation [23]. Western blotting was performed with EGFR, transferrin
receptor, and flotillin antibodies. Fractions were dot blotted for GM-1 utilizing cholera toxin
subunit B-HRP. Fractions 1-7 indicate lipid raft fractions. # indicates that the blots are
representative. (B) Densitometry was performed on western blots from A. Bars represent the
percent of EGFR in lipid raft fractions (1-7) as compared to the total amount of EGFR present (1-
14) from at least three independent experiments. Statistical analyses were performed utilizing a
student's t-test, * = p<0.05 compared to SUM149 and HCC1954 cells. (C) Two hundred thousand
cells were plated onto coverslips and cultured for 48 h. Coverslips containing cells were then
incubated with Alexa-fluor 594 labeled cholera toxin subunit B (red) for 10 min on ice. Following
incubation, cells were fixed, blocked in 20% goat serum, and incubated with immunofluorescent
EGFR antibodies (extracellular domain epitope, green) and nuclei were stained with DAPI (blue).
Imaging was performed using Zeiss Axioplan2 apotome microscope fitted with a 63X 1.25 oil
immersion lens at the Microscopy and Imaging Resources Laboratory (Wayne State University,
Detroit, MI). Arrows indicate areas of co-localization. Scale bars represent a distance of 50 um.
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detected as described above. In the EGFR TKI resistant cell lines (SUM159, HCC1937,
SUM?229, and BT20), EGFR (green) co-localized (yellow/orange) with GM-1 (red) at the
plasma membrane (Fig. 3.5C; arrows). In contrast, in the EGFR TKI sensitive cell lines
(SUM149 and HCC1954), EGFR and GM-1 did not co-localize (Fig. 3.5C). These data
suggested that EGFR localizes within plasma membrane lipid rafts in breast cancer cells that

are resistant to EGFR TKI-induced growth inhibition.

B. Disruption of lipid rafts sensitizes breast cancer cells to EGFR inhibitors

Cholesterol is the primary structural component of lipid rafts [reviewed in (Barenholz,
2002)], thus, to determine if the presence of EGFR in lipid rafts mediates cellular response to
EGFR TKIs, we pharmacologically depleted cholesterol from the cells. HMG CoA-
reductase inhibitors lovastatin and atorvastatin were used to reduce lipid raft cholesterol
content [reviewed in (Simons and Toomre, 2000)]. The Amplex Red cholesterol assay,
which determines total cellular cholesterol content by measuring the amount of H,0O,
produced by the reaction of cholesterol in the sample with cholesterol oxidase and
cholesterol esterase enzymes, was utilized to determine the ability of these drugs to reduce
cellular cholesterol (Fig. 3.6). Methyl-beta cyclodextrin (MBCD), a cytotoxic cholesterol
sequestering agent, reduced cholesterol by 41.5% +/- 8.1%, and was therefore used as a
positive control for these experiments. Seventy-two hours of treatment with the HMG CoA
reductase inhibitors lovastatin and atorvastatin resulted in depletion of cholesterol content,
with a reduction of 59.0% +/-12.4% at 1.0 uM lovastatin and a reduction of 49.6% +/-10.3%
at 1.0 uM atorvastatin (Fig. 3.6). Importantly, gefitinib treatment had no effect on

cholesterol content of these cells, and did not alter the ability of lovastatin to reduce total
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Figure 3.6: MBCD, lovastatin, atorvastatin, and NB-598 reduce cholesterol in breast cancer
cells. Fifty thousand cells were plated into 6-well plates and treated with 1 mM MBCD (1 h), 1
UM lovastatin (72 h), 1 uM atorvastatin (72 h), 1.0 uM NB-598 (72 h), 1 uM gefitinib (1 h), or a
combination of 1 uM gefitinib (1 h) and 1 uM lovastatin (72 h). Lysis was followed by protein
quantification and cholesterol was measured using the Amplex Red cholesterol assay Kkit.
Absorbance was converted to pug cholesterol/mL utilizing a cholesterol standard curve, and then
samples were normalized to protein concentration for a final value in ug cholesterol/ug protein.
Bars represent fraction of cholesterol with untreated samples as 1 (ug cholesterol/ug protein
sample)/(ug cholesterol/ug protein untreated). Experiments were repeated at least three times.
Error bars represent the standard error of the mean. Statistical analyses were performed utilizing
Student’s t-test, * = p < 0.05 compared to untreated.
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cellular cholesterol (Fig. 3.6). The levels of cholesterol reduction produced by the statins are

comparable with published results (Sethy-Coraci et al., 2005; Ehehalt et al., 2008).

To determine if lovastatin has the ability to sensitize breast cancer cells to gefitinib, cell
counting assays were used to measure proliferation. Cells were treated every other day with
the drugs and counted on days 1, 4, and 8 (Fig. 3.7). As described previously, the four EGFR
TKI resistant cell lines continued to proliferate in the presence of gefitinib. Interestingly,
lovastatin was able to significantly reduce proliferation in the presence of gefitinib when
compared to gefitinib or lovastatin treatment alone (Fig. 3.7; * = p<0.0001, ¢). Taken
together, these data suggested that treatment with lovastatin sensitizes EGFR TKI resistant

cell lines to gefitinib.

In order to determine if the effects of lovastatin and gefitinib were synergistic in EGFR
TKI resistant breast cancer cells, cell viability assays were performed. Briefly, cells were
treated for 72 h with the combination of lovastatin and gefitinib prior to performing
tetrazolium-based cell viability assays. It can be noted that the ICsy values for cell viability
analyses were much higher than doses found to be effective in cellular proliferation assays.
While proliferation assays allow for the measurement of the number of cells over time, cell
viability assays indicate the metabolic activity of the cell population. The ICsy of gefitinib
was calculated at various doses of lovastatin, and then isobolograms were generated (Fig.
3.8). An additive interaction in SUMI149 and HCC1954 cells was calculated from these
assays (Fig. 3.7, points on the line). In contrast, synergistic effects were seen in all four
EGFR TKI resistant cell lines (Fig. 3.8, points below the line). Combination index (CI)
values were calculated based on the ICsg values (Table 3.2). These values were significantly

lower than one in all of the EGFR TKI resistant cell lines. These results suggested that the
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Figure 3.7: Lovastatin sensitizes EGFR TKI resistant breast cancer cells to gefitinib. Thirty
five thousand cells were plated into 6-well plates and treated for eight days with lovastatin and/or
gefitinib (HCC1954, SUM149 and SUM159 cell lines were treated with 1 uM of both lovastatin
and gefitinib, while HCC1937, SUM?229, and BT20 cells were treated with 5 uM lovastatin and 1
uM gefitinib).
Experiments were repeated at least three times and counts were averaged. Error bars represent the
standard error of the mean. Statistical analyses were performed utilizing Student’s t-test, * = p <

0.0001.

Cell number was determined on days 1, 4, and 8 using a coulter counter.
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Figure 3.8: Lovastatin and gefitinib act synergistically to reduce breast cancer cell
viability. Two thousand cells were plated onto 96-well plates and treated for 72 h with varying
doses of gefitinib and lovastatin alone and in combination. Values were normalized and then
plotted. Non-linear regression (sigmoidal-dose response) curves were generated and IC50s
were calculated and plotted on isobolograms. Experiments were repeated at least three times.
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Cell Line Lovastatin |Combination Index p-value
Dose (CI-value) (compared to 1)

SUMI159 | 0.25uM +?_§f)% ] 0.0262

HCC1937 | 1.0puM +?_if)‘;9 0.0124

SUM229 1.0 pM 4 /0(3))3116 4 0.0269

BT20 5.0 yM 4 /0390565 0.0348

Table 3.2: Effects of lovastatin and gefitinib are synergistic in EGFR TKI resistant
cell lines. The combination index (ClI-value) was calculated as follows: (IC50 gefitinib at
X dose of lovastatin)/(IC50 gefitinib alone) + (dose of lovastatin)/(IC50 lovastatin alone).
p-values were calculated as a difference between Cl-value and one. p-values, calculated
by student’s t-test, less than 0.05 were considered significant.
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combinatorial inhibition of lipid raft structure and EGFR-kinase activity resulted in a
synergistic decrease in cell viability when EGFR is localized to lipid rafts. Therefore, the use
of lovastatin and gefitinib in combination may effectively decrease viability and proliferation

of breast cancers that contain EGFR within lipid rafts.

Statin drugs work by inhibiting HMG-CoA reductase. In addition to cholesterol
biosynthesis, this enzyme also regulates isoprenoid synthesis. Therefore, in order to
determine if the synergistic effect between lovastatin and gefitinib is mediated by cholesterol
depletion, the drug NB-598 was used. NB-598 is a squalene monooxygenase inhibitor
(Horie et al., 1990), and therefore inhibits cholesterol biosynthesis but not isoprenoid
synthesis. First, to determine if NB-598 effectively inhibited cholesterol biosynthesis,
SUMI59 cells were treated with NB-598 for 72 h prior to assaying cholesterol esterase
activity (Fig. 3.6). NB-598 treatment reduced cholesterol by 37.1% +/- 0.59%, suggesting
that NB-598 depleted cholesterol to a comparable level as lovastatin. Therefore, we utilized
NB-598 to determine if inhibiting cholesterol biosynthesis in the absence of altering
isoprenoid synthesis has the ability to sensitize cells to gefitinib. EGFR TKI resistant breast
cancer cells were treated with variable doses of NB-598 alone, or in combination with
gefitinib. Cell viability assays were used to determine the ICs, of gefitinib at variable doses
of NB-598. As shown in Figure 3.9, the effects of gefitinib and NB-598 were synergistic.
These data suggest that cholesterol depletion is sufficient to sensitize EGFR TKI resistant

cells to gefitinib.
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Figure 3.9: The effects of NB-598 and gefitinib are synergistic. Two thousand cells were plated
onto 96-well plates and treated for 72 h with varying doses of gefitinib and NB-598 alone and in
combination. Values were normalized and then plotted. Non-linear regression (sigmoidal-dose
response) curves were generated, and IC50s were calculated and plotted on an isobologram.
Experiments were repeated at least three times.
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C. Akt phosphorylation is abrogated with lipid raft disruption

Resistance to EGFR TKIs suggests that inhibiting the EGFR kinase activity is insufficient
to turn off growth and survival signaling in these cells. Localization of EGFR to lipid rafts
has variable effects on signaling pathways downstream of EGFR (Chen and Resh, 2002; Li et
al., 2006), thus we determined what effect depletion of cholesterol had on EGFR signaling in
EGFR TKI resistant cells as compared to EGFR TKI sensitive cells. As discussed further
below, BT20 cells contain a PIK3CA mutation, and the HCC1937 cell line has loss of PTEN
expression, therefore, and lovastatin does not effect the phosphorylation of Akt in these cell
lines (data not shown). Thus, two EGFR TKI resistant cell lines (SUM159 and SUM?229)
and one EGFR TKI sensitive cell line (SUM149) were treated with lovastatin and gefitinib
alone or in combination and immunoblotting was performed to determine the
phosphorylation of Akt and MAPK. Gefitinib treatment resulted in a reduction of MAPK
phosphorylation in both the sensitive SUM149 cell line and two gefitinib resistant cell lines
(SUM159 and SUM229). In contrast, Akt phosphorylation was inhibited in the EGFR TKI
sensitive cell line yet persisted in the presence of gefitinib in EGFR TKI resistant cell lines
(Fig. 3.10, lane 3). This phosphorylation persisted even after 72 h treatment with gefitinib
(data not shown). When treated with lovastatin, alone or in combination with gefitinib, Akt
phosphorylation was abrogated (Fig. 3.10, lanes 2 and 4). These data suggested that, co-
treatment of cells with lovastatin and gefitinib was able to inhibit two major EGFR signaling
pathways. Thus, we propose that lipid rafts may provide a platform whereby EGFR may
functionally interact with other proteins to activate Akt and modulate the response to EGFR

TKIs.



98

SUM 149 SUM 159 SUM 229

UN Lov GLov+G UN Lov GLov+G UN Lov G Lov+G

EGFR aHED Hem
pMAPK - e
MAPK

pAKT

AKT

Figure 3.10: Lovastatin inhibits Akt phosphorylation in EGFR TKI resistant cell lines. One million
cells were plated and allowed to grow for 48 h. Cells were then treated with 1 uM (SUM 149 and SUM
159) or 5 uM lovastatin (SUM 229) for 72 h (LOV) and/or 1 uM gefitinib (G) for 1 h. Lysates were
prepared and separated by SDS-PAGE. Immunoblotting using EGFR, Akt, MAPK, phospho-Akt, and
phospho-MAPK antibodies was performed as described.
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3.3 Discussion

We have provided evidence describing a role for lipid rafts in resistance to EGFR TKI-
induced growth inhibition using four EGFR expressing breast cancer cell lines which
continue to proliferate in the presence of gefitinib, an EGFR TKI. We have shown that seven
of thirteen EGFR-expressing breast cancer cell lines are resistant to EGFR TKI-induced
growth inhibition, and that four of those cell lines retain the requirement of EGFR protein
expression for growth. Also, we have provided evidence that EGFR localization to lipid rafts
correlates with EGFR TKI resistance. Further, lovastatin, a HMG CoA reductase inhibitor,
as well as NB-598, a squalene monooxygenase inhibitor, reduced cholesterol biosynthesis in
the EGFR TKI resistant breast cancer cells. In addition, lovastatin sensitized EGFR TKI
resistant breast cancer cells to gefitinib-induced growth inhibition. Importantly, this
sensitization of EGFR TKI growth resistant cells to gefitinib was determined to be
synergistic for both lovastatin and NB-598. Our data suggests that Akt phosphorylation
persists in the presence of EGFR kinase inhibition, and that lovastatin abrogated this

phosphorylation, thus sensitizing the cells to EGFR kinase inhibition.

Overexpression of EGFR is one mechanism by which EGFR contributes to cancer
progression. In fact, overexpression of EGFR occurs in glioblastomas, breast, prostate,
ovary, liver, bladder, esophagus, larynx, stomach, colon, and lung cancers (Khazaie et al.,
1993). This fairly ubiquitous overexpression suggests that EGFR may be an attractive target
for cancer therapeutics. Inhibitors of EGFR kinase activity show clinical efficacy in lung,
pancreatic, colorectal, and head and neck cancers (Baker, 2004; Cohen et al., 2005; Giusti et
al., 2008; Sobrero et al., 2008), however they have proven ineffective in the treatment of

breast cancers (Blagosklonny and Darzynkiewicz, 2003; Twombly, 2005). Herein, we have
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provided evidence that breast cancer cell lines differ in their responses to these EGFR TKIs
(Table 3.1). Seven of thirteen breast cancer cell lines were found to be resistant to EGFR
TKI-induced growth inhibition using cellular proliferation assays (Table 3.1). Specifically,
SUM159, SUM229, BT20, BT549, HCC1937, MDA-MB231, and MDA-MB468 cell lines

continued to proliferate in the presence of 1 uM gefitinib (Table 3.1).

A number of mechanisms have been suggested for resistance to EGFR TKI-induced
growth inhibition including EGFR independence, mutations in EGFR and alterations in
downstream signaling pathways. We have shown that three of seven EGFR TKI resistant
breast cancer cell lines grow independently of EGFR protein expression, while four retain the
requirement of EGFR expression for their proliferation (Fig. 3.3A-C). Mutations of EGFR,
such as the VIII or T790M, have been implicated in glioblastomas and non-small cell lung
cancers; however, these mutations are rare in breast tumors (Bianco et al., 2005). We have
sequenced EGFR in the cell lines we used for our studies and no EGFR mutations were

present (R. Haddad, personal communication).

Failure to inhibit Akt signaling, due to mutation or loss of PTEN, constitutive activation
of PI3K, or overexpression of Akt, has also been shown to be a mechanism of resistance to
EGFR TKI-induced growth inhibition (Cheng et al., 1992; Lu et al., 1999; Hollestelle et al.,
2007). Of the cell lines that retain the requirement of EGFR protein expression for growth,
but are EGFR TKI resistant, one has a PIK3CA mutation (BT20), and one has loss of PTEN
expression (HCC1937) suggesting that the PI3K/Akt pathway may be important in the
tumorigenicity of these cell lines (Hollestelle et al., 2007). Indeed, Akt phosphorylation
persists in the absence of EGFR kinase activity in these two cell lines and lovastatin had no

effect on Akt phosphorylation (data not shown). The two other EGFR TKI resistant cell lines
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(SUM159 and SUM229) do not contain genetic mutations in the Akt pathway, yet retain Akt
phosphorylation in the presence of gefitinib (Fig. 3.10, lane 3). Lovastatin treatment was
sufficient to abrogate this phosphorylation, suggesting that lipid rafts play a role in the
regulation of Akt phosphorylation in EGFR TKI resistant cells (Fig. 3.10, lanes 2 and 4).
Specifically, we suggest that lipid rafts provide a platform for EGFR protein-dependent,
EGFR kinase-independent activation of Akt signaling. However, as EGFR signaling is
mediated by many more proteins than addressed here, it is possible that other pathways may
also be downstream of EGFR-kinase independent, lipid raft-dependent activation.
Nevertheless, localization of EGFR to lipid rafts is an important factor in the resistance of

breast cancer cells to EGFR TKI-induced growth inhibition.

Lipid rafts have been suggested to play a functional role in cancer cell drug resistance.
Depletion of lipid rafts through inhibition of fatty acid synthase (FAS) has been found to
overcome trastuzumab resistance in breast cancer (Menendez et al., 2005). Specifically
Her2/Neu co-localizes with lipid rafts in breast cancer cells, and the lipid environment of
Her2/Neu-overexpressing cells influences the dimerization properties and signaling functions
of Her2/Neu (Menendez et al., 2005). Furthermore, preclinical data suggest that lipid raft
depletion via statins can decrease cell growth and sensitize cells to apoptotic stimuli in a
number of cancer models including melanoma, prostate, and HER2-overexpressing breast
cancers (Li et al., 2006; Glynn et al., 2008; Herrero-Martin and Lopez-Rivas, 2008).
Epidemiologic data regarding the use of statins as singular agents in breast cancer are mixed
(Beck et al., 2003; Cauley et al., 2003; Kwan et al., 2008). The apparent in vitro benefit of
combining statins with other therapies suggests that statins may have a greater clinical

benefit when utilized as a part of combinatorial therapies (Katz, 2005). In that regard, we
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have shown that cholesterol depletion synergizes with gefitinib in four EGFR TKI resistant
breast cancer cell lines (Fig. 3.8 and 3.9, Table 3.2). Specifically, co-treatment of these cell
lines with lovastatin and gefitinib significantly reduces cell proliferation compared to either
drug alone (Fig. 3.7). Also, when Cl-values were determined for the combination of
lovastatin and gefitinib, all four cell lines resistant to EGFR TKI-induced growth inhibition
showed synergy (Table 3.2). Thus, in breast cancer cells resistant to EGFR TKI-induced
growth inhibition, EGFR is commonly localized to lipid rafts, and our data indicate that this

localization plays a functional role in such resistance.

Our data suggest that the synergistic mechanism between lovastatin and gefitinib in
breast cancer cells is due to depletion of cholesterol and thereby depletion of lipid rafts.
However, it is important to note that while statin use has been a common method to deplete
cells of lipid raft structure for many years, the mechanism of action of statin drugs is not
solely through the reduction of cholesterol. Statin treatment and consequent reduction of
HMG-CoA reductase activity also inhibits protein prenylation. Indeed, previous studies have
demonstrated that lovastatin can potentiate the effects of gefitinib (and vice versa) in
squamous cell carcinoma, non-small cell lung cancer, colon carcinoma, and glioblastoma cell
lines due to decreased protein prenylation (Mantha et al., 2003; Mantha et al., 2005; Cemeus
et al., 2008; Park et al., 2009; Zhao et al., 2010). Specifically, in 2003 Mantha and
colleagues combined gefitinib and lovastatin in head and neck cancer cell lines and found a
synergistic interaction between these drugs due, at least in part, to protein prenylation
(Mantha et al., 2003). This group later showed a synergistic interaction with this drug
pairing in cervical and non-small cell lung cancers in addition to recapitulating their findings

in head and neck cancer. In that manuscript, the effects of lovastatin are completely
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attributed to protein prenylation (Mantha et al., 2005). Further, researchers have described
such an interaction between lovastatin and gefitinib in glioblastoma and non-small cell lung
cancer, again attributing their effect to protein prenylation (Cemeus et al., 2008; Park et al.,
2009). Most recently, Zhao and colleagues have proposed that EGFR dimerization is
inhibited by treatment with lovastatin, an effect dependent on aberrant prenylation of RhoA
(Zhao et al., 2010). While all of these groups show a functional interaction between
lovastatin and gefitinib, they do not link EGFR localization to lipid rafts as a mechanism of
this effect. We cannot completely eliminate the possibility that protein prenylation may play
a role in the synergistic effect between lovastatin and gefitinib; however, we have clearly
shown a role for the cholesterol lowering effect of lovastatin in such synergy, as the squalene
monooxygenase inhibitor, NB-598 (which inhibits cholesterol biosynthesis downstream of
the prenylation branches) was sufficient to sensitize EGFR TKI resistant breast cancer cells
to gefitinib (Figs. 3.8 and 3.9). Taken together, these results suggest that the effects of
lovastatin treatment in our study are due to cholesterol modulation and subsequent lipid raft

impairment rather than decreased protein prenylation.

Here, we have shown that EGFR localizes to lipid rafts in EGFR expressing, EGFR TKI
resistant, breast cancer cell lines. We have provided evidence that reducing cholesterol
biosynthesis sensitizes these EGFR TKI resistant cells to the EGFR TKI gefitinib. We have
demonstrated that cholesterol reducing drugs and gefitinib act synergistically to decrease cell
viability in breast cancer cells that are resistant to EGFR TKI-induced growth inhibition. We
have also shown evidence to suggest that cholesterol depletion, not protein prenylation,
results in a synergistic effect with gefitinib in these cells. Mechanistically, while gefitinib

effectively reduced MAPK phosphorylation in EGFR TKI resistant cell lines, Akt
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phosphorylation persisted. Lovastatin was sufficient to abrogate this phosphorylation of Akt.
As EGFR kinase activity is completely inhibited by gefitinib treatment in these cells (Mueller
et al., 2008), we hypothesize that lipid rafts provide a platform by which EGFR interacts with
other proteins to activate EGFR kinase-independent signaling pathways including the Akt
pathway. Thus, as both statin drugs and gefitinib are well tolerated and approved for use in
patients, the work herein provides rationale for further exploration of the combination of

these drugs in breast cancers that are resistant to EGFR TKI-induced growth inhibition.
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Chapter 4

4.1 Introduction

Breast cancer is divided into molecular sub-types that are defined by distinct genetic
signatures (Perou et al., 2000; Sorlie et al., 2001). While targeted therapeutics have been
approved for two of these sub-types (ER+ and HER2+ breast cancers), the basal-type of
breast cancer has no currently approved targeted therapeutic. Epidermal growth factor
receptor (EGFR) is a receptor tyrosine kinase that is over-expressed in 60% of basal-type
breast cancers (Livasy et al., 2006; Siziopikou and Cobleigh, 2007). Such over-expression
correlates with poor clinical outcome [reviewed in (Jardines et al., 1993)]. As such, EGFR is
an attractive therapeutic target in breast cancer. Unfortunately, while EGFR-targeted
therapeutics have shown efficacy in estrogen-receptor positive breast cancers (Polychronis et
al., 2005; Guix et al., 2008; Cristofanilli et al., 2010), basal-type breast cancers, which are
estrogen receptor-negative, fail to respond to EGFR inhibitors (Blagosklonny and

Darzynkiewicz, 2003).

Our lab has recently described a mechanism of intrinsic resistance of breast cancer cells
to EGFR tyrosine kinase inhibition (chapter 3), where EGFR localization to lipid rafts
promotes EGFR-kinase independent survival signaling. To further characterize the
mechanism by which lipid rafts mediate EGFR TKI resistance, we sought to identify other
proteins that associate with EGFR within lipid rafts. c-Src, a non-receptor tyrosine kinase, is
over-expressed in many cancer types, including breast cancer (Biscardi et al., 2000; Irby and
Yeatman, 2000), where it enhances EGFR-dependent cellular functions, including DNA

synthesis, protein tyrosine phosphorylation, cellular transformation, and tumor formation in
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nude mice (Luttrell et al., 1988; Wilson et al., 1989; Wilson and Parsons, 1990; Chang et al.,
1995; Maa et al., 1995; Boerner et al., 2005; Dimri et al., 2007). Recent data from our
laboratory has described a role for c-Src in c-Met-dependent intrinsic resistance of a basal-
type breast cancer cell line to EGFR inhibitors (Mueller et al., 2008). c-Src is over-expressed
in many of the same cancer types as EGFR, including approximately 70% of breast cancers,
and is known to be co-over-expressed with EGFR in a subset of breast tumors (Maa et al.,
1995). Additionally, EGFR and c-Src co-overexpression in mouse fibroblasts and human
mammary epithelial cells results in synergistic increases in tumorigenesis (Maa et al., 1995;
Belsches et al., 1997; Ware et al., 1997; Biscardi et al., 1999a; Biscardi et al., 1999b; Wilde
et al., 1999; Dimri et al., 2007). Furthermore, interaction between EGFR and c-Src results in

EGFR kinase-independent signaling in breast cancer cell lines (Mueller et al., 2008).

In addition to its interaction with EGFR, the Src family of tyrosine kinases is well known
to localize within lipid rafts (Liu et al., 1997; Furuchi and Anderson, 1998; Davy et al.,
2000). c-Src, the prototypical member of this family, interacts with lipid rafts through N-
terminal myristoylation and basic residues within the unique domain (Sigal et al., 1994).
Localization of c-Src within lipid rafts has been described in neuronal, hematopoietic, and
cervical and lung cancer cell lines (Shenoy-Scaria et al., 1993; Mukherjee et al., 2003; Kasai
et al., 2005; Arcaro et al., 2007). Lipid rafts mediate c-Src signaling as well, including c-Src-
dependent activation of PI3K/Akt signaling in human small cell lung cancer (SCLC) cell

lines (Arcaro et al., 2007).

The data herein shows that c-Src co-localizes and co-associates with EGFR in lipid rafts
in SUM159 breast cancer cells. Co-inhibition of c-Src and EGFR kinase activities resulted in

a synergistic decrease in cell viability. c¢-Src kinase inhibition abrogated EGFR-kinase
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independent Akt phosphorylation, and was additive in combination with lovastatin, results
that suggest that these inhibitors work on the same pathway. Thus, c-Src is a portion of the
mechanism by which lipid rafts mediate EGFR kinase-independent signaling in SUM159

cells.

4.2 Results

A. c-Src localizes to lipid rafts in SUM159 cells

In chapter 3, we show that in SUM159 cells, an EGFR TKI resistant breast cancer cell
line, EGFR localized to lipid rafts . Also, depletion of lipid rafts using cholesterol inhibitors
sensitized SUM159 cells to the EGFR TKI gefitinib (chapter 3). To determine the
mechanism by which EGFR localization to lipid rafts mediates EGFR TKI resistance, we
wanted to identify other signaling components present in lipid rafts. EGFR and c-Src have
been shown to functionally interact and c-Src associates with lipid rafts (Maa et al., 1995;
Furuchi and Anderson, 1998; Davy et al., 2000; Liu et al., 2007); therefore, we hypothesized
that c-Src co-localized with EGFR 1in lipid rafts of SUM159 cells. Using biochemical raft
isolation techniques described previously, density fractions were collected from SUM159
and SUM149 (a breast cancer cell line that does not express EGFR in lipid rafts) cell lines.
Fractions 1-7 were determined to be lipid raft fractions due to absence of transferrin receptor,
presence of flotillin protein (Fig. 4.1A), and the lipid raft specific ganglioside GM1 (data not
shown) (Wolf et al., 1998). Interestingly, in SUM159 cells, significantly more c-Src was
present in fractions 1-7 than in SUM149 cells when quantified by densitometry (Fig. 4.1B; p-

value < 0.05).
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Figure 4.1: c-Src localizes within lipid rafts in SUM159 breast cancer cells. (A) SUM159 or SUM149
cells were plated, cultured for 72 h. Lipid rafts were separated by ultracentrifugation and immunoblotting
was performed for c-Src, transferrin receptor and flotillin. Lanes numbered 1-7 indicate lipid raft fractions
(Macdonald and Pike, 2005). (B) Densitometry was performed on c-Src immunoblots from A. Bars
represent the percent of total c-Src in lipid raft fractions (1-7) compared to the total c-Src (fractions 1-14).
Fractions 15 and 16 were excluded as pellet fractions. Experiments were repeated at least three times. p-
value was calculated by comparing the percent of c-Src in lipid rafts in SUMI159 cells compared to
SUMI159 cells using the student's t-test. (C) Two hundred thousand cells were plated onto coverslips and
cultured under normal growth conditions for 48 h. Coverslips containing cells were then incubated with
Alexa-fluor 594 labeled cholera toxin subunit B (red) to stain lipid rafts, fixed, permeabilized, blocked,
and then stained for c-Src utilizing 2-17 and an alexa-fluor 488 labeled secondary antibody (green). DAPI
was used to stain the nucleus (blue). Imaging was performed using Zeiss Axioplan2 apotome microscope
fitted with 63X 1.25 oil immersion lens at the Microscopy and Imaging Resources Laboratory (Wayne
State University, Detroit, MI). Arrows represent lipid raft localized c-Src.
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To determine if c-Src localizes to plasma membrane lipid rafts, SUM159 cells were co-
immunostained with Alexafluor labeled cholera toxin subunit B (red) which binds to GM1,
and with c-Src antibodies (green; Fig. 4.1C). Co-localization between GM1 and c-Src
occurred along the membrane of SUM159 cells (yellow, arrows), while staining of c-Src
alone (green) was seen intracellularly. No co-localization was observed between GM1 and c-
Src in SUM149 cells. Taken together, these data further confirm the association of c-Src

with lipid rafts and define the localization of this association to be at the plasma membrane.

B. EGFR and c-Src co-localize in SUM159 cells

Although EGFR and c-Src proteins both localize to lipid rafts in SUMI159, it was
unknown if the proteins co-associate within the same lipid raft domain. Thus, to determine if
c-Src and EGFR co-localize, SUM159 and SUM 149 breast cancer cells were immunostained
with Alexafluor labeled EGFR (green) and c-Src (red) antibodies (Fig. 4.2). The merged
image shows co-localization of EGFR and c-Src (yellow) intracellularly in both cell lines,
however; co-localization in patchy areas of the membrane (yellow, arrows) occurs solely in
SUM159 cells. These results suggest that c-Src and EGFR co-localize in both SUM159 and

SUM 149 cells, but only co-localize at the plasma membrane in SUM159 cells.

Physical interaction between EGFR and c-Src has been shown in a number of cell types
(Maa et al., 1995; Tice et al., 1999). Activation of EGFR increases c-Src catalytic activity
(Sato et al., 1995a; Sato et al., 1995b; Weernink and Rijksen, 1995), and c-Src can, in turn,
phosphorylate EGFR, leading to increased activity of downstream pathways that promote
mitogenesis (Maa et al., 1995; Biscardi et al., 1999a; Tice et al., 1999). In order to determine

if EGFR and c-Src physically interact in breast cancer cell lines, co-immunoprecipitation was
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Figure 4.2: EGFR and c-Src co-localize in SUM159 and SUM149 cells. Two hundred thousand cells
were plated onto coverslips and cultured under normal growth conditions for 48 h. Coverslips containing
cells were blocked, and then incubated with fluorphore-labelled antibodies (EGFR-488: green; Src-594:
red). The nucleus was stained with DAPI (blue). Imaging was performed using Zeiss Axioplan2 apotome
microscope fitted with 63X 1.25 oil immersion lens at the Microscopy and Imaging Resources Laboratory
(Wayne State University, Detroit, MI). Arrows indicate areas of co-localization (yellow).
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performed. Whole cell lysate (WCL) was utilized as a positive immunoblotting control (Fig.
4.3A and B, lane 1), while mouse immunoglobulin immunoprecipitation was performed as a
negative immunoprecipitation control (IgG, Fig. 4.3A and B lane 2). We have previously
shown that c-Src does not co-immunoprecipitate with EGFR from SUM149 cells (Mueller et
al., 2010). However, in SUM159 cells, when EGFR was pulled down from whole cell
lysates, c-Src co-immunoprecipitated (Fig. 4.3A, lane 3). When the reverse
immunoprecipitation was performed, EGFR co-immunoprecipitated with c-Src (Fig. 4.3B,
lane 3). These data support the co-localization results demonstrating that EGFR and c-Src

are localized to similar regions in SUM159 cells.

The immunofluoresence data from the SUM159 cells suggests that EGFR and c-Src co-
associate at the plasma membrane, and even more specifically within lipid rafts, in the
SUM159 cells. Therefore, biochemical raft isolation was performed and equal sample
volumes from fractions 1-7 were pooled and EGFR or c-Src was immunoprecipitated.
Samples were then subjected to SDS-PAGE followed by immunoblotting for EGFR and c-
Src.  When EGFR was pulled down from lipid raft fractions of SUM159 cells, c-Src co-
associated (Fig. 4.3C, lane 3). Low levels of EGFR were also precipitated from non-lipid
raft fractions (Fig. 4.3C, lane 4). When the reverse precipitation was performed, EGFR and
c-Src were again both found immunoprecipitated from lipid raft fractions (Fig. 4.3C, lane 5).
These data suggest that EGFR and c-Src physically interact within the lipid rafts of SUM159

cells.



112

A B
IP ab IP ab

(2 % input) (2 % input)

WCL IgG EGFR WCL IgG Src

IB: EGFR

C
(10 % input) IP:EGFR IP:Src
WCL IgG LR NR LR NR

IB:EGFR

IB:Src

Figure 4.3: EGFR and c-Src co-associate within lipid rafts in SUM159 cells. (A and B) SUM159 cells
were plated, allowed to grow for 48 h, and then lysed. Five hundred micrograms of protein was
immunoprecipitated with EGFR antibodies (A) or c-Src antibodies (B), then subjected to SDS-PAGE and
immunoblotting for EGFR and c-Src. Ten micrograms (2% input) of whole cell lysate (WCL) was
utilized as a positive control and mouse IgG immunoprecipitation was performed as a negative control
(IgG). (C) Lipid rafts were isolated from SUM159 cells by biochemical raft isolation as described. Two
hundred microliters of each fraction (fractions 1-7 (LR), and fractions 8-14 (NR)) were pooled, and EGFR
or c-Src was immunoprecipitated. Immunoblotting was then performed for EGFR and c-Src. Ten
micrograms of whole cell lysate (WCL, 10% input) was utitilized as a positive control, while
immunoprecipitation with IgG was utilized as a negative control. Immunoblots were performed at least
three times.
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C. EGFR and c-Src kinase inhibitors synergistically inhibit cell viability

when both EGFR and c-Src are localized to lipid rafts

Small molecule tyrosine kinase inhibitors of c-Src are currently approved and in use in
cancer treatment. Specifically, dasatinib, a c-Src TKI, was approved in 2006 for the
treatment of leukemia (Brave et al., 2008), and is currently in clinical trials in a number of
solid tumor types including breast cancer (Laird et al., 2003; Kim et al., 2010). Tyrosine
phosphorylation of c-Src on tyrosine 416 is required for activation of c-Src kinase (Sun et al.,
1998; Boerner et al., 2004). Thus, to determine if dasatinib inhibits c-Src kinase activity in
our model system, phosphorylation of c-Src on tyrosine 416 was measured. Cells were
treated with 0.5 uM dasatinib for 2 h and lysates were immunoblotted with phospho-tyrosine
416 specific antibodies. As shown in figure 4.4A, phosphorylation of c-Src on tyrosine 416

was abrogated with dasatinib treatment.

Preclinically, dasatinib treatment results in decreased cell growth in some breast cancer
cell lines (Laird et al., 2003; Kim et al., 2010). To determine if inhibition of c-Src kinase
activity was sufficient to decrease SUM159 cell growth, cellular proliferation assays were
performed. SUM159 cells were treated with increasing doses of dasatinib and proliferation
was measured by cell counting on days 1, 4, and 8. As seen in figure 4.4B, SUM159 cells
continued to proliferate in the presence of all doses of dasatinib tested. As mentioned
previously, SUMI159 cells also continue to proliferate in the presence of the EGFR TKI
gefitinib. Therefore, to determine if concomitant treatment with dasatinib and gefitinib could
alter cell viability of SUM159 cells, MTS analyses were performed. Cells were treated with

dasatinib and gefitinib alone, or in combination for 72 h. Cell viability was used to calculate
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Figure 4.4: Dasatinib sensitizes SUM159 cells to gefitinib. (A) SUM159 cells were treated with the
indicated dose of dasatinib and lysates were subjected to SDS-PAGE followed by immunoblotting for
EGFR, c-Src and phospho-Y416 c-Src. (B) Cells were plated in 35mm plates and grown for eight days.
Treatment with the indicated doses of dasatinib occurred every other day and cell counts were performed
on days 1, 4, and 8. (C) Cells were plated in a 96-well plate and treated with variable doses of dasatinib
and gefitinib for 72 h. MTS analyses was then performed. The ICs, of gefitinib at each dose of dasatinib
was calculated and plotted on an isobologram. ICg, values below the line denote a synergistic interaction
between the two drugs, while on the line indicates an additive interaction. The combination index (CI-
value) was calculated as follows: (ICs, gefitinib at X dose of dasatinib)/(IC, gefitinib alone) + (dose of
dasatinib)/(ICy, dasatinib alone). CI-values below one denote a synergistic interaction between the two
drugs, Cl-values equal to one indicate an additive interaction, and Cl-values above one designate an
antagonistic interaction. All experiments were performed at least three times. p-values were calculated as
a difference between Cl-values and one utilizing the student's t-test.
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ICsp values and isobolograms were generated to determine drug synergy (Fig. 4.4C). The
ICsp of gefitinib alone was plotted on the y-axis and the ICs, of dasatinib alone was plotted on
the x-axis. A line was drawn between them. This line represents the dose pairing that
suggests an additive relationship between two drugs. The ICs, of gefitinib was calculated at
various doses of dasatinib and these data were plotted on the graph. ICsg points that fall on
the line are considered additive, while below the line is considered synergistic. When these
points were plotted, the ICsy of gefitinib at each dose of dasatinib fell below the line of
additivity indicating that the effects of gefitinib and dasatinib are synergistic. Combination
index (CI) values were also determined for co-treatment of dasatinib and gefitinib. At all
doses of dasatinib, the Cl-value was significantly below 1 (p<0.05), which indicates that
gefitinib and dasatinib have a synergistic interaction to reduce the viability of SUM159

breast cancer cells.

D. Inhibition of c-Src kinase activity and depletion of lipid rafts is additive

Previous data have indicated that lovastatin, a cholesterol biosynthesis inhibitor, could
synergize with gefitinib (chapter 3). This is hypothesized to be due to depletion of lipid rafts
after cholesterol inhibition. The data presented so far indicate that c-Src localizes to these
lipid raft microdomains in SUM159 cells, where it co-associates with EGFR (Figs. 4.1-4.3).
Therefore, we hypothesized that localization of c-Src to lipid rafts is a mechanism by which
lipid rafts mediate EGFR TKI resistance in SUM159 cells. If this is the case, then treatment
of SUM159 cells with dasatinib and lovastatin would not be synergistic, as they would
inhibit the same pathway. Thus, SUMI159 cells were treated with dasatinib in combination
with lovastatin and cell viability analyses were performed. An isobologram was then created

as previously described. As shown in figure 4.5, the effect of dasatinib and lovastatin co-
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Figure 4.5: Dasatinib and lovastatin are additive in SUM159 cells. Cells were placed in a 96-well plate
and treated with variable doses of dasatinib and lovastatin for 72 h. MTS analyses were then performed.
The ICs, of dasatinib at each dose of lovastatin was calculated and plotted on an isobologram. ICs,, values
below the line denote a synergistic interaction between the two drugs, while on the line indicates an
additive interaction. The combination index (Cl-value) was calculated as follows: (ICs, dasatinib at X
dose of lovasatin)/(ICy, dasatinib alone) + (dose of lovastatin)/(ICs, lovastatin alone). CI-values below
one denote a synergistic interaction between the two drugs, Cl-values equal to one indicate an additive
interaction, and Cl-values above one designate an antagonistic interaction. All experiments were

performed at least three times. p-values were calculated as a difference between Cl-values and one
utilizing the student's t-test.
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treatment of SUMI159 cells was additive, as the ICsy of dasatinib at varying doses of
lovastatin fell along the line of additivity. When Cl-values were calculated, the Cl-values for
the combination of dasatinib and lovastatin were not significantly different from one,
indicating, again, that these two drugs act additively. This additive interaction suggests that

dasatinib and lovastatin act on the same pathway.

E. c-Src kinase activity mediates EGFR kinase-independent Akt

phosphorylation

In 2007, Arcaro and colleagues found that lipid raft associated c-Src was critical for the
activation of the PI3K/Akt signaling pathway in SCLC cell lines (Arcaro et al., 2007). Their
results suggested that lipid rafts provided a platform for interaction between c-Src and PI3K.
To determine if lipid rafts may also provide such a platform in SUM159 breast cancer cells,
biochemical raft isolation was performed followed by immunoblotting for p110a (Fig. 4.6A),
the catalytic subunit of PI3K [reviewed in (Vanhaesebroeck et al., 2010)]. While the
SUM 149 cells contained little p110a in lipid rafts, there was a significant amount of p110a in
the lipid raft fractions of SUM159 cells. Thus, it is possible that PI3K signaling occurs

downstream of the EGFR and c-Src co-association in lipid rafts within the SUM159 cells.

We have previously shown that depletion of lipid rafts results in decreased EGFR-kinase
independent Akt phosphorylation (chapter 3). c-Src is known to be a downstream mediator
of EGFR signaling pathways, including Akt and MAPK (Stover et al., 1995; Biscardi et al.,
1999a; Tice et al., 1999). Thus, to determine if c-Src mediates EGFR kinase-independent
signaling in SUMI159 cells, lysates were immunoblotted for phosphorylation of Akt and

MAPK following treatment with gefitinib or dasatinib alone, or in combination (Fig. 4.6B).
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Figure 4.6: Phosphorylation of Akt occurs through a c-Src¢/p110a co-localization to lipid rafts. (A)
Biochemical raft isolation was performed as described on SUM159 and SUM149 cells. Fractions were
separated by SDS-PAGE and immunblotting for p110a, transferrin receptor, and flotillin was performed.
(B) Whole cell lysates (right) were collected from SUM159 cells treated with 1.0 uM gefitinib (G) and 1.0
uM dasatinib (D) alone or in combination (DG). Expression and phosphorylation of Akt and MAPK, as
well as expression of EGFR was determined by immunoblotting. Immunoblots were repeated at least
three times.
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As shown previously, gefitinib effectively abrogates MAPK phosphorylation in SUM159
cells, but Akt phosphorylation persists (Figure 4.6B, lane 2, and Irwin et Al., under review).
c-Src kinase inhibition by dasatinib treatment resulted in a small decrease of MAPK
phosphorylation, and was sufficient to decrease Akt phosphorylation in SUM159 cells (Fig.
4.6B, lane 3). Co-treatment with gefitinib and dasatinib resulted in no additional decrease in
MAPK or Akt phosphorylation. These data suggest that c-Src mediates EGFR kinase-

independent Akt phosphorylation in SUM159 cells.

4.3 Discussion

This study provides evidence that c-Src plays a role in lipid raft-dependent EGFR TKI
resistance of SUM159 cells. Specifically, we have shown that c-Src localizes to lipid rafts in
the SUMI159 cells, where it co-localizes and co-associates with EGFR. The effects of
inhibiting both EGFR and c-Src tyrosine kinase activities was synergistic in these cells.
Also, we have demonstrated that dasatinib and lovastatin treatments were additive,
suggesting that they inhibit members of the same biological pathway. Lastly, we have shown
that a catalytic subunit of PI3K (p110a) co-localizes with EGFR and c-Src to lipid rafts in
SUMI159 cells and that inhibition of both EGFR and c-Src kinase activities decreased both
Akt and MAPK phosphorylation. Taken together, these data have further characterized a
mechanism for lipid rafts mediating EGFR TKI resistance by showing that c¢-Src is active and

present in lipid rafts where it has the ability to regulate PI3K/Akt survival signals.

Src family kinases have been described as being capable of localizing to lipid rafts (Liu et
al., 1997; Furuchi and Anderson, 1998; Davy et al., 2000). While other family members are

likely to associate preferentially to lipid rafts through their double lipid modification, c-Src is
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only singly lipid modified (Paige et al., 1993; Koegl et al., 1994; Shenoy-Scaria et al., 1994;
Robbins et al., 1995; Yurchak and Sefton, 1995). However, c-Src localization to lipid raft
still occurs through interactions between the lipid environment and basic residues within the
unique domain of c-Src (Sigal et al., 1994). c-Src has been shown to localize to lipid rafts in
neuronal (Mukherjee et al., 2003; Kasai et al., 2005), hematopoietic (Stoddart et al., 2002),
and madin-darby canin kidney cells (Shenoy-Scaria et al., 1994), as well as skeletal
myoblasts (Smythe et al., 2003), murine fibroblasts (Robbins et al., 1995), and cervical and
lung cancer cell lines (Shenoy-Scaria et al., 1994; Arcaro et al., 2007).  Specifically, in
breast cancer cells, Hitosugi and colleagues have shown that adhesion and growth is inhibited
by lipid raft specific knockdown of c-Src (Hitosugi et al., 2007), suggesting that lipid rafts
promote c-Src dependent cellular signaling to pathways of cellular adhesion and growth. We
have shown that c-Src localizes to lipid rafts in SUM159 breast cancer cells (Fig. 4.1). Thus,

it is possible that c-Src may mediate mitogenic signaling in these cells.

We have identified an interaction between EGFR and c-Src within lipid raft membrane
microdomains in breast cancer cells (Figs. 4.1-4.3). Physical interaction between these two
proteins has been noted previously. Specifically, Maa and colleagues showed an initial
physical interaction between EGFR and c-Src in a murine fibroblast model which was
engineered to over-express both EGFR and c-Src (Maa et al., 1995). In this model system, c-
Src potentiated EGFR-mediated transformation through direct physical interaction with
EGFR. c-Src was also co-immunoprecipitated as part of a complex between EGFR and c-
Met in SUM229 breast cancer cells (Mueller et al., 2008; Mueller et al., 2010). This
interaction was described to mediate EGFR TKI resistance of SUM229 cells. We have

shown that EGFR and c-Src physically associate in SUM159 breast cancer cells (Fig. 4.3A
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and B). More specifically, we have shown that a physical interaction occurs between these
two proteins within lipid rafts (Fig. 4.3C). While previous studies have revealed that these
two proteins are both capable of localizing to lipid rafts in the same cell line (Hur et al.,
2004; Kasai et al., 2005; Jeon et al., 2010), the actual physical association within these lipid

raft domains has not been previously shown.

Our data indicate the concomitant inhibition of c-Src and EGFR kinase activities may
result in decreased cell viability of breast cancer cell lines. In particular, we have shown that
while SUM159 cells are resistant to inhibition of either EGFR (chapter 3) and c-Src kinase
activities (Fig. 4.4B), co-treatment with dasatinib and gefitinib resulted in synergistic
decreases in cell viability (Fig. 4.4C). It is not surprising that co-treatment resulted in
decreased cellular viability in breast cancer cells. First, c-Src is over-expressed in many of
the same cancer types as EGFR, including approximately 70% of breast cancers, and is
known to be co-over-expressed with EGFR in a subset of breast tumors (Maa et al., 1995).
Additionally, EGFR and c-Src co-overexpression in mouse fibroblasts and human mammary
epithelial cells results in synergistic increases in tumorigenesis (Maa et al., 1995; Belsches et
al., 1997; Ware et al., 1997; Biscardi et al., 1999a; Biscardi et al., 1999b; Wilde et al., 1999;
Dimri et al., 2007). Thus, it stands to reason that these two proteins together may play an
important role in mitogenic signaling in breast cancer cells. Also, data shown in other cancer
types suggest that dual inhibition of EGFR and c-Src kinase activities decreased cancer cell
viability. In particular, Johns and colleagues have demonstrated that down regulation of c-
Src expression improved the response of gliomas to EGFR monoclonal antibodies (Johns et
al., 2007). Also, decreased c-Src kinase activity results in increased sensitivity to EGFR

inhibitors in head and neck cancer and epidermoid carcinoma cell lines (Koppikar et al.,
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2008; Andersen et al., 2009). A recent Phase I/Il study has also been published utilizing
dasatinib in combination with the EGFR TKI erlotinib in non-small cell lung cancer (Haura
et al., 2010). Not only was this combination tolerable in patients, but disease control was
observed as well. Thus, our data suggest that combinatorial inhibition of EGFR and c-Src

kinase activities may result in the decrease of the viability of breast cancer cells.

It is thought that lipid rafts play a dual role in c-Src signaling. Lipid rafts are also
important in mediation of the c-Src dependent activation of PI3K/Akt signaling in human
SCLC cell lines (Arcaro et al., 2007) and in the activation of FAK to promote early contact
signaling in cells (Baillat et al., 2008). Also, c-Src trafficking and co-localization with EGFR
promotes EGFR-ligand independent MAPK signaling (Donepudi and Resh, 2008).
However, lipid rafts also provide a platform for Csk binding protien (Cbp) to bring Csk, an
endogenous inhibitor of c-Src, in close proximity to its substrate, which, in turn, results in
down regulation of c-Src activity (Torgersen et al., 2001). We have shown evidence that
lipid rafts promote c-Src-dependent signaling in SUM159 breast cancer cells. In particular,
we suggest that lipid raft localized c-Src plays a role in EGFR-kinase independent signaling
seen in these cells. Inhibition of c-Src kinase activity with dasatinib results in abrogation of

EGFR-kinase independent Akt phosphorylation (Fig. 4.6B).

Previous studies have suggested that lipid rafts also mediate EGFR-kinase independent
Akt phosphorylation in this cell line (chapter 3). We have utilized synergy analyses to
determine if lipid raft localized c-Src is responsible for Akt phosphorylation in these cells.
Specifically, we hypothesized that if c-Src was mediating the effects seen downstream of
lipid rafts in these cells, that concomitant inhibition of c-Src kinase activity and cholesterol

biosynthesis (which results in reduction of lipid raft levels), would not be synergistic.
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Indeed, co-treatment with dasatinib and lovastatin was additive in SUM159 cells (Fig. 4.5),
suggesting that these two inhibitors are working together to down-regulate the same pathway.
Thus, these data together suggest that lipid raft localized c-Src mediates EGFR-kinase
independent Akt phosphorylation in SUM159 cells. Furthermore, the co-localization of
pl10a, EGFR, and c-Src within lipid rafts in SUM159 cells (Fig. 4.6A) suggests that lipid
rafts provide a platform for interaction between these molecules, leading to EGFR kinase-

independent activation of PI3K/Akt signaling.

The results described here suggest a model for the activation of EGFR-dependent
signaling pathways independent of EGFR-kinase activity. Specifically, we have shown
previously that lipid rafts play a role in such a pathway (Irwin et Al. under review). Here, we
have described a role for the non-receptor tyrosine kinase c-Src in the activation of EGFR-
kinase independent Akt signaling in the EGFR TKI resistant SUM159 breast cancer cell line.
c-Src co-localized with EGFR in plasma membrane lipid rafts in SUM159 cells. This co-
localization allowed the interaction between EGFR, c-Src, and PI3K, leading to EGFR-
kinase independent Akt phosphorylation. The effects of dasatinib, a small molecule c-Src
kinase inhibitor, and gefitinib, an EGFR TKI, were synergistic in these cells. Dasatinib is
currently in clinical trials in solid tumors (Laird et al., 2003; Kim et al., 2010), and therefore
may be useful in combination with EGFR TKIs for breast cancers that are resistant to EGFR-

directed therapeutics alone.
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Chapter 5

5. Conclusions

The work herein provides evidence of a role for lipid rafts in EGFR TKI resistance. We
have found that EGFR localization to lipid rafts correlates with EGFR TKI resistance. We
have shown that depletion of cholesterol through the use of cholesterol biosynthesis
inhibitors sensitizes breast cancer cells that are resistant to EGFR TKI-induced growth
inhibition. Our data suggest that lipid rafts provide a platform for the interaction of EGFR
with other proteins, including c-Src and PI3K, to promote signaling in the absence of EGFR
kinase activity (Fig. 5.1). These findings provide rationale for the use of the cholesterol

lowering drug lovastatin in combination with EGFR inhibitors in breast cancer.

As mentioned previously, breast cancer is one of the prevailing forms of cancer mortality
in American women. Specifically, basal-type breast cancers have the worst clinical
prognosis. The approval of targeted therapeutics for the treatment of basal-type breast
cancers is of the utmost importance. Unfortunately, there is no currently approved targeted
therapeutic for this sub-type of breast cancer, due to the general lack of estrogen,
progesterone, and HER?2 receptors. The epidermal growth factor receptor, a HER2 family
member, is expressed in a large percentage of this sub-type of breast cancer, however;
EGFR-targeted therapeutics have had limited success here. Thus, our research provides
insight that may allow the use of these targeted agents in breast cancer patients afflicted with

basal-type breast cancer.

The work in this dissertation is not without its limitations. Primarily, gefitinib is no

longer approved for clinical use in the United States, which may limit the ability to translate
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Figure 5.1: Co-localization of EGFR and c-Src to lipid rafts promotes EGFR kinase-independent
siganling. (A) Under normal growth conditions, EGFR and c-Src co-localize and co-associate within lipid
rafts, and Akt and MAPK are phosphorylated leading to cell survival and proliferation. (B) When cholesterol
is depleted (Statin), Akt phosphorylation is decreased, but MAPK remains phosphorylated. (C) When EGFR
kinase acitivity is inhibited (gefitinib), EGFR-kinase dependent MAPK phosphorylation is abrogated,
however, Akt phosphorylation is maintained (D) When there is cholesterol is depleted in combination with
EGFR kinase inhibition, both of these signaling pathways are blocked correlating with an inhibition of
cellular proliferation.
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this work into the clinical setting. Further studies utilizing other EGFR inhibitors, such as
erlotinib, lapatinib, and cetuximab may strengthen the clinical significance of this work. In
particular, combination studies looking at proliferation and viability of cells treated with the
combination of these other EGFR inhibitors and cholesterol lowering drugs may provide
further rationale for the use of these combinations in patients. Also, in vivo studies are
required to move these results towards the clinical arena. For example, xenograft mouse
models can be utilized to determine if the combination of EGFR inhibitors and cholesterol
lowering drugs is a viable option to reduce tumor burden in vivo. With these types of data,
and the knowledge that both EGFR inhibitors and cholesterol lowering drugs are well
tolerated in patients, this work can be translated forward into phase I studies to determine

proper combinatorial dosing.

EGEFR is not the only protein that is known to localize within lipid rafts. Indeed, we have
shown two other proteins, c-Src and p110a, that also localize to lipid rafts in basal breast
cancers. The EGFR family member HER2 also is capable of localizing within lipid raft
membrane microdomains (Menendez et al., 2005). HER2 positive breast cancers can
currently be targeted by the monoclonal antibody trastuzumab, however, inevitably,
resistance to trastuzumab occurs [reviewed in (Nahta and Esteva, 2006)]. Depletion of lipid
rafts through inhibition of fatty acid synthase (FAS) has been found to overcome trastuzumab
resistance in breast cancer (Menendez et al., 2005). These results suggest that inhibition of
lipid rafts, through a variety of mechanisms, may be important in the resistance to EGFR

family member directed therapeutics.

Recent data have implicated the EGFR family in resistance to estrogen receptor-directed

therapeutics. In particular, levels of EGFR and HER2 are elevated in MCF7 cell lines that
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have acquired resistance to tamoxifen (McClelland et al., 2001; Knowlden et al., 2003).
Thus, lapatinib, a dual EGFR/HER?2 inhibitor (described earlier), has been used in preclinical
studies in an effort to overcome such resistance (Chu et al., 2005). However, our findings,
and those of Menedez and colleagues, suggest that there may be resistance to this inhibitor
due to elevated levels of lipid rafts in all breast cancer cells. Preclinical studies regarding the
localization of EGFR and/or HER?2 to lipid rafts in these tamoxifen-resistant cell lines may

therefore be useful to determine if cholesterol lowering drugs may be useful in such a setting.

In general, while there is still more work to be done, the data in this dissertation moves
the field forward towards a better understanding of the underlying mechanisms of resistance
to EGFR tyrosine kinase inhibition in breast cancer. The use of cholesterol lowering drugs in
combination with EGFR inhibitors may provide the targeted clinical therapy needed in basal-
type breast cancers. It is our hope that the research described here will set the stage for the
further study of the localization of proteins to lipid rafts, and how this localization may affect

resistance to well developed targeted therapeutics in breast cancer.



128

REFERENCES

Abulrob A, Giuseppin S, Andrade MF, McDermid A, Moreno M and Stanimirovic D (2004)
Interactions of EGFR and caveolin-1 in human glioblastoma cells: evidence that tyrosine

phosphorylation regulates EGFR association with caveolae. Oncogene 23:6967-6979.

Adam R, Drummond DR, Solic N, Holt SJ, Sharma RP, Chamberlin SG and Davies DE (1995)
Modulation of the receptor binding affinity of amphiregulin by modification of its

carboxyl terminal tail. Biochim Biophys Acta 1266:83-90.

Agosti RM, Leuthold M, Gullick WJ, Yasargil MG and Wiestler OD (1992) Expression of the
epidermal growth factor receptor in astrocytic tumours is specifically associated with

glioblastoma multiforme. Virchows Arch A Pathol Anat Histopathol 420:321-325.

Alberts AW, Chen J, Kuron G, Hunt V, Huff J, Hoffman C, Rothrock J, Lopez M, Joshua H,
Harris E, Patchett A, Monaghan R, Currie S, Stapley E, Albers-Schonberg G, Hensens O,
Hirshfield J, Hoogsteen K, Liesch J and Springer J (1980) Mevinolin: a highly potent
competitive inhibitor of hydroxymethylglutaryl-coenzyme A reductase and a cholesterol-

lowering agent. Proc Natl Acad Sci U S A 77:3957-3961.

Alema S and Tato F (1987) Interaction of retroviral oncogenes with the differentiation program

of myogenic cells. Adv Cancer Res 49:1-28.

Alexandropoulos K and Baltimore D (1996) Coordinate activation of c-Src by SH3- and SH2-

binding sites on a novel p130Cas-related protein, Sin. Genes Dev 10:1341-1355.



129

Aligayer H, Boyd DD, Heiss MM, Abdalla EK, Curley SA and Gallick GE (2002) Activation of
Src kinase in primary colorectal carcinoma: an indicator of poor clinical prognosis.

Cancer 94:344-351.

Almog Y, Shefer A, Novack V, Maimon N, Barski L, Eizinger M, Friger M, Zeller L and Danon
A (2004) Prior statin therapy is associated with a decreased rate of severe sepsis.

Circulation 110:880-885.

Alonso G, Koegl M, Mazurenko N and Courtneidge SA (1995) Sequence requirements for
binding of Src family tyrosine kinases to activated growth factor receptors. J Biol Chem

270:9840-9848.

Altekruse SF KC, Krapcho M, Neyman N, Aminou R, Waldron W, Ruhl J, Howlader N,
Tatalovich Z, Cho H, Mariotto A, Eisner MP, Lewis DR, Cronin K, Chen HS, Feuer EJ,

Stinchcomb DG, Edwards BK (eds). (1975-2007) SEER Cancer Statistics Review, in.

Altun-Gultekin ZF and Wagner JA (1996) Src, ras, and rac mediate the migratory response

elicited by NGF and PMA in PC12 cells. J Neurosci Res 44:308-327.

Amrein KE, Panholzer B, Flint NA, Bannwarth W and Burn P (1993) The Src homology 2
domain of the protein-tyrosine kinase p56lck mediates both intermolecular and

intramolecular interactions. Proc Natl Acad Sci U S A 90:10285-10289.

Anders C and Carey LA (2008) Understanding and treating triple-negative breast cancer.

Oncology (Williston Park) 22:1233-1239; discussion 1239-1240, 1243.



130

Andersen P, Villingshoj M, Poulsen HS and Stockhausen MT (2009) Improved response by co-
targeting EGFR/EGFRVIII and Src family kinases in human cancer cells. Cancer Invest

27:178-183.

Anderson RG (1998) The caveolae membrane system. Annu Rev Biochem 67:199-225.

Anderson SM, Carroll PM and Lee FD (1990) Abrogation of IL-3 dependent growth requires a
functional v-src gene product: evidence for an autocrine growth cycle. Oncogene 5:317-

325.

Andl CD, Mizushima T, Nakagawa H, Oyama K, Harada H, Chruma K, Herlyn M and Rustgi
AK (2003) Epidermal growth factor receptor mediates increased cell proliferation,
migration, and aggregation in esophageal keratinocytes in vitro and in vivo. J Biol Chem

278:1824-1830.

Andreev J, Galisteo ML, Kranenburg O, Logan SK, Chiu ES, Okigaki M, Cary LA, Moolenaar
WH and Schlessinger J (2001) Src and Pyk2 mediate G-protein-coupled receptor
activation of epidermal growth factor receptor (EGFR) but are not required for coupling

to the mitogen-activated protein (MAP) kinase signaling cascade. J Biol Chem

276:20130-20135.

Arcaro A, Aubert M, Espinosa del Hierro ME, Khanzada UK, Angelidou S, Tetley TD,
Bittermann AG, Frame MC and Seckl MJ (2007) Ceritical role for lipid raft-associated Src

kinases in activation of PI3K-Akt signalling. Cell Signal 19:1081-1092.

Arteaga CL (2002) Epidermal growth factor receptor dependence in human tumors: more than

just expression? Oncologist 7 Suppl 4:31-39.



131

Atalay G, Cardoso F, Awada A and Piccart MJ (2003) Novel therapeutic strategies targeting the
epidermal growth factor receptor (EGFR) family and its downstream effectors in breast

cancer. Ann Oncol 14:1346-1363.

Augustine JA, Sutor SL and Abraham RT (1991) Interleukin 2- and polyomavirus middle T
antigen-induced modification of phosphatidylinositol 3-kinase activity in activated T

lymphocytes. Mol Cell Biol 11:4431-4440.

Auricchio F, Migliaccio A, Castoria G, Di Domenico M, Bilancio A and Rotondi A (1996)

Protein tyrosine phosphorylation and estradiol action. Ann N Y Acad Sci 784:149-172.

Avila MA, Berasain C, Sangro B and Prieto J (2006) New therapies for hepatocellular

carcinoma. Oncogene 25:3866-3884.

Baillat G, Siret C, Delamarre E and Luis J (2008) Early adhesion induces interaction of FAK and
Fyn in lipid domains and activates raft-dependent Akt signaling in SW480 colon cancer

cells. Biochim Biophys Acta 1783:2323-2331.

Baker M (2004) EGFR inhibitors square off at ASCO. Nat Biotechnol 22:641.

Ballinger MD, Jones JT, Lofgren JA, Fairbrother WJ, Akita RW, Sliwkowski MX and Wells JA
(1998) Selection of heregulin variants having higher affinity for the ErbB3 receptor by

monovalent phage display. J Biol Chem 273:11675-11684.

Barbacci EG, Guarino BC, Stroh JG, Singleton DH, Rosnack KJ, Moyer JD and Andrews GC
(1995) The structural basis for the specificity of epidermal growth factor and heregulin

binding. J Biol Chem 270:9585-9589.



132

Barenholz Y (2002) Cholesterol and other membrane active sterols: from membrane evolution to

"rafts". Prog Lipid Res 41:1-5.

Barnekow A, Jahn R and Schartl M (1990) Synaptophysin: a substrate for the protein tyrosine

kinase pp60c-src in intact synaptic vesicles. Oncogene 5:1019-1024.

Barrandon Y and Green H (1987) Cell migration is essential for sustained growth of keratinocyte
colonies: the roles of transforming growth factor-alpha and epidermal growth factor. Cell

50:1131-1137.

Barton CM, Hall PA, Hughes CM, Gullick WJ and Lemoine NR (1991) Transforming growth
factor alpha and epidermal growth factor in human pancreatic cancer. J Pathol 163:111-

116.

Baselga J and Arteaga CL (2005) Critical update and emerging trends in epidermal growth factor

receptor targeting in cancer. J Clin Oncol 23:2445-2459.

Basu A and Cline JS (1995) Oncogenic transformation alters cisplatin-induced apoptosis in rat

embryo fibroblasts. Int J Cancer 63:597-603.

Bates SE, Davidson NE, Valverius EM, Freter CE, Dickson RB, Tam JP, Kudlow JE, Lippman
ME and Salomon DS (1988) Expression of transforming growth factor alpha and its
messenger ribonucleic acid in human breast cancer: its regulation by estrogen and its

possible functional significance. Mol Endocrinol 2:543-555.

Battaglia F, Scambia G, Benedetti Panici P, Baiocchi G, Perrone L, lacobelli S and Mancuso S
(1989) Epidermal growth factor receptor expression in gynecological malignancies.

Gynecol Obstet Invest 27:42-44.



133

Batzer AG, Rotin D, Urena JM, Skolnik EY and Schlessinger J (1994) Hierarchy of binding sites

for Grb2 and Shc on the epidermal growth factor receptor. Mol Cell Biol 14:5192-5201.

Bauknecht T, Angel P, Kohler M, Kommoss F, Birmelin G, Pfleiderer A and Wagner E (1993)
Gene structure and expression analysis of the epidermal growth factor receptor,
transforming growth factor-alpha, myc, jun, and metallothionein in human ovarian

carcinomas. Classification of malignant phenotypes. Cancer 71:419-429.

Bauknecht T, Birmelin G and Kommoss F (1990) Clinical significance of oncogenes and growth

factors in ovarian carcinomas. J Steroid Biochem Mol Biol 37:855-862.

Bauknecht T, Janz I, Kohler M and Pfleiderer A (1989a) Human ovarian carcinomas: correlation
of malignancy and survival with the expression of epidermal growth factor receptors

(EGF-R) and EGF-like factors (EGF-F). Med Oncol Tumor Pharmacother 6:121-127.

Bauknecht T, Kohler M, Janz I and Pfleiderer A (1989b) The occurrence of epidermal growth
factor receptors and the characterization of EGF-like factors in human ovarian,
endometrial, cervical and breast cancer. EGF receptors and factors in gynecological

carcinomas. J Cancer Res Clin Oncol 115:193-199.

Baum M, Buzdar A, Cuzick J, Forbes J, Houghton J, Howell A and Sahmoud T (2003)
Anastrozole alone or in combination with tamoxifen versus tamoxifen alone for adjuvant
treatment of postmenopausal women with early-stage breast cancer: results of the ATAC

(Arimidex, Tamoxifen Alone or in Combination) trial efficacy and safety update

analyses. Cancer 98:1802-1810.



134

Beck P, Wysowski DK, Downey W and Butler-Jones D (2003) Statin use and the risk of breast

cancer. J Clin Epidemiol 56:280-285.

Beerli RR and Hynes NE (1996) Epidermal growth factor-related peptides activate distinct
subsets of ErbB receptors and differ in their biological activities. J Biol Chem 271:6071-

6076.

Beggs HE, Soriano P and Maness PF (1994) NCAM-dependent neurite outgrowth is inhibited in

neurons from Fyn-minus mice. J Cell Biol 127:825-833.

Bellas RE, Bendori R and Farmer SR (1991) Epidermal growth factor activation of vinculin and
beta 1-integrin gene transcription in quiescent Swiss 3T3 cells. Regulation through a

protein kinase C-independent pathway. J Biol Chem 266:12008-12014.

Belsches-Jablonski AP, Biscardi JS, Peavy DR, Tice DA, Romney DA and Parsons SJ (2001)
Src family kinases and HER2 interactions in human breast cancer cell growth and

survival. Oncogene 20:1465-1475.

Belsches AP, Haskell MD and Parsons SJ (1997) Role of c-Src tyrosine kinase in EGF-induced

mitogenesis. Front Biosci 2:d501-518.

Berasain C, Castillo J, Prieto J and Avila MA (2007) New molecular targets for hepatocellular

carcinoma: the ErbB1 signaling system. Liver Int 27:174-185.

Berger MS, Greenfield C, Gullick WJ, Haley J, Downward J, Neal DE, Harris AL and
Waterfield MD (1987a) Evaluation of epidermal growth factor receptors in bladder

tumours. Br J Cancer 56:533-537.



135

Berger MS, Gullick WJ, Greenfield C, Evans S, Addis BJ and Waterfield MD (1987b)

Epidermal growth factor receptors in lung tumours. J Pathol 152:297-307.

Bergman M, Mustelin T, Oetken C, Partanen J, Flint NA, Amrein KE, Autero M, Burn P and
Alitalo K (1992) The human p50csk tyrosine kinase phosphorylates p56lck at Tyr-505

and down regulates its catalytic activity. EMBO J 11:2919-2924.

Berkhout TA, Simon HM, Patel DD, Bentzen C, Niesor E, Jackson B and Suckling KE (1996)
The novel cholesterol-lowering drug SR-12813 inhibits cholesterol synthesis via an

increased degradation of 3-hydroxy-3-methylglutaryl-coenzyme A reductase. J Biol

Chem 271:14376-14382.

Berns EM, Klijn JG, Henzen-Logmans SC, Rodenburg CJ, van der Burg ME and Foekens JA
(1992) Receptors for hormones and growth factors and (onco)-gene amplification in

human ovarian cancer. Int J Cancer 52:218-224.

Bertucci F, Finetti P, Rougemont J, Charafe-Jauffret E, Cervera N, Tarpin C, Nguyen C, Xerri L,
Houlgatte R, Jacquemier J, Viens P and Birnbaum D (2005) Gene expression profiling

identifies molecular subtypes of inflammatory breast cancer. Cancer Res 65:2170-2178.

Bhargava R, Gerald WL, Li AR, Pan Q, Lal P, Ladanyi M and Chen B (2005) EGFR gene
amplification in breast cancer: correlation with epidermal growth factor receptor mRNA

and protein expression and HER-2 status and absence of EGFR-activating mutations.

Mod Pathol 18:1027-1033.



136

Bianco R, Damiano V, Gelardi T, Daniele G, Ciardiello F and Tortora G (2007) Rational
combination of targeted therapies as a strategy to overcome the mechanisms of resistance

to inhibitors of EGFR signaling. Curr Pharm Des 13:3358-3367.

Bianco R, Troiani T, Tortora G and Ciardiello F (2005) Intrinsic and acquired resistance to

EGFR inhibitors in human cancer therapy. Endocr Relat Cancer 12 Suppl 1:S159-171.

Biedi C, Panetta D, Segat D, Cordera R and Maggi D (2003) Specificity of insulin-like growth
factor I and insulin on Shc phosphorylation and Grb2 recruitment in caveolae.

Endocrinology 144:5497-5503.

Biffen M, McMichael-Phillips D, Larson T, Venkitaraman A and Alexander D (1994) The CD45
tyrosine phosphatase regulates specific pools of antigen receptor-associated pS9fyn and

CD4-associated p56lck tyrosine in human T-cells. EMBO J 13:1920-1929.

Biscardi JS, Belsches AP and Parsons SJ (1998) Characterization of human epidermal growth
factor receptor and c-Src interactions in human breast tumor cells. Mol Carcinog 21:261-

272.

Biscardi JS, Ishizawar RC, Silva CM and Parsons SJ (2000) Tyrosine kinase signalling in breast
cancer: epidermal growth factor receptor and c-Src interactions in breast cancer. Breast

Cancer Res 2:203-210.

Biscardi JS, Maa MC, Tice DA, Cox ME, Leu TH and Parsons SJ (1999a) c-Src-mediated
phosphorylation of the epidermal growth factor receptor on Tyr845 and Tyrl1101 is

associated with modulation of receptor function. J Biol Chem 274:8335-8343.



137

Biscardi JS, Tice DA and Parsons SJ (1999b) c-Src, receptor tyrosine kinases, and human cancer.

Adv Cancer Res 76:61-119.

Biswas DK, Dai SC, Cruz A, Weiser B, Graner E and Pardee AB (2001) The nuclear factor
kappa B (NF-kappa B): a potential therapeutic target for estrogen receptor negative breast

cancers. Proc Natl Acad Sci U S A 98:10386-10391.

Bjorge JD, Jakymiw A and Fujita DJ (2000) Selected glimpses into the activation and function of

Src kinase. Oncogene 19:5620-5635.

Blagosklonny MV and Darzynkiewicz Z (2003) Why Iressa failed: toward novel use of kinase

inhibitors (outlook). Cancer Biol Ther 2:137-140.

Blais L, Desgagne A and LeLorier J (2000) 3-Hydroxy-3-methylglutaryl coenzyme A reductase
inhibitors and the risk of cancer: a nested case-control study. Arch Intern Med 160:2363-

2368.

Blake RA, Broome MA, Liu X, Wu J, Gishizky M, Sun L and Courtneidge SA (2000) SU6656, a
selective src family kinase inhibitor, used to probe growth factor signaling. Mol Cell Biol

20:9018-9027.

Boerner JL, Biscardi JS, Silva CM and Parsons SJ (2005) Transactivating agonists of the EGF
receptor require Tyr 845 phosphorylation for induction of DNA synthesis. Mol Carcinog

44:262-273.

Boerner JL, Demory ML, Silva C and Parsons SJ (2004) Phosphorylation of Y845 on the
epidermal growth factor receptor mediates binding to the mitochondrial protein

cytochrome ¢ oxidase subunit II. Mol Cell Biol 24:7059-7071.



138

Bolen JB and Brugge JS (1997) Leukocyte protein tyrosine kinases: potential targets for drug

discovery. Annu Rev Immunol 15:371-404.

Bolla M, Chedin M, Souvignet C, Marron J, Arnould C and Chambaz E (1990) Estimation of
epidermal growth factor receptor in 177 breast cancers: correlation with prognostic

factors. Breast Cancer Res Treat 16:97-102.

Bonaccorsi L, Carloni V, Muratori M, Formigli L, Zecchi S, Forti G and Baldi E (2004) EGF
receptor (EGFR) signaling promoting invasion is disrupted in androgen-sensitive prostate

cancer cells by an interaction between EGFR and androgen receptor (AR). Int J Cancer

112:78-86.

Bonaccorsi L, Nosi D, Muratori M, Formigli L, Forti G and Baldi E (2007) Altered endocytosis
of epidermal growth factor receptor in androgen receptor positive prostate cancer cell

lines. J Mol Endocrinol 38:51-66.

Bonner JA, De Los Santos J, Waksal HW, Needle MN, Trummel HQ and Raisch KP (2002)
Epidermal growth factor receptor as a therapeutic target in head and neck cancer. Semin

Radiat Oncol 12:11-20.

Boudny V and Nakano S (2003) Src tyrosine kinase but not activated Ras augments sensitivity to

taxanes through apoptosis in human adenocarcinoma cells. Anticancer Res 23:7-12.

Boudreau DM, Gardner JS, Malone KE, Heckbert SR, Blough DK and Daling JR (2004) The
association between 3-hydroxy-3-methylglutaryl conenzyme A inhibitor use and breast
carcinoma risk among postmenopausal women: a case-control study. Cancer 100:2308-

2316.



139

Boyce BF, Yoneda T, Lowe C, Soriano P and Mundy GR (1992) Requirement of pp60c-src
expression for osteoclasts to form ruffled borders and resorb bone in mice. J Clin Invest

90:1622-1627.

Brandt R, Eisenbrandt R, Leenders F, Zschiesche W, Binas B, Juergensen C and Theuring F
(2000) Mammary gland specific hEGF receptor transgene expression induces neoplasia

and inhibits differentiation. Oncogene 19:2129-2137.

Brave M, Goodman V, Kaminskas E, Farrell A, Timmer W, Pope S, Harapanhalli R, Saber H,
Morse D, Bullock J, Men A, Noory C, Ramchandani R, Kenna L, Booth B, Gobburu J,
Jiang X, Sridhara R, Justice R and Pazdur R (2008) Sprycel for chronic myeloid leukemia
and Philadelphia chromosome-positive acute lymphoblastic leukemia resistant to or

intolerant of imatinib mesylate. Clin Cancer Res 14:352-359.

Breuhahn K, Longerich T and Schirmacher P (2006) Dysregulation of growth factor signaling in

human hepatocellular carcinoma. Oncogene 25:3787-3800.

Broome MA and Hunter T (1996) Requirement for c-Src catalytic activity and the SH3 domain
in platelet-derived growth factor BB and epidermal growth factor mitogenic signaling. J

Biol Chem 271:16798-16806.

Brown CL, Meise KS, Plowman GD, Coffey RJ and Dempsey PJ (1998a) Cell surface
ectodomain cleavage of human amphiregulin precursor is sensitive to a metalloprotease

inhibitor. Release of a predominant N-glycosylated 43-kDa soluble form. J Biol Chem

273:17258-17268.



140

Brown DA (2006) Lipid rafts, detergent-resistant membranes, and raft targeting signals.

Physiology (Bethesda) 21:430-439.

Brown DA and London E (1997) Structure of detergent-resistant membrane domains: does phase

separation occur in biological membranes? Biochem Biophys Res Commun 240:1-7.

Brown DA and Rose JK (1992) Sorting of GPI-anchored proteins to glycolipid-enriched

membrane subdomains during transport to the apical cell surface. Cell 68:533-544.

Brown MT, Andrade J, Radhakrishna H, Donaldson JG, Cooper JA and Randazzo PA (1998b)
ASAPI1, a phospholipid-dependent arf GTPase-activating protein that associates with and

is phosphorylated by Src. Mol Cell Biol 18:7038-7051.

Bruns CJ, Solorzano CC, Harbison MT, Ozawa S, Tsan R, Fan D, Abbruzzese J, Traxler P,
Buchdunger E, Radinsky R and Fidler 1J (2000) Blockade of the epidermal growth factor
receptor signaling by a novel tyrosine kinase inhibitor leads to apoptosis of endothelial

cells and therapy of human pancreatic carcinoma. Cancer Res 60:2926-2935.

Buhrow SA, Cohen S, Garbers DL and Staros JV (1983) Characterization of the interaction of 5'-
p-fluorosulfonylbenzoyl adenosine with the epidermal growth factor receptor/protein

kinase in A431 cell membranes. J Biol Chem 258:7824-7827.

Buhrow SA, Cohen S and Staros JV (1982) Affinity labeling of the protein kinase associated
with the epidermal growth factor receptor in membrane vesicles from A431 cells. J Biol

Chem 257:4019-4022.



141

Burgess AW, Cho HS, Eigenbrot C, Ferguson KM, Garrett TP, Leahy DJ, Lemmon MA,
Sliwkowski MX, Ward CW and Yokoyama S (2003) An open-and-shut case? Recent

insights into the activation of EGF/ErbB receptors. Mol Cell 12:541-552.

Burness ML, Grushko TA and Olopade OI (2010) Epidermal growth factor receptor in triple-
negative and basal-like breast cancer: promising clinical target or only a marker? Cancer

J 16:23-32.

Burnham MR, Harte MT, Richardson A, Parsons JT and Bouton AH (1996) The identification of
p130cas-binding proteins and their role in cellular transformation. Oncogene 12:2467-

2472.

Cafforio P, Dammacco F, Gernone A and Silvestris F (2005) Statins activate the mitochondrial

pathway of apoptosis in human lymphoblasts and myeloma cells. Carcinogenesis 26:883-

891.

Cailleau R, Olive M and Cruciger QV (1978) Long-term human breast carcinoma cell lines of

metastatic origin: preliminary characterization. In Vitro 14:911-915.

Campbell MJ, Esserman LJ, Zhou Y, Shoemaker M, Lobo M, Borman E, Baehner F, Kumar AS,
Adduci K, Marx C, Petricoin EF, Liotta LA, Winters M, Benz S and Benz CC (2006)

Breast cancer growth prevention by statins. Cancer Res 66:8707-8714.

Canman CE, Gilmer TM, Coutts SB and Kastan MB (1995) Growth factor modulation of p53-

mediated growth arrest versus apoptosis. Genes Dev 9:600-611.

Cantley LC (2002) The phosphoinositide 3-kinase pathway. Science 296:1655-1657.



142

Cardoso F, Piccart MJ, Durbecq V and Di Leo A (2002) Resistance to trastuzumab: a necessary

evil or a temporary challenge? Clin Breast Cancer 3:247-257; discussion 258-249.

Carpenter G (1987) Receptors for epidermal growth factor and other polypeptide mitogens. Annu

Rev Biochem 56:881-914.

Carpenter G and Cohen S (1976) 125I-labeled human epidermal growth factor. Binding,

internalization, and degradation in human fibroblasts. J Cell Biol 71:159-171.

Carpenter G, King L, Jr. and Cohen S (1978) Epidermal growth factor stimulates

phosphorylation in membrane preparations in vitro. Nature 276:409-410.

Castillo J, Erroba E, Perugorria MJ, Santamaria M, Lee DC, Prieto J, Avila MA and Berasain C
(2006) Amphiregulin contributes to the transformed phenotype of human hepatocellular

carcinoma cells. Cancer Res 66:6129-6138.

Castoria G, Barone MV, Di Domenico M, Bilancio A, Ametrano D, Migliaccio A and Auricchio
F (1999) Non-transcriptional action of oestradiol and progestin triggers DNA synthesis.

EMBO J 18:2500-2510.

Cauley JA, McTiernan A, Rodabough RJ, LaCroix A, Bauer DC, Margolis KL, Paskett ED,
Vitolins MZ, Furberg CD and Chlebowski RT (2006) Statin use and breast cancer:

prospective results from the Women's Health Initiative. J Natl Cancer Inst 98:700-707.

Cauley JA, Zmuda JM, Lui LY, Hillier TA, Ness RB, Stone KL, Cummings SR and Bauer DC
(2003) Lipid-lowering drug use and breast cancer in older women: a prospective study. J

Womens Health (Larchmt) 12:749-756.



143

Cemeus C, Zhao TT, Barrett GM, Lorimer IA and Dimitroulakos J (2008) Lovastatin enhances
gefitinib activity in glioblastoma cells irrespective of EGFRVIII and PTEN status. J

Neurooncol 90:9-17.

Chaffanet M, Chauvin C, Laine M, Berger F, Chedin M, Rost N, Nissou MF and Benabid AL
(1992) EGF receptor amplification and expression in human brain tumours. Eur J Cancer

28:11-17.

Chambliss KL, Yuhanna IS, Mineo C, Liu P, German Z, Sherman TS, Mendelsohn ME,
Anderson RG and Shaul PW (2000) Estrogen receptor alpha and endothelial nitric oxide

synthase are organized into a functional signaling module in caveolae. Circ Res 87:E44-

52.

Chang JH, Gill S, Settleman J and Parsons SJ (1995) c-Src regulates the simultaneous
rearrangement of actin cytoskeleton, pl90RhoGAP, and pl20RasGAP following

epidermal growth factor stimulation. J Cell Biol 130:355-368.

Chang WJ, Ying YS, Rothberg KG, Hooper NM, Turner AJ, Gambliel HA, De Gunzburg J,
Mumby SM, Gilman AG and Anderson RG (1994) Purification and characterization of

smooth muscle cell caveolae. J Cell Biol 126:127-138.

Chardin P, Camonis JH, Gale NW, van Aelst L, Schlessinger J, Wigler MH and Bar-Sagi D
(1993) Human Sos1: a guanine nucleotide exchange factor for Ras that binds to GRB2.

Science 260:1338-1343.



144

Chau BN, Nandagopal K, Niyogi SK and Campion SR (1996) The EGF receptor binding of
recombinant heregulinbetal/EGF hybrids is blocked by heregulin residue glutamate 195.

Biochem Biophys Res Commun 229:882-886.

Chen HC, Appeddu PA, Parsons JT, Hildebrand JD, Schaller MD and Guan JL (1995)
Interaction of focal adhesion kinase with cytoskeletal protein talin. J Biol Chem

270:16995-16999.

Chen JQ and Russo J (2009) ERalpha-negative and triple negative breast cancer: molecular

features and potential therapeutic approaches. Biochim Biophys Acta 1796:162-175.

Chen P, Gupta K and Wells A (1994a) Cell movement elicited by epidermal growth factor
receptor requires kinase and autophosphorylation but is separable from mitogenesis. J

Cell Biol 124:547-555.

Chen P, Xie H, Sekar MC, Gupta K and Wells A (1994b) Epidermal growth factor receptor-
mediated cell motility: phospholipase C activity is required, but mitogen-activated
protein kinase activity is not sufficient for induced cell movement. J Cell Biol 127:847-

857.

Chen X and Resh MD (2002) Cholesterol depletion from the plasma membrane triggers ligand-
independent activation of the epidermal growth factor receptor. J Biol Chem 277:49631-

49637.

Chen YF, Pan GZ, Hou X, Liu TH, Chen J, Yanaihara C and Yanaihara N (1990) Epidermal

growth factor and its receptors in human pancreatic carcinoma. Pancreas 5:278-283.



145

Cheng AM, Saxton TM, Sakai R, Kulkarni S, Mbamalu G, Vogel W, Tortorice CG, Cardiff RD,
Cross JC, Muller WJ and Pawson T (1998) Mammalian Grb2 regulates multiple steps in

embryonic development and malignant transformation. Cell 95:793-803.

Cheng J, Huang H, Zhang ZT, Shapiro E, Pellicer A, Sun TT and Wu XR (2002) Overexpression
of epidermal growth factor receptor in urothelium elicits urothelial hyperplasia and

promotes bladder tumor growth. Cancer Res 62:4157-4163.

Cheng JQ, Godwin AK, Bellacosa A, Taguchi T, Franke TF, Hamilton TC, Tsichlis PN and
Testa JR (1992) AKT2, a putative oncogene encoding a member of a subfamily of

protein-serine/threonine kinases, is amplified in human ovarian carcinomas. Proc Natl

Acad Sci U S A 89:9267-9271.

Cheng PC, Dykstra ML, Mitchell RN and Pierce SK (1999) A role for lipid rafts in B cell

antigen receptor signaling and antigen targeting. J Exp Med 190:1549-1560.

Chiang GG and Sefton BM (2000) Phosphorylation of a Src kinase at the autophosphorylation

site in the absence of Src kinase activity. J Biol Chem 275:6055-6058.

Cho HS, Mason K, Ramyar KX, Stanley AM, Gabelli SB, Denney DW, Jr. and Leahy DJ (2003)
Structure of the extracellular region of HER2 alone and in complex with the Herceptin

Fab. Nature 421:756-760.

Chow LM, Fournel M, Davidson D and Veillette A (1993) Negative regulation of T-cell receptor

signalling by tyrosine protein kinase p5SOcsk. Nature 365:156-160.



146

Chu I, Blackwell K, Chen S and Slingerland J (2005) The dual ErbB1/ErbB2 inhibitor, lapatinib
(GW572016), cooperates with tamoxifen to inhibit both cell proliferation- and estrogen-

dependent gene expression in antiestrogen-resistant breast cancer. Cancer Res 65:18-25.

Ciardiello F (2000) Epidermal growth factor receptor tyrosine kinase inhibitors as anticancer

agents. Drugs 60 Suppl 1:25-32; discussion 41-22.

Ciardiello F, Damiano V, Bianco R, Bianco C, Fontanini G, De Laurentiis M, De Placido S,
Mendelsohn J, Bianco AR and Tortora G (1996) Antitumor activity of combined
blockade of epidermal growth factor receptor and protein kinase A. J Natl Cancer Inst

88:1770-1776.

Clague MJ and Urbe S (2001) The interface of receptor trafficking and signalling. J Cell Sci

114:3075-3081.

Clayton AH, Tavarnesi ML and Johns TG (2007) Unligated epidermal growth factor receptor
forms higher order oligomers within microclusters on A431 cells that are sensitive to

tyrosine kinase inhibitor binding. Biochemistry 46:4589-4597.

Clynes RA, Towers TL, Presta LG and Ravetch JV (2000) Inhibitory Fc receptors modulate in

vivo cytoxicity against tumor targets. Nat Med 6:443-446.

Cobb BS, Schaller MD, Leu TH and Parsons JT (1994) Stable association of pp60src and
pp59fyn with the focal adhesion-associated protein tyrosine kinase, pp125FAK. Mol Cell

Biol 14:147-155.



147

Cochet C, Kashles O, Chambaz EM, Borrello I, King CR and Schlessinger J (1988)
Demonstration of epidermal growth factor-induced receptor dimerization in living cells

using a chemical covalent cross-linking agent. J Biol Chem 263:3290-3295.

Cohen MH, Johnson JR, Chen YF, Sridhara R and Pazdur R (2005) FDA drug approval

summary: erlotinib (Tarceva) tablets. Oncologist 10:461-466.

Cohen S (1962) Isolation of a mouse submaxillary gland protein accelerating incisor eruption

and eyelid opening in the new-born animal. J Biol Chem 237:1555-1562.

Cohen S and Fava RA (1985) Internalization of functional epidermal growth

factor:receptor/kinase complexes in A-431 cells. J Biol Chem 260:12351-12358.

Cohen S, Fava RA and Sawyer ST (1982a) Purification and characterization of epidermal growth
factor receptor/protein kinase from normal mouse liver. Proc Natl Acad Sci U S A

79:6237-6241.

Cohen S, Ushiro H, Stoscheck C and Chinkers M (1982b) A native 170,000 epidermal growth
factor receptor-kinase complex from shed plasma membrane vesicles. J Biol Chem

257:1523-1531.

Collisson EA, Kleer C, Wu M, De A, Gambhir SS, Merajver SD and Kolodney MS (2003)
Atorvastatin prevents RhoC isoprenylation, invasion, and metastasis in human melanoma

cells. Mol Cancer Ther 2:941-948.

Coogan PF, Rosenberg L, Palmer JR, Strom BL, Zauber AG and Shapiro S (2002) Statin use and

the risk of breast and prostate cancer. Epidemiology 13:262-267.



148

Coombes RC, Hall E, Gibson LJ, Paridaens R, Jassem J, Delozier T, Jones SE, Alvarez I,
Bertelli G, Ortmann O, Coates AS, Bajetta E, Dodwell D, Coleman RE, Fallowfield LJ,
Mickiewicz E, Andersen J, Lonning PE, Cocconi G, Stewart A, Stuart N, Snowdon CF,
Carpentieri M, Massimini G, Bliss JM and van de Velde C (2004) A randomized trial of
exemestane after two to three years of tamoxifen therapy in postmenopausal women with

primary breast cancer. N Engl J Med 350:1081-1092.

Corsini A, Maggi FM and Catapano AL (1995) Pharmacology of competitive inhibitors of

HMG-CoA reductase. Pharmacol Res 31:9-27.

Costa DB and Kobayashi S (2007) Are exon 19 deletions and L858R EGFR mutations in non-

small-cell lung cancer clinically different? Br J Cancer 96:399; author reply 400.

Couet J, Li S, Okamoto T, Ikezu T and Lisanti MP (1997a) Identification of peptide and protein
ligands for the caveolin-scaffolding domain. Implications for the interaction of caveolin

with caveolae-associated proteins. J Biol Chem 272:6525-6533.

Couet J, Sargiacomo M and Lisanti MP (1997b) Interaction of a receptor tyrosine kinase, EGF-
R, with caveolins. Caveolin binding negatively regulates tyrosine and serine/threonine

kinase activities. J Biol Chem 272:30429-30438.

Courtneidge SA, Dhand R, Pilat D, Twamley GM, Waterfield MD and Roussel MF (1993)
Activation of Src family kinases by colony stimulating factor-1, and their association

with its receptor. EMBO J 12:943-950.



149

Coussens L, Yang-Feng TL, Liao YC, Chen E, Gray A, McGrath J, Seeburg PH, Libermann TA,
Schlessinger J, Francke U and et al. (1985) Tyrosine kinase receptor with extensive

homology to EGF receptor shares chromosomal location with neu oncogene. Science

230:1132-1139.

Cressman DE, Diamond RH and Taub R (1995) Rapid activation of the Stat3 transcription

complex in liver regeneration. Hepatology 21:1443-1449.

Cristofanilli M, Valero V, Mangalik A, Royce M, Rabinowitz I, Arena FP, Kroener JF, Curcio E,
Watkins C, Bacus S, Cora EM, Anderson E and Magill PJ (2010) Phase II, randomized
trial to compare anastrozole combined with gefitinib or placebo in postmenopausal

women with hormone receptor-positive metastatic breast cancer. Clin Cancer Res

16:1904-1914.

Cruciger QV, Pathak S and Cailleau R (1976) Human breast carcinomas: marker chromosomes

involving 1q in seven cases. Cytogenet Cell Genet 17:231-235.

Cussac D, Vidal M, Leprince C, Liu WQ, Cornille F, Tiraboschi G, Roques BP and Garbay C
(1999) A Sos-derived peptidimer blocks the Ras signaling pathway by binding both Grb2

SH3 domains and displays antiproliferative activity. FASEB J 13:31-38.

Danielsen EM and van Deurs B (1995) A transferrin-like GPI-linked iron-binding protein in
detergent-insoluble noncaveolar microdomains at the apical surface of fetal intestinal

epithelial cells. J Cell Biol 131:939-950.

Das M and Fox CF (1978) Molecular mechanism of mitogen action: processing of receptor

induced by epidermal growth factor. Proc Natl Acad Sci U S A 75:2644-2648.



150

Das M, Miyakawa T and Fox CF (1978) Affinity labeling of a cell surface receptor for epidermal

growth factor. Prog Clin Biol Res 23:647-656.

Datta SR, Dudek H, Tao X, Masters S, Fu H, Gotoh Y and Greenberg ME (1997) Akt
phosphorylation of BAD couples survival signals to the cell-intrinsic death machinery.

Cell 91:231-241.

David M, Petricoin E, 3rd, Benjamin C, Pine R, Weber MJ and Larner AC (1995) Requirement
for MAP kinase (ERK2) activity in interferon alpha- and interferon beta-stimulated gene

expression through STAT proteins. Science 269:1721-1723.

David M, Wong L, Flavell R, Thompson SA, Wells A, Larner AC and Johnson GR (1996)
STAT activation by epidermal growth factor (EGF) and amphiregulin. Requirement for
the EGF receptor kinase but not for tyrosine phosphorylation sites or JAK1. J Biol Chem

271:9185-9188.

Davignon J and Laaksonen R (1999) Low-density lipoprotein-independent effects of statins.

Curr Opin Lipidol 10:543-559.

Davy A, Feuerstein C and Robbins SM (2000) Signaling within a caveolae-like membrane
microdomain in human neuroblastoma cells in response to fibroblast growth factor. J

Neurochem 74:676-683.

Dazzi H, Hasleton PS, Thatcher N, Barnes DM, Wilkes S, Swindell R and Lawson RA (1989)
Expression of epidermal growth factor receptor (EGF-R) in non-small cell lung cancer.
Use of archival tissue and correlation of EGF-R with histology, tumour size, node status

and survival. Br J Cancer 59:746-749.



151

de Larco JE and Todaro GJ (1978) Growth factors from murine sarcoma virus-transformed cells.

Proc Natl Acad Sci U S A 75:4001-4005.

deCathelineau AM and Bokoch GM (2009) Inactivation of rho GTPases by statins attenuates

anthrax lethal toxin activity. Infect Immun 77:348-359.

del Real G, Jimenez-Baranda S, Mira E, Lacalle RA, Lucas P, Gomez-Mouton C, Alegret M,
Pena JM, Rodriguez-Zapata M, Alvarez-Mon M, Martinez AC and Manes S (2004)

Statins inhibit HIV-1 infection by down-regulating Rho activity. J Exp Med 200:541-547.

Delmas D, Rebe C, Lacour S, Filomenko R, Athias A, Gambert P, Cherkaoui-Malki M, Jannin
B, Dubrez-Daloz L, Latruffe N and Solary E (2003) Resveratrol-induced apoptosis is
associated with Fas redistribution in the rafts and the formation of a death-inducing

signaling complex in colon cancer cells. J Biol Chem 278:41482-41490.

DeMorrow S, Glaser S, Francis H, Venter J, Vaculin B, Vaculin S and Alpini G (2007)
Opposing actions of endocannabinoids on cholangiocarcinoma growth: recruitment of

Fas and Fas ligand to lipid rafts. J Biol Chem 282:13098-13113.

Demory ML, Boerner JL, Davidson R, Faust W, Miyake T, Lee I, Huttemann M, Douglas R,
Haddad G and Parsons SJ (2009) Epidermal growth factor receptor translocation to the

mitochondria: regulation and effect. J Biol Chem 284:36592-36604.

Demoulin JB, Uyttenhove C, Van Roost E, DeLestre B, Donckers D, Van Snick J and Renauld
JC (1996) A single tyrosine of the interleukin-9 (IL-9) receptor is required for STAT
activation, antiapoptotic activity, and growth regulation by 1L-9. Mol Cell Biol 16:4710-

4716.



152

Depasquale I and Wheatley DN (2006) Action of Lovastatin (Mevinolin) on an in vitro model of

angiogenesis and its co-culture with malignant melanoma cell lines. Cancer Cell Int 6:9.

Di Carlo A, Mariano A, Macchia PE, Cecere C, Ferrante G and Macchia V (1993) Epidermal
growth factor receptor and lipid membrane components in human lung cancers. J

Endocrinol Invest 16:99-107.

Di Guglielmo GM, Baass PC, Ou WI, Posner BI and Bergeron JJ (1994) Compartmentalization
of SHC, GRB2 and mSOS, and hyperphosphorylation of Raf-1 by EGF but not insulin in

liver parenchyma. EMBO J 13:4269-4277.

Di Leo A, Gomez HL, Aziz Z, Zvirbule Z, Bines J, Arbushites MC, Guerrera SF, Koehler M,
Oliva C, Stein SH, Williams LS, Dering J, Finn RS and Press MF (2008) Phase III,
double-blind, randomized study comparing lapatinib plus paclitaxel with placebo plus

paclitaxel as first-line treatment for metastatic breast cancer. J Clin Oncol 26:5544-5552.

Di Lorenzo G, Tortora G, D'Armiento FP, De Rosa G, Staibano S, Autorino R, D'Armiento M,
De Laurentiis M, De Placido S, Catalano G, Bianco AR and Ciardiello F (2002)
Expression of epidermal growth factor receptor correlates with disease relapse and

progression to androgen-independence in human prostate cancer. Clin Cancer Res

8:3438-3444.

Dimitroulakos J, Ye LY, Benzaquen M, Moore MJ, Kamel-Reid S, Freedman MH, Yeger H and
Penn LZ (2001) Differential sensitivity of various pediatric cancers and squamous cell
carcinomas to lovastatin-induced apoptosis: therapeutic implications. Clin Cancer Res

7:158-167.



153

Dimri M, Naramura M, Duan L, Chen J, Ortega-Cava C, Chen G, Goswami R, Fernandes N,
Gao Q, Dimri GP, Band V and Band H (2007) Modeling breast cancer-associated c-Src
and EGFR overexpression in human MECs: c-Src and EGFR cooperatively promote

aberrant three-dimensional acinar structure and invasive behavior. Cancer Res 67:4164-

4172.

Ding X, Yang LY, Huang GW, Wang W and Lu WQ (2004) ADAM17 mRNA expression and

pathological features of hepatocellular carcinoma. World J Gastroenterol 10:2735-2739.

Donepudi M and Resh MD (2008) c-Src trafficking and co-localization with the EGF receptor
promotes EGF ligand-independent EGF receptor activation and signaling. Cell Signal

20:1359-1367.

Downward J, Parker P and Waterfield MD (1984a) Autophosphorylation sites on the epidermal

growth factor receptor. Nature 311:483-485.

Downward J, Yarden Y, Mayes E, Scrace G, Totty N, Stockwell P, Ullrich A, Schlessinger J and
Waterfield MD (1984b) Close similarity of epidermal growth factor receptor and v-erb-B

oncogene protein sequences. Nature 307:521-527.

Drucker C, Parzefall W, Teufelhofer O, Grusch M, Ellinger A, Schulte-Hermann R and Grasl-
Kraupp B (2006) Non-parenchymal liver cells support the growth advantage in the first

stages of hepatocarcinogenesis. Carcinogenesis 27:152-161.

Dublin EA, Barnes DM, Wang DY, King RJ and Levison DA (1993) TGF alpha and TGF beta

expression in mammary carcinoma. J Pathol 170:15-22.



154

Dull T, Zufferey R, Kelly M, Mandel RJ, Nguyen M, Trono D and Naldini L (1998) A third-

generation lentivirus vector with a conditional packaging system. J Virol 72:8463-8471.

Dunbar AJ and Goddard C (2000) Structure-function and biological role of betacellulin. Int J

Biochem Cell Biol 32:805-815.

Dunbar AJ, Priebe IK, Belford DA and Goddard C (1999) Identification of betacellulin as a
major peptide growth factor in milk: purification, characterization and molecular cloning

of bovine betacellulin. Biochem J 344 Pt 3:713-721.

Dykstra ML, Longnecker R and Pierce SK (2001) Epstein-Barr virus coopts lipid rafts to block

the signaling and antigen transport functions of the BCR. Immunity 14:57-67.

Earp HS, Dawson TL, Li X and Yu H (1995) Heterodimerization and functional interaction
between EGF receptor family members: a new signaling paradigm with implications for

breast cancer research. Breast Cancer Res Treat 35:115-132.

Eccles SA (2001) The role of c-erbB-2/HER2/neu in breast cancer progression and metastasis. J

Mammary Gland Biol Neoplasia 6:393-406.

Edwards J, Krishna NS, Witton CJ and Bartlett JM (2003) Gene amplifications associated with

the development of hormone-resistant prostate cancer. Clin Cancer Res 9:5271-5281.

Ehehalt R, Krautter M, Zorn M, Sparla R, Fullekrug J, Kulaksiz H and Stremmel W (2008)
Increased basolateral sorting of carcinoembryonic antigen in a polarized colon carcinoma
cell line after cholesterol depletion-Implications for treatment of inflammatory bowel

disease. World J Gastroenterol 14:1528-1533.



155

Eide BL, Turck CW and Escobedo JA (1995) Identification of Tyr-397 as the primary site of
tyrosine phosphorylation and pp60src association in the focal adhesion kinase,

pp125FAK. Mol Cell Biol 15:2819-2827.

Eilers A and Decker T (1995) Activity of Stat family transcription factors is developmentally

controlled in cells of the macrophage lineage. Immunobiology 193:328-333.

Eilers A, Georgellis D, Klose B, Schindler C, Ziemiecki A, Harpur AG, Wilks AF and Decker T
(1995) Differentiation-regulated serine phosphorylation of STATI promotes GAF

activation in macrophages. Mol Cell Biol 15:3579-3586.

Ekstrand AJ, James CD, Cavenee WK, Seliger B, Pettersson RF and Collins VP (1991) Genes
for epidermal growth factor receptor, transforming growth factor alpha, and epidermal

growth factor and their expression in human gliomas in vivo. Cancer Res 51:2164-2172.

Endo A, Kuroda M and Tanzawa K (1976a) Competitive inhibition of 3-hydroxy-3-
methylglutaryl coenzyme A reductase by ML-236A and ML-236B fungal metabolites,

having hypocholesterolemic activity. FEBS Lett 72:323-326.

Endo A, Kuroda M and Tsujita Y (1976b) ML-236A, ML-236B, and ML-236C, new inhibitors
of cholesterogenesis produced by Penicillium citrinium. J Antibiot (Tokyo) 29:1346-

1348.

Faletto DL, Kaplan DR, Halverson DO, Rosen EM and Vande Woude GF (1993) Signal

transduction in c-met mediated motogenesis. EXS 65:107-130.



156

Fang KS, Sabe H, Saito H and Hanafusa H (1994) Comparative study of three protein-tyrosine
phosphatases. Chicken protein-tyrosine phosphatase lambda dephosphorylates c-Src

tyrosine 527. J Biol Chem 269:20194-20200.

Fedi P, Pierce JH, di Fiore PP and Kraus MH (1994) Efficient coupling with phosphatidylinositol
3-kinase, but not phospholipase C gamma or GTPase-activating protein, distinguishes
ErbB-3 signaling from that of other ErbB/EGFR family members. Mol Cell Biol 14:492-

500.

Feleszko W, Mlynarczuk I, Olszewska D, Jalili A, Grzela T, Lasek W, Hoser G, Korczak-
Kowalska G and Jakobisiak M (2002) Lovastatin potentiates antitumor activity of
doxorubicin in murine melanoma via an apoptosis-dependent mechanism. Int J Cancer

100:111-118.

Feleszko W, Zagozdzon R, Golab J and Jakobisiak M (1998) Potentiated antitumour effects of

cisplatin and lovastatin against MmB 16 melanoma in mice. Eur J Cancer 34:406-411.

Feng FY, Lopez CA, Normolle DP, Varambally S, Li X, Chun PY, Davis MA, Lawrence TS and
Nyati MK (2007) Effect of epidermal growth factor receptor inhibitor class in the
treatment of head and neck cancer with concurrent radiochemotherapy in vivo. Clin

Cancer Res 13:2512-2518.

Ferguson KM, Berger MB, Mendrola JM, Cho HS, Leahy DJ and Lemmon MA (2003) EGF
activates its receptor by removing interactions that autoinhibit ectodomain dimerization.

Mol Cell 11:507-517.



157

Ferrero JM, Ramaioli A, Largillier R, Formento JL, Francoual M, Ettore F, Namer M and
Milano G (2001) Epidermal growth factor receptor expression in 780 breast cancer
patients: a reappraisal of the prognostic value based on an eight-year median follow-up.

Ann Oncol 12:841-846.

Finn RS, Dering J, Ginther C, Wilson CA, Glaspy P, Tchekmedyian N and Slamon DJ (2007)
Dasatinib, an orally active small molecule inhibitor of both the src and abl kinases,
selectively inhibits growth of basal-type/"triple-negative" breast cancer cell lines growing

in vitro. Breast Cancer Res Treat 105:319-326.

Forozan F, Veldman R, Ammerman CA, Parsa NZ, Kallioniemi A, Kallioniemi OP and Ethier

SP (1999) Molecular cytogenetic analysis of 11 new breast cancer cell lines. Br J Cancer

81:1328-1334.

Foster-Barber A and Bishop JM (1998) Src interacts with dynamin and synapsin in neuronal

cells. Proc Natl Acad Sci U S A 95:4673-4677.

Fox CF and Das M (1979) Internalization and processing of the EGF receptor in the induction of
DNA synthesis in cultured fibroblasts: the endocytic activation hypothesis. J Supramol

Struct 10:199-214.

Fox SB and Harris AL (1997) The epidermal growth factor receptor in breast cancer. J

Mammary Gland Biol Neoplasia 2:131-141.

French AR, Tadaki DK, Niyogi SK and Lauffenburger DA (1995) Intracellular trafficking of
epidermal growth factor family ligands is directly influenced by the pH sensitivity of the

receptor/ligand interaction. J Biol Chem 270:4334-4340.



158

Friedrichson T and Kurzchalia TV (1998) Microdomains of GPI-anchored proteins in living cells

revealed by crosslinking. Nature 394:802-805.

Frisch SM and Francis H (1994) Disruption of epithelial cell-matrix interactions induces

apoptosis. J Cell Biol 124:619-626.

Fukazawa T, Miyake S, Band V and Band H (1996) Tyrosine phosphorylation of Cbl upon
epidermal growth factor (EGF) stimulation and its association with EGF receptor and

downstream signaling proteins. J Biol Chem 271:14554-14559.

Fulford LG, Easton DF, Reis-Filho JS, Sofronis A, Gillett CE, Lakhani SR and Hanby A (2006)
Specific morphological features predictive for the basal phenotype in grade 3 invasive

ductal carcinoma of breast. Histopathology 49:22-34.

Fumagalli S, Totty NF, Hsuan JJ and Courtneidge SA (1994) A target for Src in mitosis. Nature

368:871-874.

Fung YK, Crittenden LB, Fadly AM and Kung HJ (1983) Tumor induction by direct injection of

cloned v-src DNA into chickens. Proc Natl Acad Sci U S A 80:353-357.

Furuchi T and Anderson RG (1998) Cholesterol depletion of caveolae causes hyperactivation of

extracellular signal-related kinase (ERK). J Biol Chem 273:21099-21104.

Gadella TW, Jr. and Jovin TM (1995) Oligomerization of epidermal growth factor receptors on
A431 cells studied by time-resolved fluorescence imaging microscopy. A stereochemical

model for tyrosine kinase receptor activation. J Cell Biol 129:1543-1558.



159

Gajate C, Del Canto-Janez E, Acuna AU, Amat-Guerri F, Geijo E, Santos-Beneit AM, Veldman
RJ and Mollinedo F (2004) Intracellular triggering of Fas aggregation and recruitment of
apoptotic molecules into Fas-enriched rafts in selective tumor cell apoptosis. J Exp Med

200:353-365.

Gajate C, Fonteriz RI, Cabaner C, Alvarez-Noves G, Alvarez-Rodriguez Y, Modolell M and
Mollinedo F (2000) Intracellular triggering of Fas, independently of FasL, as a new

mechanism of antitumor ether lipid-induced apoptosis. Int J Cancer 85:674-682.

Gajate C and Mollinedo F (2001) The antitumor ether lipid ET-18-OCH(3) induces apoptosis
through translocation and capping of Fas/CD95 into membrane rafts in human leukemic

cells. Blood 98:3860-3863.

Gajate C and Mollinedo F (2005) Cytoskeleton-mediated death receptor and ligand concentration
in lipid rafts forms apoptosis-promoting clusters in cancer chemotherapy. J Biol Chem

280:11641-11647.

Gajate C and Mollinedo F (2007) Edelfosine and perifosine induce selective apoptosis in
multiple myeloma by recruitment of death receptors and downstream signaling molecules

into lipid rafts. Blood 109:711-719.

Galbiati F, Razani B and Lisanti MP (2001) Emerging themes in lipid rafts and caveolae. Cell

106:403-411.

Gale NW, Kaplan S, Lowenstein EJ, Schlessinger J and Bar-Sagi D (1993) Grb2 mediates the

EGF-dependent activation of guanine nucleotide exchange on Ras. Nature 363:88-92.



160

Garcia de Palazzo IE, Adams GP, Sundareshan P, Wong AJ, Testa JR, Bigner DD and Weiner
LM (1993) Expression of mutated epidermal growth factor receptor by non-small cell

lung carcinomas. Cancer Res 53:3217-3220.

Garrett TP, McKern NM, Lou M, Elleman TC, Adams TE, Lovrecz GO, Zhu HJ, Walker F,
Frenkel MJ, Hoyne PA, Jorissen RN, Nice EC, Burgess AW and Ward CW (2002)
Crystal structure of a truncated epidermal growth factor receptor extracellular domain

bound to transforming growth factor alpha. Cell 110:763-773.

Gazdar AF, Kurvari V, Virmani A, Gollahon L, Sakaguchi M, Westerfield M, Kodagoda D,
Stasny V, Cunningham HT, Wistuba, II, Tomlinson G, Tonk V, Ashfaq R, Leitch AM,
Minna JD and Shay JW (1998) Characterization of paired tumor and non-tumor cell lines

established from patients with breast cancer. Int J Cancer 78:766-774.

Gee JM, Robertson JF, Ellis IO and Nicholson RI (2001) Phosphorylation of ERK1/2 mitogen-
activated protein kinase is associated with poor response to anti-hormonal therapy and

decreased patient survival in clinical breast cancer. Int J Cancer 95:247-254.

Geyer CE, Forster J, Lindquist D, Chan S, Romieu CG, Pienkowski T, Jagiello-Gruszfeld A,
Crown J, Chan A, Kaufman B, Skarlos D, Campone M, Davidson N, Berger M, Oliva C,
Rubin SD, Stein S and Cameron D (2006) Lapatinib plus capecitabine for HER2-positive

advanced breast cancer. N Engl J Med 355:2733-2743.

Ghittoni R, Patrussi L, Pirozzi K, Pellegrini M, Lazzerini PE, Capecchi PL, Pasini FL and
Baldari CT (2005) Simvastatin inhibits T-cell activation by selectively impairing the

function of Ras superfamily GTPases. FASEB J 19:605-607.



161

Giaccone G, Herbst RS, Manegold C, Scagliotti G, Rosell R, Miller V, Natale RB, Schiller JH,

Von Pawel J, Pluzanska A, Gatzemeier U, Grous J, Ochs JS, Averbuch SD, Wolf MK,
Rennie P, Fandi A and Johnson DH (2004) Gefitinib in combination with gemcitabine
and cisplatin in advanced non-small-cell lung cancer: a phase III trial--INTACT 1. J Clin

Oncol 22:777-784.

Girgert R, Vogt Y, Becke D, Bruchelt G and Schweizer P (1999) Growth inhibition of

neuroblastoma cells by lovastatin and L-ascorbic acid is based on different mechanisms.

Cancer Lett 137:167-172.

Giusti RM, Shastri K, Pilaro AM, Fuchs C, Cordoba-Rodriguez R, Koti K, Rothmann M, Men

AY, Zhao H, Hughes M, Keegan P, Weiss KD and Pazdur R (2008) U.S. Food and Drug
Administration approval: panitumumab for epidermal growth factor receptor-expressing
metastatic colorectal carcinoma with progression following fluoropyrimidine-,

oxaliplatin-, and irinotecan-containing chemotherapy regimens. Clin Cancer Res

14:1296-1302.

Glenney JR, Jr. (1992) The sequence of human caveolin reveals identity with VIP21, a

component of transport vesicles. FEBS Lett 314:45-48.

Glynn SA, O'Sullivan D, Eustace AJ, Clynes M and O'Donovan N (2008) The 3-hydroxy-3-

methylglutaryl-coenzyme A reductase inhibitors, simvastatin, lovastatin and mevastatin

inhibit proliferation and invasion of melanoma cells. BMC Cancer 8:9.

Goldman R, Levy RB, Peles E and Yarden Y (1990) Heterodimerization of the erbB-1 and erbB-

2 receptors in human breast carcinoma cells: a mechanism for receptor transregulation.

Biochemistry 29:11024-11028.



162

Gonfloni S, Frischknecht F, Way M and Superti-Furga G (1999) Leucine 255 of Src couples

intramolecular interactions to inhibition of catalysis. Nat Struct Biol 6:760-764.

Gorden P, Carpentier JL, Cohen S and Orci L (1978) Epidermal growth factor: morphological
demonstration of binding, internalization, and lysosomal association in human

fibroblasts. Proc Natl Acad Sci U S A 75:5025-5029.

Gorgoulis V, Aninos D, Mikou P, Kanavaros P, Karameris A, Joardanoglou J, Rasidakis A,
Veslemes M, Ozanne B and Spandidos DA (1992) Expression of EGF, TGF-alpha and

EGFR in squamous cell lung carcinomas. Anticancer Res 12:1183-1187.

Goswami S, Sahai E, Wyckoff JB, Cammer M, Cox D, Pixley FJ, Stanley ER, Segall JE and
Condeelis JS (2005) Macrophages promote the invasion of breast carcinoma cells via a
colony-stimulating factor-1/epidermal growth factor paracrine loop. Cancer Res 65:5278-

5283.

Gould SJ, Keller GA, Hosken N, Wilkinson J and Subramani S (1989) A conserved tripeptide

sorts proteins to peroxisomes. J Cell Biol 108:1657-1664.

Graaf MR, Richel DJ, van Noorden CJ and Guchelaar HJ (2004) Effects of statins and
farnesyltransferase inhibitors on the development and progression of cancer. Cancer

Treat Rev 30:609-641.

Grandis JR, Drenning SD, Chakraborty A, Zhou MY, Zeng Q, Pitt AS and Tweardy DJ (1998)
Requirement of Stat3 but not Statl activation for epidermal growth factor receptor-

mediated cell growth In vitro. J Clin Invest 102:1385-1392.



163

Grandis JR, Drenning SD, Zeng Q, Watkins SC, Melhem MF, Endo S, Johnson DE, Huang L,
He Y and Kim JD (2000) Constitutive activation of Stat3 signaling abrogates apoptosis in

squamous cell carcinogenesis in vivo. Proc Natl Acad Sci U S A 97:4227-4232.

Grant SG, O'Dell TJ, Karl KA, Stein PL, Soriano P and Kandel ER (1992) Impaired long-term
potentiation, spatial learning, and hippocampal development in fyn mutant mice. Science

258:1903-1910.

Graus-Porta D, Beerli RR, Daly JM and Hynes NE (1997) ErbB-2, the preferred
heterodimerization partner of all ErbB receptors, is a mediator of lateral signaling. EMBO

J 16:1647-1655.

Green TP, Fennell M, Whittaker R, Curwen J, Jacobs V, Allen J, Logie A, Hargreaves J,
Hickinson DM, Wilkinson RW, Elvin P, Boyer B, Carragher N, Ple PA, Bermingham A,
Holdgate GA, Ward WH, Hennequin LF, Davies BR and Costello GF (2009) Preclinical

anticancer activity of the potent, oral Src inhibitor AZD0530. Mol Oncol.

Griffiths GJ, Koh MY, Brunton VG, Cawthorne C, Reeves NA, Greaves M, Tilby MJ, Pearson
DG, Ottley CJ, Workman P, Frame MC and Dive C (2004) Expression of kinase-
defective mutants of c-Src in human metastatic colon cancer cells decreases Bcl-xLL and

increases oxaliplatin- and Fas-induced apoptosis. J Biol Chem 279:46113-46121.

Groenen LC, Nice EC and Burgess AW (1994) Structure-function relationships for the

EGF/TGF-alpha family of mitogens. Growth Factors 11:235-257.



164

Groenen LC, Walker F, Burgess AW and Treutlein HR (1997) A model for the activation of the
epidermal growth factor receptor kinase involvement of an asymmetric dimer?

Biochemistry 36:3826-3836.

Grossmann G, Opekarova M, Novakova L, Stolz J and Tanner W (2006) Lipid raft-based
membrane compartmentation of a plant transport protein expressed in Saccharomyces

cerevisiae. Eukaryot Cell 5:945-953.

Guerrero J, Santibanez JF, Gonzalez A and Martinez J (2004) EGF receptor transactivation by
urokinase receptor stimulus through a mechanism involving Src and matrix

metalloproteinases. Exp Cell Res 292:201-208.

Guix M, Granja Nde M, Meszoely 1, Adkins TB, Wieman BM, Frierson KE, Sanchez V, Sanders
ME, Grau AM, Mayer IA, Pestano G, Shyr Y, Muthuswamy S, Calvo B, Krontiras H,
Krop IE, Kelley MC and Arteaga CL (2008) Short preoperative treatment with erlotinib
inhibits tumor cell proliferation in hormone receptor-positive breast cancers. J Clin Oncol

26:897-906.

Gullick WJ (2001) The Type 1 growth factor receptors and their ligands considered as a complex

system. Endocr Relat Cancer 8:75-82.

Gustavsson J, Parpal S, Karlsson M, Ramsing C, Thorn H, Borg M, Lindroth M, Peterson KH,
Magnusson KE and Stralfors P (1999) Localization of the insulin receptor in caveolae of

adipocyte plasma membrane. FASEB J 13:1961-1971.



165

Gusterson B, Cowley G, Mcllhinney J, Ozanne B, Fisher C and Reeves B (1985) Evidence for
increased epidermal growth factor receptors in human sarcomas. Int J Cancer 36:689-

693.

Gutt R, Tonlaar N, Kunnavakkam R, Karrison T, Weichselbaum RR and Liauw SL (2010) Statin
use and risk of prostate cancer recurrence in men treated with radiation therapy. J Clin

Oncol 28:2653-2659.

Guy CT, Muthuswamy SK, Cardiff RD, Soriano P and Muller WJ (1994a) Activation of the c-
Src tyrosine kinase is required for the induction of mammary tumors in transgenic mice.

Genes Dev 8:23-32.

Guy PM, Platko JV, Cantley LC, Cerione RA and Carraway KL, 3rd (1994b) Insect cell-
expressed p180erbB3 possesses an impaired tyrosine kinase activity. Proc Natl Acad Sci

U S A91:8132-8136.

Haigler H, Ash JF, Singer SJ and Cohen S (1978) Visualization by fluorescence of the binding
and internalization of epidermal growth factor in human carcinoma cells A-431. Proc

Natl Acad Sci U S A 75:3317-3321.

Hall CL, Lange LA, Prober DA, Zhang S and Turley EA (1996) pp60(c-src) is required for cell

locomotion regulated by the hyaluronanreceptor RHAMM. Oncogene 13:2213-2224.

Hamilton RJ, Banez LL, Aronson WJ, Terris MK, Platz EA, Kane CJ, Presti JC, Jr., Amling CL
and Freedland SJ (2010) Statin medication use and the risk of biochemical recurrence
after radical prostatectomy: results from the Shared Equal Access Regional Cancer

Hospital (SEARCH) Database. Cancer 116:3389-3398.



166

Hammarsten P, Rudolfsson SH, Henriksson R, Wikstrom P and Bergh A (2007) Inhibition of the
epidermal growth factor receptor enhances castration-induced prostate involution and

reduces testosterone-stimulated prostate growth in adult rats. Prostate 67:573-581.

Hanahan D and Weinberg RA (2000) The hallmarks of cancer. Cell 100:57-70.

Hanke JH, Gardner JP, Dow RL, Changelian PS, Brissette WH, Weringer EJ, Pollok BA and
Connelly PA (1996) Discovery of a novel, potent, and Src family-selective tyrosine

kinase inhibitor. Study of Lck- and FynT-dependent T cell activation. J Biol Chem

271:695-701.

Hao M, Mukherjee S and Maxfield FR (2001) Cholesterol depletion induces large scale domain

segregation in living cell membranes. Proc Natl Acad Sci U S A 98:13072-13077.

Harari PM, Allen GW and Bonner JA (2007) Biology of interactions: antiepidermal growth

factor receptor agents. J Clin Oncol 25:4057-4065.

Harder KW, Moller NP, Peacock JW and Jirik FR (1998a) Protein-tyrosine phosphatase alpha
regulates Src family kinases and alters cell-substratum adhesion. J Biol Chem 273:31890-

31900.

Harder T, Scheiffele P, Verkade P and Simons K (1998b) Lipid domain structure of the plasma

membrane revealed by patching of membrane components. J Cell Biol 141:929-942.

Harris AL (1989) Epidermal growth factor receptor in human breast cancer. Recent Results

Cancer Res 113:70-77.

Harris DT and Mastrangelo MJ (1989) Serotherapy of cancer. Semin Oncol 16:180-198.



167

Harris RC, Chung E and Coffey RJ (2003) EGF receptor ligands. Exp Cell Res 284:2-13.

Harte MT, Hildebrand JD, Burnham MR, Bouton AH and Parsons JT (1996) p130Cas, a
substrate associated with v-Src and v-Crk, localizes to focal adhesions and binds to focal

adhesion kinase. J Biol Chem 271:13649-13655.

Harvey TS, Wilkinson AJ, Tappin MJ, Cooke RM and Campbell ID (1991) The solution

structure of human transforming growth factor alpha. Eur J Biochem 198:555-562.

Hatake K, Tokudome N and Ito Y (2007) Next generation molecular targeted agents for breast

cancer: focus on EGFR and VEGFR pathways. Breast Cancer 14:132-149.

Haura EB, Tanvetyanon T, Chiappori A, Williams C, Simon G, Antonia S, Gray J, Litschauer S,
Tetteh L, Neuger A, Song L, Rawal B, Schell MJ and Bepler G (2010) Phase I/II study of
the Src inhibitor dasatinib in combination with erlotinib in advanced non-small-cell lung

cancer. J Clin Oncol 28:1387-1394.

Hazarika P, McCarty MF, Prieto VG, George S, Babu D, Koul D, Bar-Eli M and Duvic M
(2004) Up-regulation of Flotillin-2 is associated with melanoma progression and
modulates expression of the thrombin receptor protease activated receptor 1. Cancer Res

64:7361-7369.

He L, Mo H, Hadisusilo S, Qureshi AA and Elson CE (1997) Isoprenoids suppress the growth of

murine B16 melanomas in vitro and in vivo. J Nutr 127:668-674.

Heldin CH (1995) Dimerization of cell surface receptors in signal transduction. Cell 80:213-223.



168

Helfrich BA, Raben D, Varella-Garcia M, Gustafson D, Chan DC, Bemis L, Coldren C, Baron
A, Zeng C, Franklin WA, Hirsch FR, Gazdar A, Minna J and Bunn PA, Jr. (2006)
Antitumor activity of the epidermal growth factor receptor (EGFR) tyrosine kinase
inhibitor gefitinib (ZD1839, Iressa) in non-small cell lung cancer cell lines correlates
with gene copy number and EGFR mutations but not EGFR protein levels. Clin Cancer

Res 12:7117-7125.

Helseth E, Unsgaard G, Dalen A, Fure H, Skandsen T, Odegaard A and Vik R (1988)
Amplification of the epidermal growth factor receptor gene in biopsy specimens from

human intracranial tumours. Br J Neurosurg 2:217-225.

Henzen-Logmans SC, Berns EM, Klijn JG, van der Burg ME and Foekens JA (1992) Epidermal
growth factor receptor in ovarian tumours: correlation of immunohistochemistry with

ligand binding assay. Br J Cancer 66:1015-1021.

Herbst RS, Giaccone G, Schiller JH, Natale RB, Miller V, Manegold C, Scagliotti G, Rosell R,
Oliff I, Reeves JA, Wolf MK, Krebs AD, Averbuch SD, Ochs JS, Grous J, Fandi A and
Johnson DH (2004) Gefitinib in combination with paclitaxel and carboplatin in advanced

non-small-cell lung cancer: a phase III trial--INTACT 2. J Clin Oncol 22:785-794.

Herbst RS, Kim ES and Harari PM (2001) IMC-C225, an anti-epidermal growth factor receptor
monoclonal antibody, for treatment of head and neck cancer. Expert Opin Biol Ther

1:719-732.

Herrero-Martin G and Lopez-Rivas A (2008) Statins activate a mitochondria-operated pathway
of apoptosis in breast tumor cells by a mechanism regulated by ErbB2 and dependent on

the prenylation of proteins. FEBS Lett 582:2589-2594.



169

Herynk MH, Beyer AR, Cui Y, Weiss H, Anderson E, Green TP and Fuqua SA (2006)
Cooperative action of tamoxifen and c-Src inhibition in preventing the growth of estrogen

receptor-positive human breast cancer cells. Mol Cancer Ther 5:3023-3031.

Hiesiger EM, Hayes RL, Pierz DM and Budzilovich GN (1993) Prognostic relevance of
epidermal growth factor receptor (EGF-R) and c-neu/erbB2 expression in glioblastomas

(GBMs). J Neurooncol 16:93-104.

Higashiyama S, Abraham JA, Miller J, Fiddes JC and Klagsbrun M (1991) A heparin-binding
growth factor secreted by macrophage-like cells that is related to EGF. Science 251:936-

939.

Hildebrand JD, Schaller MD and Parsons JT (1993) Identification of sequences required for the

efficient localization of the focal adhesion kinase, pp125FAK, to cellular focal adhesions.

J Cell Biol 123:993-1005.

Hirata A, Ogawa S, Kometani T, Kuwano T, Naito S, Kuwano M and Ono M (2002) ZD1839
(Iressa) induces antiangiogenic effects through inhibition of epidermal growth factor

receptor tyrosine kinase. Cancer Res 62:2554-2560.

Hiscox S, Morgan L, Green TP, Barrow D, Gee J and Nicholson RI (2006) Elevated Src activity
promotes cellular invasion and motility in tamoxifen resistant breast cancer cells. Breast

Cancer Res Treat 97:263-274.

Hitosugi T, Sato M, Sasaki K and Umezawa Y (2007) Lipid raft specific knockdown of SRC
family kinase activity inhibits cell adhesion and cell cycle progression of breast cancer

cells. Cancer Res 67:8139-8148.



170

Hofman EG, Ruonala MO, Bader AN, van den Heuvel D, Voortman J, Roovers RC, Verkleij AJ,
Gerritsen HC and van Bergen En Henegouwen PM (2008) EGF induces coalescence of

different lipid rafts. J Cell Sci 121:2519-2528.

Holgado-Madruga M, Emlet DR, Moscatello DK, Godwin AK and Wong AJ (1996) A Grb2-

associated docking protein in EGF- and insulin-receptor signalling. Nature 379:560-564.

Holgado-Madruga M, Moscatello DK, Emlet DR, Dieterich R and Wong AJ (1997) Grb2-
associated binder-1 mediates phosphatidylinositol 3-kinase activation and the promotion

of cell survival by nerve growth factor. Proc Natl Acad Sci U S A 94:12419-12424.

Holland EC, Hively WP, DePinho RA and Varmus HE (1998) A constitutively active epidermal
growth factor receptor cooperates with disruption of G1 cell-cycle arrest pathways to

induce glioma-like lesions in mice. Genes Dev 12:3675-3685.

Hollenberg MD and Cuatrecasas P (1973) Epidermal growth factor: receptors in human
fibroblasts and modulation of action by cholera toxin. Proc Natl Acad Sci U S A 70:2964-

2968.

Hollestelle A, Elstrodt F, Nagel JH, Kallemeijn WW and Schutte M (2007) Phosphatidylinositol-
3-OH kinase or RAS pathway mutations in human breast cancer cell lines. Mol Cancer

Res 5:195-201.

Hollstein MC, Smits AM, Galiana C, Yamasaki H, Bos JL, Mandard A, Partensky C and
Montesano R (1988) Amplification of epidermal growth factor receptor gene but no
evidence of ras mutations in primary human esophageal cancers. Cancer Res 48:5119-

5123.



171

Hommel U, Harvey TS, Driscoll PC and Campbell ID (1992) Human epidermal growth factor.
High resolution solution structure and comparison with human transforming growth

factor alpha. J Mol Biol 227:271-282.

Hooper NM and Bashir A (1991) Glycosyl-phosphatidylinositol-anchored membrane proteins
can be distinguished from transmembrane polypeptide-anchored proteins by differential
solubilization and temperature-induced phase separation in Triton X-114. Biochem J 280

(Pt 3):745-751.

Hooper NM and Turner AJ (1988) Ectoenzymes of the kidney microvillar membrane.
Differential solubilization by detergents can predict a glycosyl-phosphatidylinositol

membrane anchor. Biochem J 250:865-8609.

Hope HR and Pike LJ (1996) Phosphoinositides and phosphoinositide-utilizing enzymes in

detergent-insoluble lipid domains. Mol Biol Cell 7:843-851.

Horie M, Tsuchiya Y, Hayashi M, lida Y, Iwasawa Y, Nagata Y, Sawasaki Y, Fukuzumi H,
Kitani K and Kamei T (1990) NB-598: a potent competitive inhibitor of squalene

epoxidase. J Biol Chem 265:18075-18078.

Huang F, Reeves K, Han X, Fairchild C, Platero S, Wong TW, Lee F, Shaw P and Clark E
(2007) Identification of candidate molecular markers predicting sensitivity in solid

tumors to dasatinib: rationale for patient selection. Cancer Res 67:2226-2238.

Hur EM, Park YS, Lee BD, Jang IH, Kim HS, Kim TD, Suh PG, Ryu SH and Kim KT (2004)
Sensitization of epidermal growth factor-induced signaling by bradykinin is mediated by

c-Src. Implications for a role of lipid microdomains. J Biol Chem 279:5852-5860.



172

Hurley TR, Hyman R and Sefton BM (1993) Differential effects of expression of the CD45
tyrosine protein phosphatase on the tyrosine phosphorylation of the Ick, fyn, and c-src

tyrosine protein kinases. Mol Cell Biol 13:1651-1656.

Hurtt MR, Moossy J, Donovan-Peluso M and Locker J (1992) Amplification of epidermal
growth factor receptor gene in gliomas: histopathology and prognosis. J Neuropathol Exp

Neurol 51:84-90.

lihara K, Shiozaki H, Tahara H, Kobayashi K, Inoue M, Tamura S, Miyata M, Oka H, Doki Y
and Mori T (1993) Prognostic significance of transforming growth factor-alpha in human

esophageal carcinoma. Implication for the autocrine proliferation. Cancer 71:2902-2909.

Irby RB, Mao W, Coppola D, Kang J, Loubeau JM, Trudeau W, Karl R, Fujita DJ, Jove R and
Yeatman TJ (1999) Activating SRC mutation in a subset of advanced human colon

cancers. Nat Genet 21:187-190.

Irby RB and Yeatman TJ (2000) Role of Src expression and activation in human cancer.

Oncogene 19:5636-5642.

Irish JC and Bernstein A (1993) Oncogenes in head and neck cancer. Laryngoscope 103:42-52.

Istvan ES and Deisenhofer J (2001) Structural mechanism for statin inhibition of HMG-CoA

reductase. Science 292:1160-1164.

Ito Y, Takeda T, Sakon M, Tsujimoto M, Higashiyama S, Noda K, Miyoshi E, Monden M and
Matsuura N (2001) Expression and clinical significance of erb-B receptor family in

hepatocellular carcinoma. Br J Cancer 84:1377-1383.



173

Jacobsen NE, Abadi N, Sliwkowski MX, Reilly D, Skelton NJ and Fairbrother WJ (1996) High-
resolution solution structure of the EGF-like domain of heregulin-alpha. Biochemistry

35:3402-3417.

Jallal H, Valentino ML, Chen G, Boschelli F, Ali S and Rabbani SA (2007) A Src/Abl kinase
inhibitor, SKI-606, blocks breast cancer invasion, growth, and metastasis in vitro and in

vivo. Cancer Res 67:1580-1588.

Janmaat ML, Kruyt FA, Rodriguez JA and Giaccone G (2003) Response to epidermal growth
factor receptor inhibitors in non-small cell lung cancer cells: limited antiproliferative
effects and absence of apoptosis associated with persistent activity of extracellular signal-

regulated kinase or Akt kinase pathways. Clin Cancer Res 9:2316-2326.

Janz R and Sudhof TC (1998) Cellugyrin, a novel ubiquitous form of synaptogyrin that is

phosphorylated by pp60c-src. J Biol Chem 273:2851-2857.

Jardines L, Weiss M, Fowble B and Greene M (1993) neu(c-erbB-2/HER?2) and the epidermal

growth factor receptor (EGFR) in breast cancer. Pathobiology 61:268-282.

Jeon JH, Kim SK, Kim HJ, Chang J, Ahn CM and Chang YS (2010) Lipid raft modulation
inhibits NSCLC cell migration through delocalization of the focal adhesion complex.

Lung Cancer 69:165-171.

Johns TG, Perera RM, Vernes SC, Vitali AA, Cao DX, Cavenee WK, Scott AM and Furnari FB
(2007) The efficacy of epidermal growth factor receptor-specific antibodies against
glioma xenografts is influenced by receptor levels, activation status, and

heterodimerization. Clin Cancer Res 13:1911-1925.



174

Johnson GR, Saeki T, Auersperg N, Gordon AW, Shoyab M, Salomon DS and Stromberg K
(1991) Response to and expression of amphiregulin by ovarian carcinoma and normal
ovarian surface epithelial cells: nuclear localization of endogenous amphiregulin.

Biochem Biophys Res Commun 180:481-488.

Jones HE, Goddard L, Gee JM, Hiscox S, Rubini M, Barrow D, Knowlden JM, Williams S,
Wakeling AE and Nicholson RI (2004) Insulin-like growth factor-I receptor signalling
and acquired resistance to gefitinib (ZD1839; Iressa) in human breast and prostate cancer

cells. Endocr Relat Cancer 11:793-814.

Jones JT, Akita RW and Sliwkowski MX (1999) Binding specificities and affinities of egf

domains for ErbB receptors. FEBS Lett 447:227-231.

Jones KD, Couldwell WT, Hinton DR, Su Y, He S, Anker L and Law RE (1994) Lovastatin
induces growth inhibition and apoptosis in human malignant glioma cells. Biochem

Biophys Res Commun 205:1681-1687.

Jorissen RN, Walker F, Pouliot N, Garrett TP, Ward CW and Burgess AW (2003) Epidermal

growth factor receptor: mechanisms of activation and signalling. Exp Cell Res 284:31-53.

Jubelirer SJ, Yadwadkar KS and Kosowicz AB (2006) Gefitinib (IRESSA, ZD 1839) as a
salvage treatment for patients with advanced non-small cell lung cancer. W V Med J

102:14-17.

Judge SM and Chatterton RT, Jr. (1983) Progesterone-specific stimulation of triglyceride

biosynthesis in a breast cancer cell line (T-47D). Cancer Res 43:4407-4412.



175

Kalderon D, Roberts BL, Richardson WD and Smith AE (1984) A short amino acid sequence

able to specify nuclear location. Cell 39:499-509.

Kamio T, Shigematsu K, Sou H, Kawai K and Tsuchiyama H (1990) Immunohistochemical
expression of epidermal growth factor receptors in human adrenocortical carcinoma.

Hum Pathol 21:277-282.

Kandutsch AA and Chen HW (1974) Inhibition of sterol synthesis in cultured mouse cells by

cholesterol derivatives oxygenated in the side chain. J Biol Chem 249:6057-6061.

Kanzaki M and Pessin JE (2002) Caveolin-associated filamentous actin (Cav-actin) defines a

novel F-actin structure in adipocytes. J Biol Chem 277:25867-25869.

Kaplan KB, Swedlow JR, Varmus HE and Morgan DO (1992) Association of p60c-src with

endosomal membranes in mammalian fibroblasts. J Cell Biol 118:321-333.

Karunagaran D, Tzahar E, Beerli RR, Chen X, Graus-Porta D, Ratzkin BJ, Seger R, Hynes NE
and Yarden Y (1996) ErbB-2 is a common auxiliary subunit of NDF and EGF receptors:

implications for breast cancer. EMBO J 15:254-264.

Kasai A, Shima T and Okada M (2005) Role of Src family tyrosine kinases in the down-

regulation of epidermal growth factor signaling in PC12 cells. Genes Cells 10:1175-1187.

Katz MS (2005) Therapy insight: Potential of statins for cancer chemoprevention and therapy.

Nat Clin Pract Oncol 2:82-89.

Katz MS, Minsky BD, Saltz LB, Riedel E, Chessin DB and Guillem JG (2005) Association of
statin use with a pathologic complete response to neoadjuvant chemoradiation for rectal

cancer. Int J Radiat Oncol Biol Phys 62:1363-1370.



176

Kawata S, Yamasaki E, Nagase T, Inui Y, Ito N, Matsuda Y, Inada M, Tamura S, Noda S, Imai
Y and Matsuzawa Y (2001) Effect of pravastatin on survival in patients with advanced

hepatocellular carcinoma. A randomized controlled trial. Br J Cancer 84:886-891.

Kay DG, Lai WH, Uchihashi M, Khan MN, Posner BI and Bergeron JJ (1986) Epidermal growth

factor receptor kinase translocation and activation in vivo. J Biol Chem 261:8473-8480.

Kaye JA, Meier CR, Walker AM and Jick H (2002) Statin use, hyperlipidaemia, and the risk of

breast cancer. Br J Cancer 86:1436-1439.

Kelly MJ and Levin ER (2001) Rapid actions of plasma membrane estrogen receptors. Trends

Endocrinol Metab 12:152-156.

Kersting C, Tidow N, Schmidt H, Liedtke C, Neumann J, Boecker W, van Diest PJ, Brandt B
and Buerger H (2004) Gene dosage PCR and fluorescence in situ hybridization reveal
low frequency of egfr amplifications despite protein overexpression in invasive breast

carcinoma. Lab Invest 84:582-587.

Keydar I, Chen L, Karby S, Weiss FR, Delarea J, Radu M, Chaitcik S and Brenner HJ (1979)
Establishment and characterization of a cell line of human breast carcinoma origin. Eur J

Cancer 15:659-670.

Keyomarsi K and Pardee AB (1993) Redundant cyclin overexpression and gene amplification in

breast cancer cells. Proc Natl Acad Sci U S A 90:1112-1116.

Khazaie K, Schirrmacher V and Lichtner RB (1993) EGF receptor in neoplasia and metastasis.

Cancer Metastasis Rev 12:255-274.



177

Kilsdonk EP, Yancey PG, Stoudt GW, Bangerter FW, Johnson WIJ, Phillips MC and Rothblat
GH (1995) Cellular cholesterol efflux mediated by cyclodextrins. J Biol Chem

270:17250-17256.

Kim HH, Sierke SL and Koland JG (1994) Epidermal growth factor-dependent association of
phosphatidylinositol 3-kinase with the erbB3 gene product. J Biol Chem 269:24747-

24755.

Kim HH, Vijapurkar U, Hellyer NJ, Bravo D and Koland JG (1998) Signal transduction by
epidermal growth factor and heregulin via the kinase-deficient ErbB3 protein. Biochem J

334 (Pt 1):189-195.

Kim I, Manni A, Lynch J and Demers L (1991) Polyamine involvement in the secretion and
action of TGF-alpha in hormone sensitive human breast cancer cells in culture. Breast

Cancer Res Treat 18:83-91.

Kim LC, Rix U and Haura EB (2010) Dasatinib in solid tumors. Expert Opin Investig Drugs

19:415-425.

Kim MA, Lee HS, Lee HE, Jeon YK, Yang HK and Kim WH (2008) EGFR in gastric
carcinomas: prognostic significance of protein overexpression and high gene copy

number. Histopathology 52:738-746.

King CR, Kraus MH and Aaronson SA (1985) Amplification of a novel v-erbB-related gene in a

human mammary carcinoma. Science 229:974-976.



178

King LE, Jr., Carpenter G and Cohen S (1980) Characterization by electrophoresis of epidermal
growth factor stimulated phosphorylation using A-431 membranes. Biochemistry

19:1524-1528.

Klapper LN, Kirschbaum MH, Sela M and Yarden Y (2000) Biochemical and clinical
implications of the ErbB/HER signaling network of growth factor receptors. Adv Cancer

Res 77:25-79.

Klein U, Gimpl G and Fahrenholz F (1995) Alteration of the myometrial plasma membrane
cholesterol content with beta-cyclodextrin modulates the binding affinity of the oxytocin

receptor. Biochemistry 34:13784-13793.

Klijn JG, Berns PM, Schmitz PI and Foekens JA (1992) The clinical significance of epidermal
growth factor receptor (EGF-R) in human breast cancer: a review on 5232 patients.

Endocr Rev 13:3-17.

Knowlden JM, Hutcheson IR, Jones HE, Madden T, Gee JM, Harper ME, Barrow D, Wakeling
AE and Nicholson RI (2003) Elevated levels of epidermal growth factor receptor/c-erbB2
heterodimers mediate an autocrine growth regulatory pathway in tamoxifen-resistant

MCEF-7 cells. Endocrinology 144:1032-1044.

Kobayashi S, Boggon TJ, Dayaram T, Janne PA, Kocher O, Meyerson M, Johnson BE, Eck MJ,
Tenen DG and Halmos B (2005) EGFR mutation and resistance of non-small-cell lung

cancer to gefitinib. N Engl J Med 352:786-792.

Koegl M, Zlatkine P, Ley SC, Courtneidge SA and Magee Al (1994) Palmitoylation of multiple

Src-family kinases at a homologous N-terminal motif. Biochem J 303 ( Pt 3):749-753.



179

Kohler M, Bauknecht T, Grimm M, Birmelin G, Kommoss F and Wagner E (1992) Epidermal
growth factor receptor and transforming growth factor alpha expression in human ovarian

carcinomas. Eur J Cancer 28A:1432-1437.

Komurasaki T, Toyoda H, Uchida D and Nemoto N (2002) Mechanism of growth promoting

activity of epiregulin in primary cultures of rat hepatocytes. Growth Factors 20:61-69.

Koppikar P, Choi SH, Egloff AM, Cai Q, Suzuki S, Freilino M, Nozawa H, Thomas SM,
Gooding WE, Siegfried JM and Grandis JR (2008) Combined inhibition of c-Src and
epidermal growth factor receptor abrogates growth and invasion of head and neck

squamous cell carcinoma. Clin Cancer Res 14:4284-4291.

Korc M, Chandrasekar B, Yamanaka Y, Friess H, Buchier M and Beger HG (1992)
Overexpression of the epidermal growth factor receptor in human pancreatic cancer is
associated with concomitant increases in the levels of epidermal growth factor and

transforming growth factor alpha. J Clin Invest 90:1352-1360.

Kordula T, Ripperger J, Morella KM, Travis J and Baumann H (1996) Two separate signal
transducer and activator of transcription proteins regulate transcription of the serine

proteinase inhibitor-3 gene in hepatic cells. J Biol Chem 271:6752-6757.

Kotamraju S, Williams CL and Kalyanaraman B (2007) Statin-induced breast cancer cell death:
role of inducible nitric oxide and arginase-dependent pathways. Cancer Res 67:7386-

7394.

Kozma LM and Weber MJ (1990) Constitutive phosphorylation of the receptor for insulinlike

growth factor I in cells transformed by the src oncogene. Mol Cell Biol 10:3626-3634.



180

Kraus MH, Issing W, Miki T, Popescu NC and Aaronson SA (1989) Isolation and
characterization of ERBB3, a third member of the ERBB/epidermal growth factor
receptor family: evidence for overexpression in a subset of human mammary tumors.

Proc Natl Acad Sci U S A 86:9193-9197.

Kremer NE, D'Arcangelo G, Thomas SM, DeMarco M, Brugge JS and Halegoua S (1991) Signal
transduction by nerve growth factor and fibroblast growth factor in PC12 cells requires a

sequence of src and ras actions. J Cell Biol 115:809-819.

Krupp MN, Connolly DT and Lane MD (1982) Synthesis, turnover, and down-regulation of
epidermal growth factor receptors in human A431 epidermoid carcinoma cells and skin

fibroblasts. J Biol Chem 257:11489-11496.

Kuan CT, Wikstrand CJ and Bigner DD (2001) EGF mutant receptor vIII as a molecular target in

cancer therapy. Endocr Relat Cancer 8:83-96.

Kudlow JE and Bjorge JD (1990) TGF alpha in normal physiology. Semin Cancer Biol 1:293-

302.

Kureishi Y, Luo Z, Shiojima I, Bialik A, Fulton D, Lefer DJ, Sessa WC and Walsh K (2000) The
HMG-CoA reductase inhibitor simvastatin activates the protein kinase Akt and promotes

angiogenesis in normocholesterolemic animals. Nat Med 6:1004-1010.

Kuruvilla R, Ye H and Ginty DD (2000) Spatially and functionally distinct roles of the PI3-K

effector pathway during NGF signaling in sympathetic neurons. Neuron 27:499-512.



181

Kwan ML, Habel LA, Flick ED, Quesenberry CP and Caan B (2008) Post-diagnosis statin use
and breast cancer recurrence in a prospective cohort study of early stage breast cancer

survivors. Breast Cancer Res Treat 109:573-579.

Kypta RM, Goldberg Y, Ulug ET and Courtneidge SA (1990) Association between the PDGF

receptor and members of the src family of tyrosine kinases. Cell 62:481-492.

Laakso M, Tanner M, Nilsson J, Wiklund T, Erikstein B, Kellokumpu-Lehtinen P, Malmstrom P,
Wilking N, Bergh J and Isola J (2006) Basoluminal carcinoma: a new biologically and

prognostically distinct entity between basal and luminal breast cancer. Clin Cancer Res

12:4185-4191.

Lacour S, Hammann A, Grazide S, Lagadic-Gossmann D, Athias A, Sergent O, Laurent G,
Gambert P, Solary E and Dimanche-Boitrel MT (2004) Cisplatin-induced CD95
redistribution into membrane lipid rafts of HT29 human colon cancer cells. Cancer Res

64:3593-3598.

Lai KM and Pawson T (2000) The ShcA phosphotyrosine docking protein sensitizes

cardiovascular signaling in the mouse embryo. Genes Dev 14:1132-1145.

Laird AD, Li G, Moss KG, Blake RA, Broome MA, Cherrington JM and Mendel DB (2003) Src
family kinase activity is required for signal tranducer and activator of transcription 3 and
focal adhesion kinase phosphorylation and vascular endothelial growth factor signaling in

vivo and for anchorage-dependent and -independent growth of human tumor cells. Mol

Cancer Ther 2:461-469.



182

Lanford RE and Butel JS (1984) Construction and characterization of an SV40 mutant defective

in nuclear transport of T antigen. Cell 37:801-813.

Lasfargues EY, Coutinho WG and Redfield ES (1978) Isolation of two human tumor epithelial

cell lines from solid breast carcinomas. J Natl Cancer Inst 61:967-978.

Law MR, Wald NJ and Rudnicka AR (2003) Quantifying effect of statins on low density
lipoprotein cholesterol, ischaemic heart disease, and stroke: systematic review and meta-

analysis. BMJ 326:1423.

Lax I, Bellot F, Howk R, Ullrich A, Givol D and Schlessinger J (1989) Functional analysis of the
ligand binding site of EGF-receptor utilizing chimeric chicken/human receptor

molecules. EMBO J 8:421-427.

Lax I, Mitra AK, Ravera C, Hurwitz DR, Rubinstein M, Ullrich A, Stroud RM and Schlessinger
J (1991) Epidermal growth factor (EGF) induces oligomerization of soluble,
extracellular, ligand-binding domain of EGF receptor. A low resolution projection

structure of the ligand-binding domain. J Biol Chem 266:13828-13833.

Leaman DW, Pisharody S, Flickinger TW, Commane MA, Schlessinger J, Kerr IM, Levy DE
and Stark GR (1996) Roles of JAKSs in activation of STATSs and stimulation of c-fos gene

expression by epidermal growth factor. Mol Cell Biol 16:369-375.

Lee AG (1977) Lipid phase transitions and phase diagrams. I. Lipid phase transitions. Biochim

Biophys Acta 472:237-281.



183

Lee D, Pearsall RS, Das S, Dey SK, Godfrey VL and Threadgill DW (2004) Epiregulin is not
essential for development of intestinal tumors but is required for protection from

intestinal damage. Mol Cell Biol 24:8907-8916.

Lee D, Yu M, Lee E, Kim H, Yang Y, Kim K, Pannicia C, Kurie JM and Threadgill DW (2009)
Tumor-specific apoptosis caused by deletion of the ERBB3 pseudo-kinase in mouse

intestinal epithelium. J Clin Invest 119:2702-2713.

Lee DC, Rose TM, Webb NR and Todaro GJ (1985) Cloning and sequence analysis of a cDNA

for rat transforming growth factor-alpha. Nature 313:489-491.

Lee K, Tanaka M, Shigeno C, Yamamoto I, Ohta S, Rikimaru K, Hatanaka M and Konishi J
(1990) Epidermal growth factor stimulates the anchorage-independent growth of human
squamous cell carcinomas overexpressing its receptors. Biochem Biophys Res Commun

168:905-911.

Lemoine NR, Jain S, Silvestre F, Lopes C, Hughes CM, McLelland E, Gullick W] and Filipe MI
(1991) Amplification and overexpression of the EGF receptor and c-erbB-2 proto-

oncogenes in human stomach cancer. Br J Cancer 64:79-83.

Lenferink AE, Pinkas-Kramarski R, van de Poll ML, van Vugt MJ, Klapper LN, Tzahar E,
Waterman H, Sela M, van Zoelen EJ and Yarden Y (1998) Differential endocytic routing
of homo- and hetero-dimeric ErbB tyrosine kinases confers signaling superiority to

receptor heterodimers. EMBO J 17:3385-3397.



184

Leotoing L, Manin M, Monte D, Baron S, Communal Y, Lours C, Veyssiere G, Morel L and
Beaudoin C (2007) Crosstalk between androgen receptor and epidermal growth factor
receptor-signalling pathways: a molecular switch for epithelial cell differentiation. J Mol

Endocrinol 39:151-162.

Levenson AS and Jordan VC (1997) MCF-7: the first hormone-responsive breast cancer cell line.

Cancer Res 57:3071-3078.

Levin ER (2003) Bidirectional signaling between the estrogen receptor and the epidermal growth

factor receptor. Mol Endocrinol 17:309-317.

Levkowitz G, Waterman H, Ettenberg SA, Katz M, Tsygankov AY, Alroy I, Lavi S, Iwai K,
Reiss Y, Ciechanover A, Lipkowitz S and Yarden Y (1999) Ubiquitin ligase activity and

tyrosine phosphorylation underlie suppression of growth factor signaling by c-Cbl/Sli-1.

Mol Cell 4:1029-1040.

Levkowitz G, Waterman H, Zamir E, Kam Z, Oved S, Langdon WY, Beguinot L, Geiger B and
Yarden Y (1998) c-Cbl/Sli-1 regulates endocytic sorting and ubiquitination of the

epidermal growth factor receptor. Genes Dev 12:3663-3674.

Ley SC, Marsh M, Bebbington CR, Proudfoot K and Jordan P (1994) Distinct intracellular
localization of Lck and Fyn protein tyrosine kinases in human T lymphocytes. J Cell Biol

125:639-649.

Li L, Haynes MP and Bender JR (2003) Plasma membrane localization and function of the
estrogen receptor alpha variant (ER46) in human endothelial cells. Proc Natl Acad Sci U

S A 100:4807-4812.



185

Li N, Batzer A, Daly R, Yajnik V, Skolnik E, Chardin P, Bar-Sagi D, Margolis B and
Schlessinger J (1993) Guanine-nucleotide-releasing factor hSos1 binds to Grb2 and links

receptor tyrosine kinases to Ras signalling. Nature 363:85-88.

Li YC, Park MJ, Ye SK, Kim CW and Kim YN (2006) Elevated levels of cholesterol-rich lipid
rafts in cancer cells are correlated with apoptosis sensitivity induced by cholesterol-

depleting agents. Am J Pathol 168:1107-1118; quiz 1404-1105.

Liao JK (2002) Isoprenoids as mediators of the biological effects of statins. J Clin Invest

110:285-288.

Libermann TA, Nusbaum HR, Razon N, Kris R, Lax I, Soreq H, Whittle N, Waterfield MD,
Ullrich A and Schlessinger J (1985) Amplification, enhanced expression and possible
rearrangement of EGF receptor gene in primary human brain tumours of glial origin.

Nature 313:144-147.

Lin CY, Lin CJ, Chen KH, Wu JC, Huang SH and Wang SM (2006) Macrophage activation
increases the invasive properties of hepatoma cells by destabilization of the adherens

junction. FEBS Lett 580:3042-3050.

Lin SY, Makino K, Xia W, Matin A, Wen Y, Kwong KY, Bourguignon L. and Hung MC (2001)
Nuclear localization of EGF receptor and its potential new role as a transcription factor.

Nat Cell Biol 3:802-808.

Linsley PS, Blifeld C, Wrann M and Fox CF (1979) Direct linkage of epidermal growth factor to

its receptor. Nature 278:745-748.



186

Lipponen P and Eskelinen M (1994) Expression of epidermal growth factor receptor in bladder
cancer as related to established prognostic factors, oncoprotein (c-erbB-2, p53)

expression and long-term prognosis. Br J Cancer 69:1120-1125.

Lisanti MP, Scherer PE, Vidugiriene J, Tang Z, Hermanowski-Vosatka A, Tu YH, Cook RF and
Sargiacomo M (1994) Characterization of caveolin-rich membrane domains isolated from

an endothelial-rich source: implications for human disease. J Cell Biol 126:111-126.

Lisanti MP, Tang Z, Scherer PE and Sargiacomo M (1995) Caveolae purification and
glycosylphosphatidylinositol-linked protein sorting in polarized epithelia. Methods

Enzymol 250:655-668.

Liu J, Oh P, Horner T, Rogers RA and Schnitzer JE (1997) Organized endothelial cell surface
signal transduction in caveolae distinct from glycosylphosphatidylinositol-anchored

protein microdomains. J Biol Chem 272:7211-7222.

Liu P, Ying Y, Ko YG and Anderson RG (1996) Localization of platelet-derived growth factor-

stimulated phosphorylation cascade to caveolae. J Biol Chem 271:10299-10303.

Liu X, Brodeur SR, Gish G, Songyang Z, Cantley LC, Laudano AP and Pawson T (1993a)
Regulation of c-Src tyrosine kinase activity by the Src SH2 domain. Oncogene 8:1119-

1126.

Liu XH, Wiley HS and Meikle AW (1993b) Androgens regulate proliferation of human prostate
cancer cells in culture by increasing transforming growth factor-alpha (TGF-alpha) and
epidermal growth factor (EGF)/TGF-alpha receptor. J Clin Endocrinol Metab 77:1472-

1478.



187

Liu Y, Sun R, Wan W, Wang J, Oppenheim JJ, Chen L and Zhang N (2007) The involvement of
lipid rafts in epidermal growth factor-induced chemotaxis of breast cancer cells. Mol

Membr Biol 24:91-101.

Livasy CA, Karaca G, Nanda R, Tretiakova MS, Olopade OI, Moore DT and Perou CM (2006)
Phenotypic evaluation of the basal-like subtype of invasive breast carcinoma. Mod Pathol

19:264-271.

Lombardo LJ, Lee FY, Chen P, Norris D, Barrish JC, Behnia K, Castaneda S, Cornelius LA, Das
J, Doweyko AM, Fairchild C, Hunt JT, Inigo I, Johnston K, Kamath A, Kan D, Klei H,
Marathe P, Pang S, Peterson R, Pitt S, Schieven GL, Schmidt RJ, Tokarski J, Wen ML,
Wityak J and Borzilleri RM (2004) Discovery of N-(2-chloro-6-methyl- phenyl)-2-(6-(4-
(2-hydroxyethyl)- piperazin-1-yl)-2-methylpyrimidin-4- ylamino)thiazole-5-carboxamide
(BMS-354825), a dual Src/Abl kinase inhibitor with potent antitumor activity in

preclinical assays. J Med Chem 47:6658-6661.

Lonn U, Lonn S, Nylen U, Friberg S and Stenkvist B (1993) Gene amplification detected in
carcinoma cells from human urinary bladder washings by the polymerase chain reaction

method. Cancer 71:3605-3610.

Louie GV, Yang W, Bowman ME and Choe S (1997) Crystal structure of the complex of

diphtheria toxin with an extracellular fragment of its receptor. Mol Cell 1:67-78.

Lowell CA and Soriano P (1996) Knockouts of Src-family kinases: stiff bones, wimpy T cells,

and bad memories. Genes Dev 10:1845-1857.



188

Lowenstein EJ, Daly RJ, Batzer AG, Li W, Margolis B, Lammers R, Ullrich A, Skolnik EY,
Bar-Sagi D and Schlessinger J (1992) The SH2 and SH3 domain-containing protein

GRB2 links receptor tyrosine kinases to ras signaling. Cell 70:431-442.

Lu SH, Hsieh LL, Luo FC and Weinstein IB (1988) Amplification of the EGF receptor and c-

myc genes in human esophageal cancers. Int J Cancer 42:502-505.

Lu Y, Lin YZ, LaPushin R, Cuevas B, Fang X, Yu SX, Davies MA, Khan H, Furui T, Mao M,
Zinner R, Hung MC, Steck P, Siminovitch K and Mills GB (1999) The
PTEN/MMACI1/TEP tumor suppressor gene decreases cell growth and induces apoptosis

and anoikis in breast cancer cells. Oncogene 18:7034-7045.

Luetteke NC, Qiu TH, Fenton SE, Troyer KL, Riedel RF, Chang A and Lee DC (1999) Targeted
inactivation of the EGF and amphiregulin genes reveals distinct roles for EGF receptor

ligands in mouse mammary gland development. Development 126:2739-2750.

Luttrell DK, Luttrell LM and Parsons SJ (1988) Augmented mitogenic responsiveness to
epidermal growth factor in murine fibroblasts that overexpress pp60c-src. Mol Cell Biol

8:497-501.

Luttrell LM, Hawes BE, van Biesen T, Luttrell DK, Lansing TJ and Lefkowitz RJ (1996) Role of
c-Src tyrosine kinase in G protein-coupled receptor- and Gbetagamma subunit-mediated

activation of mitogen-activated protein kinases. J Biol Chem 271:19443-19450.

Lyall RM, Pastan I and Willingham MC (1985) EGF induces receptor down-regulation with no

receptor recycling in KB cells. J Cell Physiol 122:166-170.



189

Lynch TJ, Bell DW, Sordella R, Gurubhagavatula S, Okimoto RA, Brannigan BW, Harris PL,
Haserlat SM, Supko JG, Haluska FG, Louis DN, Christiani DC, Settleman J and Haber
DA (2004) Activating mutations in the epidermal growth factor receptor underlying

responsiveness of non-small-cell lung cancer to gefitinib. N Engl J Med 350:2129-2139.

Maa MC, Leu TH, McCarley DJ, Schatzman RC and Parsons SJ (1995) Potentiation of
epidermal growth factor receptor-mediated oncogenesis by c-Src: implications for the

etiology of multiple human cancers. Proc Natl Acad Sci U S A 92:6981-6985.

Macaulay RJ, Wang W, Dimitroulakos J, Becker LE and Yeger H (1999) Lovastatin-induced

apoptosis of human medulloblastoma cell lines in vitro. J Neurooncol 42:1-11.

Macdonald JL and Pike LJ (2005) A simplified method for the preparation of detergent-free lipid

rafts. J Lipid Res 46:1061-1067.

Manes S, Mira E, Gomez-Mouton C, Lacalle RA, Keller P, Labrador JP and Martinez AC (1999)
Membrane raft microdomains mediate front-rear polarity in migrating cells. EMBO J

18:6211-6220.

Mantha AJ, Hanson JE, Goss G, Lagarde AE, Lorimer IA and Dimitroulakos J (2005) Targeting
the mevalonate pathway inhibits the function of the epidermal growth factor receptor.

Clin Cancer Res 11:2398-2407.

Mantha AJ, McFee KE, Niknejad N, Goss G, Lorimer IA and Dimitroulakos J (2003) Epidermal
growth factor receptor-targeted therapy potentiates lovastatin-induced apoptosis in head

and neck squamous cell carcinoma cells. J Cancer Res Clin Oncol 129:631-641.



190

Marchildon GA, Casnellie JE, Walsh KA and Krebs EG (1984) Covalently bound myristate in a

lymphoma tyrosine protein kinase. Proc Natl Acad Sci U S A 81:7679-7682.

Margolis B, Rhee SG, Felder S, Mervic M, Lyall R, Levitzki A, Ullrich A, Zilberstein A and
Schlessinger J (1989) EGF induces tyrosine phosphorylation of phospholipase C-II: a

potential mechanism for EGF receptor signaling. Cell 57:1101-1107.

Marozkina N, Gaston B and Doctor A (2008a) Transnitrosation signals oxyhemoglobin

desaturation. Circ Res 103:441-443.

Marozkina NV, Stiefel SM, Frierson HF, Jr. and Parsons SJ (2008b) MMTV-EGF receptor
transgene promotes preneoplastic conversion of multiple steroid hormone-responsive

tissues. J Cell Biochem 103:2010-2018.

Marquardt H, Hunkapiller MW, Hood LE and Todaro GJ (1984) Rat transforming growth factor

type 1: structure and relation to epidermal growth factor. Science 223:1079-1082.

Marquez DC, Chen HW, Curran EM, Welshons WV and Pietras RJ (2006) Estrogen receptors in
membrane lipid rafts and signal transduction in breast cancer. Mol Cell Endocrinol

246:91-100.

Marquez DC, Lee J, Lin T and Pietras RJ (2001) Epidermal growth factor receptor and tyrosine

phosphorylation of estrogen receptor. Endocrine 16:73-81.

Marshall CJ (1994) MAP kinase kinase kinase, MAP kinase kinase and MAP kinase. Curr Opin

Genet Dev 4:82-89.

Marshall CJ (1996) Cell signalling. Raf gets it together. Nature 383:127-128.



191

Massague J and Pandiella A (1993) Membrane-anchored growth factors. Annu Rev Biochem

62:515-541.

Matsui Y, Halter SA, Holt JT, Hogan BL and Coffey RJ (1990) Development of mammary

hyperplasia and neoplasia in MMTV-TGF alpha transgenic mice. Cell 61:1147-1155.

Matsunami RK, Yette ML, Stevens A and Niyogi SK (1991) Mutational analysis of leucine 47 in

human epidermal growth factor. J Cell Biochem 46:242-249.

Maughan KL, Lutterbie MA and Ham PS (2010) Treatment of breast cancer. Am Fam Physician

81:1339-1346.

Mayer A, Takimoto M, Fritz E, Schellander G, Kofler K and Ludwig H (1993) The prognostic
significance of proliferating cell nuclear antigen, epidermal growth factor receptor, and

mdr gene expression in colorectal cancer. Cancer 71:2454-2460.

Mayor S and Maxfield FR (1995) Insolubility and redistribution of GPI-anchored proteins at the

cell surface after detergent treatment. Mol Biol Cell 6:929-944.

McClelland RA, Barrow D, Madden TA, Dutkowski CM, Pamment J, Knowlden JM, Gee JM
and Nicholson RI (2001) Enhanced epidermal growth factor receptor signaling in MCF7
breast cancer cells after long-term culture in the presence of the pure antiestrogen ICI

182,780 (Faslodex). Endocrinology 142:2776-2788.

McTaggart F, Buckett L, Davidson R, Holdgate G, McCormick A, Schneck D, Smith G and
Warwick M (2001) Preclinical and clinical pharmacology of Rosuvastatin, a new 3-

hydroxy-3-methylglutaryl coenzyme A reductase inhibitor. Am J Cardiol 87:28B-32B.



192

Mellinghoff IK, Wang MY, Vivanco I, Haas-Kogan DA, Zhu S, Dia EQ, Lu KV, Yoshimoto K,
Huang JH, Chute DJ, Riggs BL, Horvath S, Liau LM, Cavenee WK, Rao PN, Beroukhim
R, Peck TC, Lee JC, Sellers WR, Stokoe D, Prados M, Cloughesy TF, Sawyers CL and
Mischel PS (2005) Molecular determinants of the response of glioblastomas to EGFR

kinase inhibitors. N Engl J Med 353:2012-2024.

Menard S, Casalini P, Campiglio M, Pupa S, Agresti R and Tagliabue E (2001) HER2
overexpression in various tumor types, focussing on its relationship to the development

of invasive breast cancer. Ann Oncol 12 Suppl 1:S15-19.

Mendelsohn J (1997) Epidermal growth factor receptor inhibition by a monoclonal antibody as

anticancer therapy. Clin Cancer Res 3:2703-2707.

Mendelsohn J (2004) EGF receptors as a target for cancer therapy. Trans Am Clin Climatol

Assoc 115:249-253; discussion 253-244.

Mendelsohn J and Baselga J (2000) The EGF receptor family as targets for cancer therapy.

Oncogene 19:6550-6565.

Menendez JA, Vellon L and Lupu R (2005) Targeting fatty acid synthase-driven lipid rafts: a
novel strategy to overcome trastuzumab resistance in breast cancer cells. Med Hypotheses

64:997-1001.

Menzo S, Clementi M, Alfani E, Bagnarelli P, lacovacci S, Manzin A, Dandri M, Natoli G,
Levrero M and Carloni G (1993) Trans-activation of epidermal growth factor receptor

gene by the hepatitis B virus X-gene product. Virology 196:878-882.



193

Messing EM (1990) Clinical implications of the expression of epidermal growth factor receptors

in human transitional cell carcinoma. Cancer Res 50:2530-2537.

Messing EM, Hanson P, Ulrich P and Erturk E (1987) Epidermal growth factor--interactions

with normal and malignant urothelium: in vivo and in situ studies. J Urol 138:1329-1335.

Miettinen PJ, Berger JE, Meneses J, Phung Y, Pedersen RA, Werb Z and Derynck R (1995)
Epithelial immaturity and multiorgan failure in mice lacking epidermal growth factor

receptor. Nature 376:337-341.

Migliaccio A, Castoria G, Di Domenico M, Ciociola A, Lombardi M, De Falco A, Nanayakkara
M, Bottero D, De Stasio R, Varricchio L and Auricchio F (2006) Crosstalk between

EGFR and extranuclear steroid receptors. Ann N Y Acad Sci 1089:194-200.

Milanezi F, Carvalho S and Schmitt FC (2008) EGFR/HER2 in breast cancer: a biological

approach for molecular diagnosis and therapy. Expert Rev Mol Diagn 8:417-434.

Millikan RC, Newman B, Tse CK, Moorman PG, Conway K, Dressler LG, Smith LV, Labbok
MH, Geradts J, Bensen JT, Jackson S, Nyante S, Livasy C, Carey L, Earp HS and Perou
CM (2008) Epidemiology of basal-like breast cancer. Breast Cancer Res Treat 109:123-

139.

Mineo C, Gill GN and Anderson RG (1999) Regulated migration of epidermal growth factor

receptor from caveolae. J Biol Chem 274:30636-30643.

Mirre C, Monlauzeur L, Garcia M, Delgrossi MH and Le Bivic A (1996) Detergent-resistant
membrane microdomains from Caco-2 cells do not contain caveolin. Am J Physiol

271:C887-894.



194

Miyakawa T, Yagi T, Watanabe S and Niki H (1994) Increased fearfulness of Fyn tyrosine

kinase deficient mice. Brain Res Mol Brain Res 27:179-182.

Moarefi 1, LaFevre-Bernt M, Sicheri F, Huse M, Lee CH, Kuriyan J and Miller WT (1997)
Activation of the Src-family tyrosine kinase Hck by SH3 domain displacement. Nature

385:650-653.

Modi S, D'Andrea G, Norton L, Yao TJ, Caravelli J, Rosen PP, Hudis C and Seidman AD (2006)
A phase I study of cetuximab/paclitaxel in patients with advanced-stage breast cancer.

Clin Breast Cancer 7:270-2717.

Molina TJ, Bachmann MF, Kundig TM, Zinkernagel RM and Mak TW (1993) Peripheral T cells
in mice lacking p56lck do not express significant antiviral effector functions. J Immunol

151:699-706.

Molina TJ, Kishihara K, Siderovski DP, van Ewijk W, Narendran A, Timms E, Wakeham A,
Paige CJ, Hartmann KU, Veillette A and et al. (1992) Profound block in thymocyte

development in mice lacking p56lck. Nature 357:161-164.

Mollinedo F, Fernandez-Luna JL, Gajate C, Martin-Martin B, Benito A, Martinez-Dalmau R and
Modolell M (1997) Selective induction of apoptosis in cancer cells by the ether lipid ET-
18-OCH3 (Edelfosine): molecular structure requirements, cellular uptake, and protection

by Bcl-2 and Bcl-X(L). Cancer Res 57:1320-1328.



195

Morishige K, Kurachi H, Amemiya K, Adachi H, Inoue M, Miyake A, Tanizawa O and
Sakoyama Y (1991a) Involvement of transforming growth factor alpha/epidermal growth
factor receptor autocrine growth mechanism in an ovarian cancer cell line in vitro.

Cancer Res 51:5951-5955.

Morishige K, Kurachi H, Amemiya K, Fujita Y, Yamamoto T, Miyake A and Tanizawa O
(1991b) Evidence for the involvement of transforming growth factor alpha and epidermal
growth factor receptor autocrine growth mechanism in primary human ovarian cancers in

vitro. Cancer Res 51:5322-5328.

Moscatello DK, Holgado-Madruga M, Godwin AK, Ramirez G, Gunn G, Zoltick PW, Biegel JA,
Hayes RL and Wong AJ (1995) Frequent expression of a mutant epidermal growth factor

receptor in multiple human tumors. Cancer Res 55:5536-5539.

Mueller KL, Hunter LA, Ethier SP and Boerner JL (2008) Met and c-Src cooperate to
compensate for loss of epidermal growth factor receptor kinase activity in breast cancer

cells. Cancer Res 68:3314-3322.

Mueller KL, Yang ZQ, Haddad R, Ethier SP and Boerner JL (2010) EGFR/Met association

regulates EGFR TKI resistance in breast cancer. J Mol Signal 5:8.

Mukherjee A, Arnaud L and Cooper JA (2003) Lipid-dependent recruitment of neuronal Src to

lipid rafts in the brain. J Biol Chem 278:40806-40814.

Mukherjee S and Maxfield FR (2000) Role of membrane organization and membrane domains in

endocytic lipid trafficking. Traffic 1:203-211.



196

Muller WJ, Arteaga CL, Muthuswamy SK, Siegel PM, Webster MA, Cardiff RD, Meise KS, Li
F, Halter SA and Coffey RJ (1996) Synergistic interaction of the Neu proto-oncogene
product and transforming growth factor alpha in the mammary epithelium of transgenic

mice. Mol Cell Biol 16:5726-5736.

Munder PG and Westphal O (1990) Antitumoral and other biomedical activities of synthetic

ether lysophospholipids. Chem Immunol 49:206-235.

Mundy G, Garrett R, Harris S, Chan J, Chen D, Rossini G, Boyce B, Zhao M and Gutierrez G
(1999) Stimulation of bone formation in vitro and in rodents by statins. Science

286:1946-1949.

Munro S and Pelham HR (1987) A C-terminal signal prevents secretion of luminal ER proteins.

Cell 48:899-907.

Murray PA, Barrett-Lee P, Travers M, Lugmani Y, Powles T and Coombes RC (1993) The
prognostic significance of transforming growth factors in human breast cancer. Br J

Cancer 67:1408-1412.

Mustelin T and Altman A (1990) Dephosphorylation and activation of the T cell tyrosine kinase

pp56lck by the leukocyte common antigen (CD45). Oncogene 5:809-813.

Mustelin T, Coggeshall KM and Altman A (1989) Rapid activation of the T-cell tyrosine protein
kinase pp5S6lck by the CD45 phosphotyrosine phosphatase. Proc Natl Acad Sci U S A

86:6302-6306.



197

Mustelin T, Pessa-Morikawa T, Autero M, Gassmann M, Andersson LC, Gahmberg CG and
Burn P (1992) Regulation of the p59fyn protein tyrosine kinase by the CD45

phosphotyrosine phosphatase. Eur J Immunol 22:1173-1178.

Muthuswamy SK and Muller WJ (1995) Activation of Src family kinases in Neu-induced
mammary tumors correlates with their association with distinct sets of tyrosine

phosphorylated proteins in vivo. Oncogene 11:1801-1810.

Muto M, Yoshimura M, Okayama M and Kaji A (1977) Cellular transformation and
differentiation. Effect of Rous sarcoma virus transformation on sulfated proteoglycan

synthesis by chicken chondrocytes. Proc Natl Acad Sci U S A 74:4173-4177.

Myoui A, Nishimura R, Williams PJ, Hiraga T, Tamura D, Michigami T, Mundy GR and
Yoneda T (2003) C-SRC tyrosine kinase activity is associated with tumor colonization in
bone and lung in an animal model of human breast cancer metastasis. Cancer Res

63:5028-5033.

Nada S, Yagi T, Takeda H, Tokunaga T, Nakagawa H, Ikawa Y, Okada M and Aizawa S (1993)
Constitutive activation of Src family kinases in mouse embryos that lack Csk. Cell

73:1125-1135.

Nagy P, Bene L, Balazs M, Hyun WC, Lockett SJ, Chiang NY, Waldman F, Feuerstein BG,
Damjanovich S and Szollosi J (1998) EGF-induced redistribution of erbB2 on breast
tumor cells: flow and image cytometric energy transfer measurements. Cytometry

32:120-131.



198

Nagy P, Vereb G, Sebestyen Z, Horvath G, Lockett SJ, Damjanovich S, Park JW, Jovin TM and
Szollosi J (2002) Lipid rafts and the local density of ErbB proteins influence the

biological role of homo- and heteroassociations of ErbB2. J Cell Sci 115:4251-4262.

Nahta R and Esteva FJ (2006) HER2 therapy: molecular mechanisms of trastuzumab resistance.

Breast Cancer Res 8:215.

Neal DE, Marsh C, Bennett MK, Abel PD, Hall RR, Sainsbury JR and Harris AL (1985)
Epidermal-growth-factor receptors in human bladder cancer: comparison of invasive and

superficial tumours. Lancet 1:366-368.

Neal DE, Sharples L, Smith K, Fennelly J, Hall RR and Harris AL (1990) The epidermal growth

factor receptor and the prognosis of bladder cancer. Cancer 65:1619-1625.

Neal DE, Smith K, Fennelly JA, Bennett MK, Hall RR and Harris AL (1989) Epidermal growth
factor receptor in human bladder cancer: a comparison of immunohistochemistry and

ligand binding. J Urol 141:517-521.

Neelam B, Richter A, Chamberlin SG, Puddicombe SM, Wood L, Murray MB, Nandagopal K,
Niyogi SK and Davies DE (1998) Structure-function studies of ligand-induced epidermal

growth factor receptor dimerization. Biochemistry 37:4884-4891.

Neufeld EB, Cooney AM, Pitha J, Dawidowicz EA, Dwyer NK, Pentchev PG and Blanchette-
Mackie EJ (1996) Intracellular trafficking of cholesterol monitored with a cyclodextrin. J

Biol Chem 271:21604-21613.



199

Nonomura A, Ohta G, Nakanuma Y, Izumi R, Mizukami Y, Matsubara F, Hayashi M, Watanabe
K and Takayanagi N (1988) Simultaneous detection of epidermal growth factor receptor
(EGF-R), epidermal growth factor (EGF) and ras p21 in cholangiocarcinoma by an

immunocytochemical method. Liver 8:157-166.

Normanno N, De Luca A, Maiello MR, Campiglio M, Napolitano M, Mancino M, Carotenuto A,
Viglietto G and Menard S (2006) The MEK/MAPK pathway is involved in the resistance
of breast cancer cells to the EGFR tyrosine kinase inhibitor gefitinib. J Cell Physiol

207:420-427.

O'Keefe E, Hollenberg MD and Cuatrecasas P (1974) Epidermal growth factor. Characteristics
of specific binding in membranes from liver, placenta, and other target tissues. Arch

Biochem Biophys 164:518-526.

Ogiso H, Ishitani R, Nureki O, Fukai S, Yamanaka M, Kim JH, Saito K, Sakamoto A, Inoue M,
Shirouzu M and Yokoyama S (2002) Crystal structure of the complex of human

epidermal growth factor and receptor extracellular domains. Cell 110:775-787.

Oh HY, Lee EJ, Yoon S, Chung BH, Cho KS and Hong SJ (2007) Cholesterol level of lipid raft
microdomains regulates apoptotic cell death in prostate cancer cells through EGFR-

mediated Akt and ERK signal transduction. Prostate 67:1061-1069.

Ohtani Y, Irie T, Uekama K, Fukunaga K and Pitha J (1989) Differential effects of alpha-, beta-

and gamma-cyclodextrins on human erythrocytes. Eur J Biochem 186:17-22.

Okada M, Nada S, Yamanashi Y, Yamamoto T and Nakagawa H (1991) CSK: a protein-tyrosine

kinase involved in regulation of src family kinases. J Biol Chem 266:24249-24252.



200

Olayioye MA, Beuvink I, Horsch K, Daly JM and Hynes NE (1999) ErbB receptor-induced
activation of stat transcription factors is mediated by Src tyrosine kinases. J Biol Chem

274:17209-17218.

Olayioye MA, Neve RM, Lane HA and Hynes NE (2000) The ErbB signaling network: receptor

heterodimerization in development and cancer. EMBO J 19:3159-3167.

Olsen JH, Johansen C, Sorensen HT, McLaughlin JK, Mellemkjaer L, Steffensen FH and
Fraumeni JF, Jr. (1999) Lipid-lowering medication and risk of cancer. J Clin Epidemiol

52:167-169.

Omura T (1998) Mitochondria-targeting sequence, a multi-role sorting sequence recognized at

all steps of protein import into mitochondria. J Biochem 123:1010-1016.

Onofri F, Giovedi S, Vaccaro P, Czernik AJ, Valtorta F, De Camilli P, Greengard P and
Benfenati F (1997) Synapsin I interacts with c-Src and stimulates its tyrosine kinase

activity. Proc Natl Acad Sci U S A 94:12168-12173.

Ooi A, Takehana T, Li X, Suzuki S, Kunitomo K, Iino H, Fujii H, Takeda Y and Dobashi Y
(2004) Protein overexpression and gene amplification of HER-2 and EGFR in colorectal
cancers: an immunohistochemical and fluorescent in situ hybridization study. Mod Pathol

17:895-904.

Oram JF and Yokoyama S (1996) Apolipoprotein-mediated removal of cellular cholesterol and

phospholipids. J Lipid Res 37:2473-2491.



201

Orlandi PA and Fishman PH (1998) Filipin-dependent inhibition of cholera toxin: evidence for
toxin internalization and activation through caveolae-like domains. J Cell Biol 141:905-

915.

Ottenhoff-Kalff AE, Rijksen G, van Beurden EA, Hennipman A, Michels AA and Staal GE
(1992) Characterization of protein tyrosine kinases from human breast cancer:

involvement of the c-src oncogene product. Cancer Res 52:4773-4778.

Owens OJ, Stewart C, Leake RE and McNicol AM (1992) A comparison of biochemical and
immunohistochemical assessment of EGFR expression in ovarian cancer. Anticancer Res

12:1455-1458.

P Oc, Rhys-Evans PH, Modjtahedi H and Eccles SA (2002) The role of c-erbB receptors and

ligands in head and neck squamous cell carcinoma. Oral Oncol 38:627-640.

Paez JG, Janne PA, Lee JC, Tracy S, Greulich H, Gabriel S, Herman P, Kaye FJ, Lindeman N,
Boggon TJ, Naoki K, Sasaki H, Fujii Y, Eck MJ, Sellers WR, Johnson BE and Meyerson
M (2004) EGFR mutations in lung cancer: correlation with clinical response to gefitinib

therapy. Science 304:1497-1500.

Paige LA, Nadler MJ, Harrison ML, Cassady JM and Geahlen RL (1993) Reversible

palmitoylation of the protein-tyrosine kinase p56lck. J Biol Chem 268:8669-8674.

Paintlia AS, Paintlia MK, Singh AK and Singh I (2008) Inhibition of rho family functions by
lovastatin promotes myelin repair in ameliorating experimental autoimmune

encephalomyelitis. Mol Pharmacol 73:1381-1393.



202

Palade GE (1953) An electron microscope study of the mitochondrial structure. J Histochem

Cytochem 1:188-211.

Pao W, Miller VA, Politi KA, Riely GJ, Somwar R, Zakowski MF, Kris MG and Varmus H
(2005) Acquired resistance of lung adenocarcinomas to gefitinib or erlotinib is associated

with a second mutation in the EGFR kinase domain. PLoS Med 2:€73.

Paria BC, Elenius K, Klagsbrun M and Dey SK (1999) Heparin-binding EGF-like growth factor
interacts with mouse blastocysts independently of ErbB1: a possible role for heparan
sulfate proteoglycans and ErbB4 in blastocyst implantation. Development 126:1997-

2005.

Park IH, Kim JY, Jung JI and Han JY (2009) Lovastatin overcomes gefitinib resistance in human

non-small cell lung cancer cells with K-Ras mutations. Invest New Drugs.

Park OK, Schaefer TS and Nathans D (1996) In vitro activation of Stat3 by epidermal growth

factor receptor kinase. Proc Natl Acad Sci U S A 93:13704-13708.

Parpal S, Karlsson M, Thorn H and Stralfors P (2001) Cholesterol depletion disrupts caveolae
and insulin receptor signaling for metabolic control via insulin receptor substrate-1, but

not for mitogen-activated protein kinase control. J Biol Chem 276:9670-9678.

Patra SK (2008) Dissecting lipid raft facilitated cell signaling pathways in cancer. Biochim

Biophys Acta 1785:182-206.

Pavelic K, Banjac Z, Pavelic J and Spaventi S (1993) Evidence for a role of EGF receptor in the

progression of human lung carcinoma. Anticancer Res 13:1133-1137.



203

Pawson T (1988) Non-catalytic domains of cytoplasmic protein-tyrosine kinases: regulatory

elements in signal transduction. Oncogene 3:491-495.

Pawson T (1995) Protein modules and signalling networks. Nature 373:573-580.

Pawson T (1997) New impressions of Src and Hck. Nature 385:582-583, 585.

Pellman D, Garber EA, Cross FR and Hanafusa H (1985) An N-terminal peptide from p60src
can direct myristylation and plasma membrane localization when fused to heterologous

proteins. Nature 314:374-377.

Peng ZY and Cartwright CA (1995) Regulation of the Src tyrosine kinase and Syp tyrosine

phosphatase by their cellular association. Oncogene 11:1955-1962.

Peres C, Yart A, Perret B, Salles JP and Raynal P (2003) Modulation of phosphoinositide 3-
kinase activation by cholesterol level suggests a novel positive role for lipid rafts in

lysophosphatidic acid signalling. FEBS Lett 534:164-168.

Perou CM, Sorlie T, Eisen MB, van de Rijn M, Jeffrey SS, Rees CA, Pollack JR, Ross DT,
Johnsen H, Akslen LA, Fluge O, Pergamenschikov A, Williams C, Zhu SX, Lonning PE,
Borresen-Dale AL, Brown PO and Botstein D (2000) Molecular portraits of human breast

tumours. Nature 406:747-752.

Perroteau I, Salomon D, DeBortoli M, Kidwell W, Hazarika P, Pardue R, Dedman J and Tam J
(1986) Immunological detection and quantitation of alpha transforming growth factors in

human breast carcinoma cells. Breast Cancer Res Treat 7:201-210.



204

Perrotte P, Matsumoto T, Inoue K, Kuniyasu H, Eve BY, Hicklin DJ, Radinsky R and Dinney
CP (1999) Anti-epidermal growth factor receptor antibody C225 inhibits angiogenesis in
human transitional cell carcinoma growing orthotopically in nude mice. Clin Cancer Res

5:257-265.

Peters DJ, McGrew BR, Perron DC, Liptak LM and Laudano AP (1990) In vivo phosphorylation
and membrane association of the fyn proto-oncogene product in IM-9 human

lymphoblasts. Oncogene 5:1313-1319.

Petit AM, Rak J, Hung MC, Rockwell P, Goldstein N, Fendly B and Kerbel RS (1997)
Neutralizing antibodies against epidermal growth factor and ErbB-2/neu receptor tyrosine
kinases down-regulate vascular endothelial growth factor production by tumor cells in

vitro and in vivo: angiogenic implications for signal transduction therapy of solid tumors.

Am J Pathol 151:1523-1530.

Petrie RJ, Schnetkamp PP, Patel KD, Awasthi-Kalia M and Deans JP (2000) Transient
translocation of the B cell receptor and Src homology 2 domain-containing inositol
phosphatase to lipid rafts: evidence toward a role in calcium regulation. J Immunol

165:1220-1227.

Pierce JH, Arnstein P, DiMarco E, Artrip J, Kraus MH, Lonardo F, Di Fiore PP and Aaronson
SA (1991) Oncogenic potential of erbB-2 in human mammary epithelial cells. Oncogene

6:1189-1194.

Pike LJ (2005) Growth factor receptors, lipid rafts and caveolae: an evolving story. Biochim

Biophys Acta 1746:260-273.



205

Pike LJ (2006) Rafts defined: a report on the Keystone Symposium on Lipid Rafts and Cell

Function. J Lipid Res 47:1597-1598.

Pike LJ and Casey L (1996) Localization and turnover of phosphatidylinositol 4,5-bisphosphate

in caveolin-enriched membrane domains. J Biol Chem 271:26453-26456.

Pike LJ and Casey L (2002) Cholesterol levels modulate EGF receptor-mediated signaling by

altering receptor function and trafficking. Biochemistry 41:10315-10322.

Pike LJ and Miller JM (1998) Cholesterol depletion delocalizes phosphatidylinositol
bisphosphate and inhibits hormone-stimulated phosphatidylinositol turnover. J Biol Chem

273:22298-22304.

Pillay I, Nakano H and Sharma SV (1996) Radicicol inhibits tyrosine phosphorylation of the
mitotic Src substrate Sam68 and retards subsequent exit from mitosis of Src-transformed

cells. Cell Growth Differ 7:1487-1499.

Pinkas-Kramarski R, Shelly M, Guarino BC, Wang LM, Lyass L, Alroy I, Alimandi M, Kuo A,
Moyer JD, Lavi S, Eisenstein M, Ratzkin BJ, Seger R, Bacus SS, Pierce JH, Andrews GC
and Yarden Y (1998) ErbB tyrosine kinases and the two neuregulin families constitute a

ligand-receptor network. Mol Cell Biol 18:6090-6101.

Pleiman CM, Clark MR, Gauen LK, Winitz S, Coggeshall KM, Johnson GL, Shaw AS and
Cambier JC (1993) Mapping of sites on the Src family protein tyrosine kinases p55blk,
pS9fyn, and p56lyn which interact with the effector molecules phospholipase C-gamma
2, microtubule-associated  protein  kinase, = GTPase-activating protein, and

phosphatidylinositol 3-kinase. Mol Cell Biol 13:5877-5887.



206

Plowman GD, Culouscou JM, Whitney GS, Green JM, Carlton GW, Foy L, Neubauer MG and
Shoyab M (1993a) Ligand-specific activation of HER4/p180erbB4, a fourth member of

the epidermal growth factor receptor family. Proc Natl Acad Sci U S A 90:1746-1750.

Plowman GD, Green JM, Culouscou JM, Carlton GW, Rothwell VM and Buckley S (1993b)

Heregulin induces tyrosine phosphorylation of HER4/p180erbB4. Nature 366:473-475.

Plowman GD, Green JM, McDonald VL, Neubauer MG, Disteche CM, Todaro GJ and Shoyab
M (1990) The amphiregulin gene encodes a novel epidermal growth factor-related

protein with tumor-inhibitory activity. Mol Cell Biol 10:1969-1981.

Polte TR and Hanks SK (1995) Interaction between focal adhesion kinase and Crk-associated

tyrosine kinase substrate p130Cas. Proc Natl Acad Sci U S A 92:10678-10682.

Polychronis A, Sinnett HD, Hadjiminas D, Singhal H, Mansi JL, Shivapatham D, Shousha S,
Jiang J, Peston D, Barrett N, Vigushin D, Morrison K, Beresford E, Ali S, Slade MJ and
Coombes RC (2005) Preoperative gefitinib versus gefitinib and anastrozole in
postmenopausal patients with oestrogen-receptor positive and epidermal-growth-factor-
receptor-positive primary breast cancer: a double-blind placebo-controlled phase II

randomised trial. Lancet Oncol 6:383-391.

Pomerance M, Multon MC, Parker F, Venot C, Blondeau JP, Tocque B and Schweighoffer F
(1998) Grb2 interaction with MEK-kinase 1 is involved in regulation of Jun-kinase

activities in response to epidermal growth factor. J Biol Chem 273:24301-24304.



207

Poynter JN, Gruber SB, Higgins PD, Almog R, Bonner JD, Rennert HS, Low M, Greenson JK
and Rennert G (2005) Statins and the risk of colorectal cancer. N Engl J Med 352:2184-

2192.

Prigent SA and Gullick WJ (1994) Identification of c-erbB-3 binding sites for
phosphatidylinositol 3'-kinase and SHC using an EGF receptor/c-erbB-3 chimera. EMBO

J 13:2831-2841.

Ptasznik A, Traynor-Kaplan A and Bokoch GM (1995) G protein-coupled chemoattractant
receptors regulate Lyn tyrosine kinase.Shc adapter protein signaling complexes. J Biol

Chem 270:19969-19973.

Puri V, Watanabe R, Dominguez M, Sun X, Wheatley CL, Marks DL and Pagano RE (1999)
Cholesterol modulates membrane traffic along the endocytic pathway in sphingolipid-

storage diseases. Nat Cell Biol 1:386-388.

Quesnelle KM, Boehm AL and Grandis JR (2007) STAT-mediated EGFR signaling in cancer. J

Cell Biochem 102:311-319.

Raben D, Bianco C, Helfrich B, Weng E, Ciardiello F and Harari P (2002) Interference with
EGFR signaling: paradigm for improving radiation response in cancer treatment. Expert

Rev Anticancer Ther 2:461-471.

Radinsky R (1993) Paracrine growth regulation of human colon carcinoma organ-specific

metastasis. Cancer Metastasis Rev 12:345-361.



208

Rae JM, Scheys JO, Clark KM, Chadwick RB, Kiefer MC and Lippman ME (2004) EGFR and
EGFRVIII expression in primary breast cancer and cell lines. Breast Cancer Res Treat

87:87-95.

Ram TG and Ethier SP (1996) Phosphatidylinositol 3-kinase recruitment by p185erbB-2 and
erbB-3 is potently induced by neu differentiation factor/heregulin during mitogenesis and
is constitutively elevated in growth factor-independent breast carcinoma cells with c-

erbB-2 gene amplification. Cell Growth Differ 7:551-561.

Rampaul RS, Pinder SE, Nicholson RI, Gullick WJ, Robertson JF and Ellis IO (2005) Clinical
value of epidermal growth factor receptor expression in primary breast cancer. Adv Anat

Pathol 12:271-273.

Randazzo PA, Andrade J, Miura K, Brown MT, Long YQ, Stauffer S, Roller P and Cooper JA
(2000) The Arf GTPase-activating protein ASAP1 regulates the actin cytoskeleton. Proc

Natl Acad Sci U S A 97:4011-4016.

Razandi M, Oh P, Pedram A, Schnitzer J and Levin ER (2002) ERs associate with and regulate
the production of caveolin: implications for signaling and cellular actions. Mol

Endocrinol 16:100-115.

Reissig D, Clement J, Sanger J, Berndt A, Kosmehl H and Bohmer FD (2001) Elevated activity
and expression of Src-family kinases in human breast carcinoma tissue versus matched

non-tumor tissue. J Cancer Res Clin Oncol 127:226-230.

Resh MD (1994) Myristylation and palmitylation of Src family members: the fats of the matter.

Cell 76:411-413.



209

Reuter CW, Morgan MA and Eckardt A (2007) Targeting EGF-receptor-signalling in squamous

cell carcinomas of the head and neck. Br J Cancer 96:408-416.

Rhee SG, Suh PG, Ryu SH and Lee SY (1989) Studies of inositol phospholipid-specific

phospholipase C. Science 244:546-550.

Ridyard MS and Robbins SM (2003) Fibroblast growth factor-2-induced signaling through lipid
raft-associated fibroblast growth factor receptor substrate 2 (FRS2). J Biol Chem

278:13803-138009.

Riese DJ, 2nd, Bermingham Y, van Raaij TM, Buckley S, Plowman GD and Stern DF (1996)
Betacellulin activates the epidermal growth factor receptor and erbB-4, and induces
cellular response patterns distinct from those stimulated by epidermal growth factor or

neuregulin-beta. Oncogene 12:345-353.

Riese DJ, 2nd, van Raaij TM, Plowman GD, Andrews GC and Stern DF (1995) The cellular
response to neuregulins is governed by complex interactions of the erbB receptor family.

Mol Cell Biol 15:5770-5776.

Ringerike T, Blystad FD, Levy FO, Madshus IH and Stang E (2002) Cholesterol is important in
control of EGF receptor kinase activity but EGF receptors are not concentrated in

caveolae. J Cell Sci 115:1331-1340.

Robbins SM, Quintrell NA and Bishop JM (1995) Myristoylation and differential palmitoylation
of the HCK protein-tyrosine kinases govern their attachment to membranes and

association with caveolae. Mol Cell Biol 15:3507-3515.



210

Roche S, Fumagalli S and Courtneidge SA (1995) Requirement for Src family protein tyrosine

kinases in G2 for fibroblast cell division. Science 269:1567-1569.

Rodrigues GA, Falasca M, Zhang Z, Ong SH and Schlessinger J (2000) A novel positive
feedback loop mediated by the docking protein Gabl and phosphatidylinositol 3-kinase

in epidermal growth factor receptor signaling. Mol Cell Biol 20:1448-1459.

Roepstorff K, Thomsen P, Sandvig K and van Deurs B (2002) Sequestration of epidermal growth
factor receptors in non-caveolar lipid rafts inhibits ligand binding. J Biol Chem

277:18954-18960.

Romond EH, Perez EA, Bryant J, Suman VJ, Geyer CE, Jr., Davidson NE, Tan-Chiu E, Martino
S, Paik S, Kaufman PA, Swain SM, Pisansky TM, Fehrenbacher L, Kutteh LA, Vogel
VG, Visscher DW, Yothers G, Jenkins RB, Brown AM, Dakhil SR, Mamounas EP,
Lingle WL, Klein PM, Ingle JN and Wolmark N (2005) Trastuzumab plus adjuvant

chemotherapy for operable HER2-positive breast cancer. N Engl J Med 353:1673-1684.

Ross AG, Li Y, Booth M, Sleigh AC, Williams GM and McManus DP (1998) Five year impact
of chemotherapy on morbidity attributable to Schistosoma japonicum infection in the

Dongting Lake region. Trop Med Int Health 3:837-841.

Ross JS and Fletcher JA (1998) The HER-2/neu Oncogene in Breast Cancer: Prognostic Factor,

Predictive Factor, and Target for Therapy. Oncologist 3:237-252.

Rothberg KG, Heuser JE, Donzell WC, Ying YS, Glenney JR and Anderson RG (1992)

Caveolin, a protein component of caveolae membrane coats. Cell 68:673-682.



211

Rothberg KG, Ying YS, Kamen BA and Anderson RG (1990) Cholesterol controls the clustering
of the glycophospholipid-anchored membrane receptor for 5-methyltetrahydrofolate. J

Cell Biol 111:2931-2938.

Roussel RR, Brodeur SR, Shalloway D and Laudano AP (1991) Selective binding of activated
pp60c-src by an immobilized synthetic phosphopeptide modeled on the carboxyl

terminus of pp60c-src. Proc Natl Acad Sci U S A 88:10696-10700.

Rouzier R, Perou CM, Symmans WF, Ibrahim N, Cristofanilli M, Anderson K, Hess KR, Stec J,
Ayers M, Wagner P, Morandi P, Fan C, Rabiul I, Ross JS, Hortobagyi GN and Pusztai L.
(2005) Breast cancer molecular subtypes respond differently to preoperative

chemotherapy. Clin Cancer Res 11:5678-5685.

Rucci N, Recchia I, Angelucci A, Alamanou M, Del Fattore A, Fortunati D, Susa M, Fabbro D,
Bologna M and Teti A (2006) Inhibition of protein kinase c-Src reduces the incidence of

breast cancer metastases and increases survival in mice: implications for therapy. J

Pharmacol Exp Ther 318:161-172.

Ruiter GA, Zerp SF, Bartelink H, van Blitterswijk WJ and Verheij M (1999) Alkyl-
lysophospholipids activate the SAPK/JNK pathway and enhance radiation-induced

apoptosis. Cancer Res 59:2457-2463.

Ryan Q, Ibrahim A, Cohen MH, Johnson J, Ko CW, Sridhara R, Justice R and Pazdur R (2008)
FDA drug approval summary: lapatinib in combination with capecitabine for previously

treated metastatic breast cancer that overexpresses HER-2. Oncologist 13:1114-1119.



212

Sabe H, Okada M, Nakagawa H and Hanafusa H (1992) Activation of c-Src in cells bearing v-

Crk and its suppression by Csk. Mol Cell Biol 12:4706-4713.

Sadowski L, Pilecka I and Miaczynska M (2009) Signaling from endosomes: location makes a

difference. Exp Cell Res 315:1601-1609.

Sainsbury JR, Farndon JR, Needham GK, Malcolm AJ and Harris AL (1987) Epidermal-growth-
factor receptor status as predictor of early recurrence of and death from breast cancer.

Lancet 1:1398-1402.

Sako Y, Minoghchi S and Yanagida T (2000) Single-molecule imaging of EGFR signalling on

the surface of living cells. Nat Cell Biol 2:168-172.

Salomon DS, Brandt R, Ciardiello F and Normanno N (1995) Epidermal growth factor-related

peptides and their receptors in human malignancies. Crit Rev Oncol Hematol 19:183-232.

Salomon DS, Kim N, Saeki T and Ciardiello F (1990) Transforming growth factor-alpha: an

oncodevelopmental growth factor. Cancer Cells 2:389-397.

Sandgren EP, Luetteke NC, Palmiter RD, Brinster RL and Lee DC (1990) Overexpression of
TGF alpha in transgenic mice: induction of epithelial hyperplasia, pancreatic metaplasia,

and carcinoma of the breast. Cell 61:1121-1135.

Sandgren EP, Schroeder JA, Qui TH, Palmiter RD, Brinster RL and Lee DC (1995) Inhibition of
mammary gland involution is associated with transforming growth factor alpha but not c-

myc-induced tumorigenesis in transgenic mice. Cancer Res 55:3915-3927.



213

Sandilands E, Cans C, Fincham VJ, Brunton VG, Mellor H, Prendergast GC, Norman JC,
Superti-Furga G and Frame MC (2004) RhoB and actin polymerization coordinate Src

activation with endosome-mediated delivery to the membrane. Dev Cell 7:855-869.

Sargiacomo M, Sudol M, Tang Z and Lisanti MP (1993) Signal transducing molecules and
glycosyl-phosphatidylinositol-linked proteins form a caveolin-rich insoluble complex in

MDCK cells. J Cell Biol 122:789-807.

Sasada R, Ono Y, Taniyama Y, Shing Y, Folkman J and Igarashi K (1993) Cloning and
expression of cDNA encoding human betacellulin, a new member of the EGF family.

Biochem Biophys Res Commun 190:1173-1179.

Sasaoka T, Langlois WJ, Leitner JW, Draznin B and Olefsky JM (1994) The signaling pathway
coupling epidermal growth factor receptors to activation of p2lras. J Biol Chem

269:32621-32625.

Sato K, Sato A, Aoto M and Fukami Y (1995a) c-Src phosphorylates epidermal growth factor

receptor on tyrosine 845. Biochem Biophys Res Commun 215:1078-1087.

Sato K, Sato A, Aoto M and Fukami Y (1995b) Site-specific association of c-Src with epidermal

growth factor receptor in A431 cells. Biochem Biophys Res Commun 210:844-851.

Sawyer T, Boyce B, Dalgarno D and Iuliucci J (2001) Src inhibitors: genomics to therapeutics.

Expert Opin Investig Drugs 10:1327-1344.

Scambia G, Benedetti Panici P, Battaglia F, Ferrandina G, Baiocchi G, Greggi S, De Vincenzo R
and Mancuso S (1992) Significance of epidermal growth factor receptor in advanced

ovarian cancer. J Clin Oncol 10:529-535.



214

Schaller MD, Borgman CA and Parsons JT (1993) Autonomous expression of a noncatalytic
domain of the focal adhesion-associated protein tyrosine kinase ppl25FAK. Mol Cell

Biol 13:785-791.

Schaller MD, Hildebrand JD, Shannon JD, Fox JW, Vines RR and Parsons JT (1994)
Autophosphorylation of the focal adhesion kinase, ppl125FAK, directs SH2-dependent

binding of pp60src. Mol Cell Biol 14:1680-1688.

Schechter AL, Hung MC, Vaidyanathan L, Weinberg RA, Yang-Feng TL, Francke U, Ullrich A
and Coussens L (1985) The neu gene: an erbB-homologous gene distinct from and

unlinked to the gene encoding the EGF receptor. Science 229:976-978.

Schechter AL, Stern DF, Vaidyanathan L, Decker SJ, Drebin JA, Greene MI and Weinberg RA
(1984) The neu oncogene: an erb-B-related gene encoding a 185,000-Mr tumour antigen.

Nature 312:513-516.

Scherer PE, Tang Z, Chun M, Sargiacomo M, Lodish HF and Lisanti MP (1995) Caveolin
isoforms differ in their N-terminal protein sequence and subcellular distribution.

Identification and epitope mapping of an isoform-specific monoclonal antibody probe. J

Biol Chem 270:16395-16401.

Schindler T, Sicheri F, Pico A, Gazit A, Levitzki A and Kuriyan J (1999) Crystal structure of

Hck in complex with a Src family-selective tyrosine kinase inhibitor. Mol Cell 3:639-648.

Schlaepfer DD, Broome MA and Hunter T (1997) Fibronectin-stimulated signaling from a focal
adhesion kinase-c-Src complex: involvement of the Grb2, p130cas, and Nck adaptor

proteins. Mol Cell Biol 17:1702-1713.



215

Schlaepfer DD, Hauck CR and Sieg DJ (1999) Signaling through focal adhesion kinase. Prog

Biophys Mol Biol 71:435-478.

Schlaepfer DD and Hunter T (1997) Focal adhesion kinase overexpression enhances ras-
dependent integrin signaling to ERK2/mitogen-activated protein kinase through

interactions with and activation of c-Src. J Biol Chem 272:13189-13195.

Schlessinger J (1986) Allosteric regulation of the epidermal growth factor receptor kinase. J Cell

Biol 103:2067-2072.

Schlessinger J, Shechter Y, Willingham MC and Pastan I (1978) Direct visualization of binding,
aggregation, and internalization of insulin and epidermal growth factor on living

fibroblastic cells. Proc Natl Acad Sci U S A 75:2659-2663.

Schley PD, Brindley DN and Field CJ (2007) (n-3) PUFA alter raft lipid composition and
decrease epidermal growth factor receptor levels in lipid rafts of human breast cancer

cells. J Nutr 137:548-553.

Schlomm T, Kirstein P, Iwers L, Daniel B, Steuber T, Walz J, Chun FH, Haese A, Kollermann J,
Graefen M, Huland H, Sauter G, Simon R and Erbersdobler A (2007) Clinical
significance of epidermal growth factor receptor protein overexpression and gene copy

number gains in prostate cancer. Clin Cancer Res 13:6579-6584.

Schneider MR and Wolf E (2009) The epidermal growth factor receptor ligands at a glance. J

Cell Physiol 218:460-466.



216

Schreiber AB, Libermann TA, Lax I, Yarden Y and Schlessinger J (1983) Biological role of
epidermal growth factor-receptor clustering. Investigation with monoclonal anti-receptor

antibodies. J Biol Chem 258:846-853.

Schroeder RJ, Ahmed SN, Zhu Y, London E and Brown DA (1998) Cholesterol and sphingolipid
enhance the Triton X-100 insolubility of glycosylphosphatidylinositol-anchored proteins
by promoting the formation of detergent-insoluble ordered membrane domains. J Biol

Chem 273:1150-1157.

Seal MD and Chia SK (2010) What is the difference between triple-negative and basal breast

cancers? Cancer J 16:12-16.

Seno M, Tada H, Kosaka M, Sasada R, Igarashi K, Shing Y, Folkman J, Ueda M and Yamada H
(1996) Human betacellulin, a member of the EGF family dominantly expressed in

pancreas and small intestine, is fully active in a monomeric form. Growth Factors

13:181-191.

Sethy-Coraci I, Crock LW and Silverstein SC (2005) PAF-receptor antagonists, lovastatin, and
the PTK inhibitor genistein inhibit H2O2 secretion by macrophages cultured on oxidized-

LDL matrices. J Leukoc Biol 78:1166-1174.

Shalloway D, Coussens PM and Yaciuk P (1984) Overexpression of the c-src protein does not

induce transformation of NIH 3T3 cells. Proc Natl Acad Sci U S A 81:7071-7075.

Sharma DC (2004) New Indian centre to boost brain research and training. Lancet Neurol 3:77.



217

Sheets ED, Lee GM, Simson R and Jacobson K (1997) Transient confinement of a
glycosylphosphatidylinositol-anchored protein in the plasma membrane. Biochemistry

36:12449-12458.

Shelly M, Pinkas-Kramarski R, Guarino BC, Waterman H, Wang LM, Lyass L, Alimandi M,
Kuo A, Bacus SS, Pierce JH, Andrews GC and Yarden Y (1998) Epiregulin is a potent
pan-ErbB ligand that preferentially activates heterodimeric receptor complexes. J Biol

Chem 273:10496-10505.

Shen X and Kramer RH (2004) Adhesion-mediated squamous cell carcinoma survival through
ligand-independent activation of epidermal growth factor receptor. Am J Pathol

165:1315-1329.

Shenoy-Scaria AM, Dietzen DJ, Kwong J, Link DC and Lublin DM (1994) Cysteine3 of Src
family protein tyrosine kinase determines palmitoylation and localization in caveolae. J

Cell Biol 126:353-363.

Shenoy-Scaria AM, Gauen LK, Kwong J, Shaw AS and Lublin DM (1993) Palmitylation of an
amino-terminal cysteine motif of protein tyrosine kinases p56lck and p59fyn mediates

interaction with glycosyl-phosphatidylinositol-anchored proteins. Mol Cell Biol 13:6385-

6392.

Shih C, Padhy LC, Murray M and Weinberg RA (1981) Transforming genes of carcinomas and

neuroblastomas introduced into mouse fibroblasts. Nature 290:261-264.

Shing Y, Christofori G, Hanahan D, Ono Y, Sasada R, Igarashi K and Folkman J (1993)

Betacellulin: a mitogen from pancreatic beta cell tumors. Science 259:1604-1607.



218

Shiroo M, Goff L, Biffen M, Shivnan E and Alexander D (1992) CD45 tyrosine phosphatase-
activated p59fyn couples the T cell antigen receptor to pathways of diacylglycerol

production, protein kinase C activation and calcium influx. EMBO J 11:4887-4897.

Shiu KK, Tan DS and Reis-Filho JS (2008) Development of therapeutic approaches to 'triple

negative' phenotype breast cancer. Expert Opin Ther Targets 12:1123-1137.

Shoyab M, McDonald VL, Bradley JG and Todaro GJ (1988) Amphiregulin: a bifunctional
growth-modulating glycoprotein produced by the phorbol 12-myristate 13-acetate-treated

human breast adenocarcinoma cell line MCF-7. Proc Natl Acad Sci U S A 85:6528-6532.

Shoyab M, Plowman GD, McDonald VL, Bradley JG and Todaro GJ (1989) Structure and
function of human amphiregulin: a member of the epidermal growth factor family.

Science 243:1074-1076.

Shupnik MA (2004) Crosstalk between steroid receptors and the c-Src-receptor tyrosine kinase

pathways: implications for cell proliferation. Oncogene 23:7979-7989.

Sibilia M and Wagner EF (1995) Strain-dependent epithelial defects in mice lacking the EGF

receptor. Science 269:234-238.

Sicheri F, Moarefi I and Kuriyan J (1997) Crystal structure of the Src family tyrosine kinase

Hck. Nature 385:602-609.

Sieh M, Bolen JB and Weiss A (1993) CD45 specifically modulates binding of Lck to a
phosphopeptide encompassing the negative regulatory tyrosine of Lck. EMBO J 12:315-

321.



219

Sigal CT, Zhou W, Buser CA, McLaughlin S and Resh MD (1994) Amino-terminal basic
residues of Src mediate membrane binding through electrostatic interaction with acidic

phospholipids. Proc Natl Acad Sci U S A 91:12253-12257.

Silverman L, Sudol M and Resh MD (1993) Members of the src family of nonreceptor tyrosine
kinases share a common mechanism for membrane binding. Cell Growth Differ 4:475-

482.

Simons K and Ikonen E (1997) Functional rafts in cell membranes. Nature 387:569-572.

Simons K and Toomre D (2000) Lipid rafts and signal transduction. Nat Rev Mol Cell Biol 1:31-

39.

Simons K and van Meer G (1988) Lipid sorting in epithelial cells. Biochemistry 27:6197-6202.

Simons K and Wandinger-Ness A (1990) Polarized sorting in epithelia. Cell 62:207-210.

Simson R, Yang B, Moore SE, Doherty P, Walsh FS and Jacobson KA (1998) Structural

mosaicism on the submicron scale in the plasma membrane. Biophys J 74:297-308.

Singer SJ (1972) A fluid lipid-globular protein mosaic model of membrane structure. Ann N Y

Acad Sci 195:16-23.

Sivaprasad U, Abbas T and Dutta A (2006) Differential efficacy of 3-hydroxy-3-methylglutaryl
CoA reductase inhibitors on the cell cycle of prostate cancer cells. Mol Cancer Ther

5:2310-2316.



220

Siziopikou KP and Cobleigh M (2007) The basal subtype of breast carcinomas may represent the
group of breast tumors that could benefit from EGFR-targeted therapies. Breast 16:104-

107.

Skibbens JE, Roth MG and Matlin KS (1989) Differential extractability of influenza virus
hemagglutinin during intracellular transport in polarized epithelial cells and nonpolar

fibroblasts. J Cell Biol 108:821-832.

Slamon D and Pegram M (2001) Rationale for trastuzumab (Herceptin) in adjuvant breast cancer

trials. Semin Oncol 28:13-19.

Slamon DJ, Clark GM, Wong SG, Levin WJ, Ullrich A and McGuire WL (1987) Human breast
cancer: correlation of relapse and survival with amplification of the HER-2/neu

oncogene. Science 235:177-182.

Sliwkowski MX, Lofgren JA, Lewis GD, Hotaling TE, Fendly BM and Fox JA (1999)
Nonclinical studies addressing the mechanism of action of trastuzumab (Herceptin).

Semin Oncol 26:60-70.

Sliwkowski MX, Schaefer G, Akita RW, Lofgren JA, Fitzpatrick VD, Nuijens A, Fendly BM,
Cerione RA, Vandlen RL and Carraway KL, 3rd (1994) Coexpression of erbB2 and
erbB3 proteins reconstitutes a high affinity receptor for heregulin. J Biol Chem

269:14661-14665.

Smart EJ, Graf GA, McNiven MA, Sessa WC, Engelman JA, Scherer PE, Okamoto T and
Lisanti MP (1999) Caveolins, liquid-ordered domains, and signal transduction. Mol Cell

Biol 19:7289-7304.



221

Smith I, Procter M, Gelber RD, Guillaume S, Feyereislova A, Dowsett M, Goldhirsch A, Untch

M, Mariani G, Baselga J, Kaufmann M, Cameron D, Bell R, Bergh J, Coleman R,
Wardley A, Harbeck N, Lopez RI, Mallmann P, Gelmon K, Wilcken N, Wist E, Sanchez
Rovira P and Piccart-Gebhart MJ (2007) 2-year follow-up of trastuzumab after adjuvant
chemotherapy in HER2-positive breast cancer: a randomised controlled trial. Lancet

369:29-36.

Smith JJ, Derynck R and Korc M (1987) Production of transforming growth factor alpha in

Smith

human pancreatic cancer cells: evidence for a superagonist autocrine cycle. Proc Natl

Acad Sci U S A 84:7567-7570.

K, Fennelly JA, Neal DE, Hall RR and Harris AL (1989) Characterization and
quantitation of the epidermal growth factor receptor in invasive and superficial bladder

tumors. Cancer Res 49:5810-5815.

Smythe GM, Eby JC, Disatnik MH and Rando TA (2003) A caveolin-3 mutant that causes limb

girdle muscular dystrophy type 1C disrupts Src localization and activity and induces

apoptosis in skeletal myotubes. J Cell Sci 116:4739-4749.

Sobrero AF, Maurel J, Fehrenbacher L, Scheithauer W, Abubakr YA, Lutz MP, Vega-Villegas

ME, Eng C, Steinhauer EU, Prausova J, Lenz HJ, Borg C, Middleton G, Kroning H,
Luppi G, Kisker O, Zubel A, Langer C, Kopit J and Burris HA, 3rd (2008) EPIC: phase
III trial of cetuximab plus irinotecan after fluoropyrimidine and oxaliplatin failure in

patients with metastatic colorectal cancer. J Clin Oncol 26:2311-2319.



222

Soltoff SP, Carraway KL, 3rd, Prigent SA, Gullick WG and Cantley LC (1994) ErbB3 is
involved in activation of phosphatidylinositol 3-kinase by epidermal growth factor. Mol

Cell Biol 14:3550-3558.

Somani AK, Bignon JS, Mills GB, Siminovitch KA and Branch DR (1997) Src kinase activity is

regulated by the SHP-1 protein-tyrosine phosphatase. J Biol Chem 272:21113-21119.

Song RX, Barnes CJ, Zhang Z, Bao Y, Kumar R and Santen RJ (2004) The role of Shc and
insulin-like growth factor 1 receptor in mediating the translocation of estrogen receptor

alpha to the plasma membrane. Proc Natl Acad Sci U S A 101:2076-2081.

Soriano P, Montgomery C, Geske R and Bradley A (1991) Targeted disruption of the c-src

proto-oncogene leads to osteopetrosis in mice. Cell 64:693-702.

Sorlie T, Perou CM, Tibshirani R, Aas T, Geisler S, Johnsen H, Hastie T, Eisen MB, van de Rijn
M, Jeffrey SS, Thorsen T, Quist H, Matese JC, Brown PO, Botstein D, Eystein Lonning P
and Borresen-Dale AL (2001) Gene expression patterns of breast carcinomas distinguish

tumor subclasses with clinical implications. Proc Natl Acad Sci U S A 98:10869-10874.

Soule HD, Maloney TM, Wolman SR, Peterson WD, Jr., Brenz R, McGrath CM, Russo J,
Pauley RJ, Jones RF and Brooks SC (1990) Isolation and characterization of a
spontaneously immortalized human breast epithelial cell line, MCF-10. Cancer Res

50:6075-6086.

Soule HD, Vazguez J, Long A, Albert S and Brennan M (1973) A human cell line from a pleural

effusion derived from a breast carcinoma. J Natl Cancer Inst 51:1409-1416.



223

Sproul TW, Malapati S, Kim J and Pierce SK (2000) Cutting edge: B cell antigen receptor

signaling occurs outside lipid rafts in immature B cells. J Immunol 165:6020-6023.

Stahl ML, Ferenz CR, Kelleher KL, Kriz RW and Knopf JL (1988) Sequence similarity of

phospholipase C with the non-catalytic region of src. Nature 332:269-272.

Stehelin D (1976) The transforming gene of avian tumor viruses. Pathol Biol (Paris) 24:513-

515.

Stehelin D, Varmus HE, Bishop JM and Vogt PK (1976) DNA related to the transforming

gene(s) of avian sarcoma viruses is present in normal avian DNA. Nature 260:170-173.

Stoddart A, Dykstra ML, Brown BK, Song W, Pierce SK and Brodsky FM (2002) Lipid rafts
unite signaling cascades with clathrin to regulate BCR internalization. Immunity 17:451-

462.

Stoscheck CM and Carpenter G (1984) Down regulation of epidermal growth factor receptors:
direct demonstration of receptor degradation in human fibroblasts. J Cell Biol 98:1048-

1053.

Stossel TP (2008) The discovery of statins. Cell 134:903-905.

Stove C and Bracke M (2004) Roles for neuregulins in human cancer. Clin Exp Metastasis

21:665-684.

Stover DR, Becker M, Liebetanz J and Lydon NB (1995) Src phosphorylation of the epidermal
growth factor receptor at novel sites mediates receptor interaction with Src and P85

alpha. J Biol Chem 270:15591-15597.



224

Stromberg K, Collins TJt, Gordon AW, Jackson CL and Johnson GR (1992) Transforming
growth factor-alpha acts as an autocrine growth factor in ovarian carcinoma cell lines.

Cancer Res 52:341-347.

Suh PG, Ryu SH, Moon KH, Suh HW and Rhee SG (1988) Inositol phospholipid-specific
phospholipase C: complete cDNA and protein sequences and sequence homology to

tyrosine kinase-related oncogene products. Proc Natl Acad Sci U S A 85:5419-5423.

Sun G, Sharma AK and Budde RJ (1998) Autophosphorylation of Src and Yes blocks their

inactivation by Csk phosphorylation. Oncogene 17:1587-1595.

Sun J, Nanjundan M, Pike LJ, Wiedmer T and Sims PJ (2002) Plasma membrane phospholipid
scramblase 1 is enriched in lipid rafts and interacts with the epidermal growth factor

receptor. Biochemistry 41:6338-6345.

Sun SY (2005) Chemopreventive agent-induced modulation of death receptors. Apoptosis

10:1203-1210.

Superti-Furga G, Fumagalli S, Koegl M, Courtneidge SA and Draetta G (1993) Csk inhibition of

c-Src activity requires both the SH2 and SH3 domains of Src. EMBO J 12:2625-2634.

Suprynowicz FA, Disbrow GL, Krawczyk E, Simic V, Lantzky K and Schlegel R (2008) HPV-
16 E5 oncoprotein upregulates lipid raft components caveolin-1 and ganglioside GM1 at

the plasma membrane of cervical cells. Oncogene 27:1071-1078.



225

Suzuki S, Dobashi Y, Sakurai H, Nishikawa K, Hanawa M and Ooi A (2005) Protein
overexpression and gene amplification of epidermal growth factor receptor in nonsmall
cell lung carcinomas. An immunohistochemical and fluorescence in situ hybridization

study. Cancer 103:1265-1273.

Szejtli J (1998) Introduction and General Overview of Cyclodextrin Chemistry. Chem Rev

98:1743-1754.

Takeuchi M, Kuramochi S, Fusaki N, Nada S, Kawamura-Tsuzuku J, Matsuda S, Semba K,
Toyoshima K, Okada M and Yamamoto T (1993) Functional and physical interaction of

protein-tyrosine kinases Fyn and Csk in the T-cell signaling system. J Biol Chem

268:27413-27419.

Tang Z, Scherer PE, Okamoto T, Song K, Chu C, Kohtz DS, Nishimoto I, Lodish HF and Lisanti
MP (1996) Molecular cloning of caveolin-3, a novel member of the caveolin gene family

expressed predominantly in muscle. J Biol Chem 271:2255-2261.

Tanner KG and Kyte J (1999) Dimerization of the extracellular domain of the receptor for
epidermal growth factor containing the membrane-spanning segment in response to

treatment with epidermal growth factor. J Biol Chem 274:35985-35990.

Taylor SJ and Shalloway D (1993) The cell cycle and c-Src. Curr Opin Genet Dev 3:26-34.

Taylor SJ and Shalloway D (1996) Src and the control of cell division. Bioessays 18:9-11.

Teramura Y, Ichinose J, Takagi H, Nishida K, Yanagida T and Sako Y (2006) Single-molecule
analysis of epidermal growth factor binding on the surface of living cells. EMBO J

25:4215-4222.



226

Tervahauta A, Syrjanen S and Syrjanen K (1994) Epidermal growth factor receptor, c-erbB-2
proto-oncogene and estrogen receptor expression in human papillomavirus lesions of the

uterine cervix. Int J Gynecol Pathol 13:234-240.

Thatcher N, Chang A, Parikh P, Rodrigues Pereira J, Ciuleanu T, von Pawel J, Thongprasert S,
Tan EH, Pemberton K, Archer V and Carroll K (2005) Gefitinib plus best supportive care
in previously treated patients with refractory advanced non-small-cell lung cancer: results
from a randomised, placebo-controlled, multicentre study (Iressa Survival Evaluation in

Lung Cancer). Lancet 366:1527-1537.

Thomas GV, Tran C, Mellinghoff IK, Welsbie DS, Chan E, Fueger B, Czernin J and Sawyers CL
(2006) Hypoxia-inducible factor determines sensitivity to inhibitors of mTOR in kidney

cancer. Nat Med 12:122-127.

Thompson SA, Harris A, Hoang D, Ferrer M and Johnson GR (1996) COOH-terminal extended
recombinant amphiregulin with bioactivity comparable with naturally derived growth

factor. J Biol Chem 271:17927-17931.

Thornley AL and Jones GJ (1992) In vitro secretion of transforming growth factor alpha (TGF-
alpha): a comparison of the A431 cell line with three human oesophageal squamous cell

carcinoma lines. Biosci Rep 12:293-302.

Threadgill DW, Dlugosz AA, Hansen LA, Tennenbaum T, Lichti U, Yee D, LaMantia C,
Mourton T, Herrup K, Harris RC and et al. (1995) Targeted disruption of mouse EGF

receptor: effect of genetic background on mutant phenotype. Science 269:230-234.



227

Thurlimann B, Keshaviah A, Coates AS, Mouridsen H, Mauriac L, Forbes JF, Paridaens R,
Castiglione-Gertsch M, Gelber RD, Rabaglio M, Smith I, Wardley A, Price KN and
Goldhirsch A (2005) A comparison of letrozole and tamoxifen in postmenopausal women

with early breast cancer. N Engl J Med 353:2747-2757.

Tice DA, Biscardi JS, Nickles AL and Parsons SJ (1999) Mechanism of biological synergy
between cellular Src and epidermal growth factor receptor. Proc Natl Acad Sci U S A

96:1415-1420.

Tobert JA, Bell GD, Birtwell J, James I, Kukovetz WR, Pryor JS, Buntinx A, Holmes IB, Chao
YS and Bolognese JA (1982) Cholesterol-lowering effect of mevinolin, an inhibitor of 3-

hydroxy-3-methylglutaryl-coenzyme a reductase, in healthy volunteers. J Clin Invest

69:913-919.

Todd R and Wong DT (1999) Epidermal growth factor receptor (EGFR) biology and human oral

cancer. Histol Histopathol 14:491-500.

Toi M, Osaki A, Yamada H and Toge T (1991) Epidermal growth factor receptor expression as a

prognostic indicator in breast cancer. Eur J Cancer 27:977-980.

Tomlinson GE, Chen TT, Stastny VA, Virmani AK, Spillman MA, Tonk V, Blum JL, Schneider
NR, Wistuba, II, Shay JW, Minna JD and Gazdar AF (1998) Characterization of a breast

cancer cell line derived from a germ-line BRCA1 mutation carrier. Cancer Res 58:3237-

3242.



228

Torgersen KM, Vang T, Abrahamsen H, Yaqub S, Horejsi V, Schraven B, Rolstad B, Mustelin T
and Tasken K (2001) Release from tonic inhibition of T cell activation through transient
displacement of C-terminal Src kinase (Csk) from lipid rafts. J Biol Chem 276:29313-

29318.

Toyoda H, Komurasaki T, Uchida D and Morimoto S (1997) Distribution of mRNA for human
epiregulin, a differentially expressed member of the epidermal growth factor family.

Biochem J 326 ( Pt 1):69-75.

Toyoda H, Komurasaki T, Uchida D, Takayama Y, Isobe T, Okuyama T and Hanada K (1995)
Epiregulin. A novel epidermal growth factor with mitogenic activity for rat primary

hepatocytes. J Biol Chem 270:7495-7500.

Trempe GL (1976) Human breast cancer in culture. Recent Results Cancer Res:33-41.

Tsutsui S, Ohno S, Murakami S, Hachitanda Y and Oda S (2002) Prognostic value of epidermal
growth factor receptor (EGFR) and its relationship to the estrogen receptor status in 1029

patients with breast cancer. Breast Cancer Res Treat 71:67-75.

Tsygankov AY and Shore SK (2004) Src: regulation, role in human carcinogenesis and

pharmacological inhibitors. Curr Pharm Des 10:1745-1756.

Turner CE, Schaller MD and Parsons JT (1993) Tyrosine phosphorylation of the focal adhesion
kinase pp125FAK during development: relation to paxillin. J Cell Sci 105 ( Pt 3):637-

645.

Twombly R (2005) Failing survival advantage in crucial trial, future of Iressa is in jeopardy. J

Natl Cancer Inst 97:249-250.



229

Tzahar E, Waterman H, Chen X, Levkowitz G, Karunagaran D, Lavi S, Ratzkin BJ and Yarden
Y (1996) A hierarchical network of interreceptor interactions determines signal
transduction by Neu differentiation factor/neuregulin and epidermal growth factor. Mol

Cell Biol 16:5276-5287.

Ullrich A, Coussens L, Hayflick JS, Dull TJ, Gray A, Tam AW, Lee J, Yarden Y, Libermann
TA, Schlessinger J and et al. (1984) Human epidermal growth factor receptor cDNA
sequence and aberrant expression of the amplified gene in A431 epidermoid carcinoma

cells. Nature 309:418-425.

Ullrich A and Schlessinger J (1990) Signal transduction by receptors with tyrosine kinase

activity. Cell 61:203-212.

Umemori H, Sato S, Yagi T, Aizawa S and Yamamoto T (1994) Initial events of myelination

involve Fyn tyrosine kinase signalling. Nature 367:572-576.

Unger C, Damenz W, Fleer EA, Kim DJ, Breiser A, Hilgard P, Engel J, Nagel G and Eibl H
(1989) Hexadecylphosphocholine, a new ether lipid analogue. Studies on the

antineoplastic activity in vitro and in vivo. Acta Oncol 28:213-217.

van de Donk NW, Kamphuis MM, van Kessel B, Lokhorst HM and Bloem AC (2003) Inhibition
of protein geranylgeranylation induces apoptosis in myeloma plasma cells by reducing

Mcl-1 protein levels. Blood 102:3354-3362.

van de Poll ML, van Vugt MJ, Lenferink AE and van Zoelen EJ (1997) Insertion of Argos
sequences into the B-loop of epidermal growth factor results in a low-affinity ligand with

strong agonistic activity. Biochemistry 36:7425-7431.



230

van de Rijn M and Rubin BP (2002) Gene expression studies on soft tissue tumors. Am J Pathol

161:1531-1534.

Van de Vijver MJ, Kumar R and Mendelsohn J (1991) Ligand-induced activation of A431 cell
epidermal growth factor receptors occurs primarily by an autocrine pathway that acts

upon receptors on the surface rather than intracellularly. J Biol Chem 266:7503-7508.

van der Luit AH, Vink SR, Klarenbeek JB, Perrissoud D, Solary E, Verheij M and van
Blitterswijk WJ (2007) A new class of anticancer alkylphospholipids uses lipid rafts as
membrane gateways to induce apoptosis in lymphoma cells. Mol Cancer Ther 6:23377-

2345.

van der Woning SP, van Rotterdam W, Nabuurs SB, Venselaar H, Jacobs-Oomen S, Wingens M,
Vriend G, Stortelers C and van Zoelen EJ (2006) Negative constraints underlie the ErbB

specificity of epidermal growth factor-like ligands. J Biol Chem 281:40033-40040.

van Meer G (1989) Lipid traffic in animal cells. Annu Rev Cell Biol 5:247-275.

Van Zoelen EJ, Stortelers C, Lenferink AE and Van de Poll ML (2000) The EGF domain:

requirements for binding to receptors of the ErbB family. Vitam Horm 59:99-131.

Vanhaesebroeck B, Guillermet-Guibert J, Graupera M and Bilanges B (2010) The emerging

mechanisms of isoform-specific PI3K signalling. Nat Rev Mol Cell Biol 11:329-341.

Varma R and Mayor S (1998) GPI-anchored proteins are organized in submicron domains at the

cell surface. Nature 394:798-801.

Vaughan CJ (2003) Prevention of stroke and dementia with statins: Effects beyond lipid

lowering. Am J Cardiol 91:23B-29B.



231

Veale D, Ashcroft T, Marsh C, Gibson GJ and Harris AL (1987) Epidermal growth factor

receptors in non-small cell lung cancer. Br J Cancer 55:513-516.

Velu TJ, Beguinot L, Vass WC, Willingham MC, Merlino GT, Pastan I and Lowy DR (1987)
Epidermal-growth-factor-dependent transformation by a human EGF receptor proto-

oncogene. Science 238:1408-1410.

Verbeek BS, Vroom TM, Adriaansen-Slot SS, Ottenhoff-Kalff AE, Geertzema JG, Hennipman
A and Rijksen G (1996) c-Src protein expression is increased in human breast cancer. An

immunohistochemical and biochemical analysis. J Pathol 180:383-388.

Viloria-Petit A, Crombet T, Jothy S, Hicklin D, Bohlen P, Schlaeppi JM, Rak J and Kerbel RS
(2001) Acquired resistance to the antitumor effect of epidermal growth factor receptor-
blocking antibodies in vivo: a role for altered tumor angiogenesis. Cancer Res 61:5090-

5101.

Vogel CL, Cobleigh MA, Tripathy D, Gutheil JC, Harris LN, Fehrenbacher L, Slamon DIJ,
Murphy M, Novotny WF, Burchmore M, Shak S, Stewart SJ and Press M (2002)
Efficacy and safety of trastuzumab as a single agent in first-line treatment of HER2-

overexpressing metastatic breast cancer. J Clin Oncol 20:719-726.

Vollmer T, Key L, Durkalski V, Tyor W, Corboy J, Markovic-Plese S, Preiningerova J, Rizzo M
and Singh I (2004) Oral simvastatin treatment in relapsing-remitting multiple sclerosis.

Lancet 363:1607-1608.



232

Vuori K, Hirai H, Aizawa S and Ruoslahti E (1996) Introduction of p130cas signaling complex
formation upon integrin-mediated cell adhesion: a role for Src family kinases. Mol Cell

Biol 16:2606-2613.

Wada T, Qian XL and Greene MI (1990) Intermolecular association of the p185neu protein and

EGF receptor modulates EGF receptor function. Cell 61:1339-1347.

Waksal HW (1999) Role of an anti-epidermal growth factor receptor in treating cancer. Cancer

Metastasis Rev 18:427-436.

Wang Y, Pennock S, Chen X and Wang Z (2002) Endosomal signaling of epidermal growth
factor receptor stimulates signal transduction pathways leading to cell survival. Mol Cell

Biol 22:7279-7290.

Wang Z and Moran MF (1996) Requirement for the adapter protein GRB2 in EGF receptor

endocytosis. Science 272:1935-1939.

Ware MF, Tice DA, Parsons SJ and Lauffenburger DA (1997) Overexpression of cellular Src in
fibroblasts enhances endocytic internalization of epidermal growth factor receptor. J Biol

Chem 272:30185-30190.

Waugh MG, Lawson D and Hsuan JJ (1999) Epidermal growth factor receptor activation is
localized within low-buoyant density, non-caveolar membrane domains. Biochem J 337 (

Pt 3):591-597.



233

Weber F, Fukino K, Sawada T, Williams N, Sweet K, Brena RM, Plass C, Caldes T, Mutter GL,
Villalona-Calero MA and Eng C (2005) Variability in organ-specific EGFR mutational
spectra in tumour epithelium and stroma may be the biological basis for differential

responses to tyrosine kinase inhibitors. Br J Cancer 92:1922-1926.

Weernink PA and Rijksen G (1995) Activation and translocation of c-Src to the cytoskeleton by
both platelet-derived growth factor and epidermal growth factor. J Biol Chem 270:2264-

2267.

Weijland A, Williams JC, Neubauer G, Courtneidge SA, Wierenga RK and Superti-Furga G
(1997) Src regulated by C-terminal phosphorylation is monomeric. Proc Natl Acad Sci U

S A 94:3590-3595.

Wen T, Zhang L, Kung SK, Molina TJ, Miller RG and Mak TW (1995) Allo-skin graft rejection,
tumor rejection and natural killer activity in mice lacking pS6lck. Eur J Immunol

25:3155-3159.

Westover EJ, Covey DF, Brockman HL, Brown RE and Pike LJ (2003) Cholesterol depletion
results in site-specific increases in epidermal growth factor receptor phosphorylation due
to membrane level effects. Studies with cholesterol enantiomers. J Biol Chem 278:51125-

51133.

Wheeler DL, Dunn EF and Harari PM (2010) Understanding resistance to EGFR inhibitors-

impact on future treatment strategies. Nat Rev Clin Oncol.



234

Wikstrand CJ, Hale LP, Batra SK, Hill ML, Humphrey PA, Kurpad SN, McLendon RE,
Moscatello D, Pegram CN, Reist CJ and et al. (1995) Monoclonal antibodies against
EGFRVIII are tumor specific and react with breast and lung carcinomas and malignant

gliomas. Cancer Res 55:3140-3148.

Wilde A, Beattie EC, Lem L, Riethof DA, Liu SH, Mobley WC, Soriano P and Brodsky FM
(1999) EGF receptor signaling stimulates SRC kinase phosphorylation of clathrin,

influencing clathrin redistribution and EGF uptake. Cell 96:677-687.

Williams JC, Weijland A, Gonfloni S, Thompson A, Courtneidge SA, Superti-Furga G and
Wierenga RK (1997) The 2.35 A crystal structure of the inactivated form of chicken Src:

a dynamic molecule with multiple regulatory interactions. J Mol Biol 274:757-775.

Wilson GR, Cramer A, Welman A, Knox F, Swindell R, Kawakatsu H, Clarke RB, Dive C and
Bundred NJ (2006) Activated c-SRC in ductal carcinoma in situ correlates with high

tumour grade, high proliferation and HER?2 positivity. Br J Cancer 95:1410-1414.

Wilson LK, Luttrell DK, Parsons JT and Parsons SJ (1989) pp60c-src tyrosine kinase,
myristylation, and modulatory domains are required for enhanced mitogenic

responsiveness to epidermal growth factor seen in cells overexpressing c-src. Mol Cell

Biol 9:1536-1544.

Wilson LK and Parsons SJ (1990) Enhanced EGF mitogenic response is associated with
enhanced tyrosine phosphorylation of specific cellular proteins in fibroblasts

overexpressing c-src. Oncogene 5:1471-1480.



235

Wolf AA, Jobling MG, Wimer-Mackin S, Ferguson-Maltzman M, Madara JL., Holmes RK and
Lencer WI (1998) Ganglioside structure dictates signal transduction by cholera toxin and
association with caveolae-like membrane domains in polarized epithelia. J Cell Biol

141:917-927.

Wong AJ, Bigner SH, Bigner DD, Kinzler KW, Hamilton SR and Vogelstein B (1987) Increased
expression of the epidermal growth factor receptor gene in malignant gliomas is

invariably associated with gene amplification. Proc Natl Acad Sci U S A 84:6899-6903.

Wong AJ, Ruppert JM, Bigner SH, Grzeschik CH, Humphrey PA, Bigner DS and Vogelstein B
(1992) Structural alterations of the epidermal growth factor receptor gene in human

gliomas. Proc Natl Acad Sci U S A 89:2965-2969.

Woodard J, Sassano A, Hay N and Platanias LC (2008) Statin-dependent suppression of the
Akt/mammalian target of rapamycin signaling cascade and programmed cell death 4 up-

regulation in renal cell carcinoma. Clin Cancer Res 14:4640-4649.

Wu C, Butz S, Ying Y and Anderson RG (1997) Tyrosine kinase receptors concentrated in

caveolae-like domains from neuronal plasma membrane. J Biol Chem 272:3554-3559.

Wu X, Rubin M, Fan Z, DeBlasio T, Soos T, Koff A and Mendelsohn J (1996) Involvement of
p27KIP1 in G1 arrest mediated by an anti-epidermal growth factor receptor monoclonal

antibody. Oncogene 12:1397-1403.



236

Xia L, Wang L, Chung AS, Ivanov SS, Ling MY, Dragoi AM, Platt A, Gilmer TM, Fu XY and
Chin YE (2002) Identification of both positive and negative domains within the
epidermal growth factor receptor COOH-terminal region for signal transducer and

activator of transcription (STAT) activation. J Biol Chem 277:30716-30723.

Xu W, Doshi A, Lei M, Eck MJ and Harrison SC (1999) Crystal structures of c-Src reveal

features of its autoinhibitory mechanism. Mol Cell 3:629-638.

Xu W, Harrison SC and Eck MJ (1997a) Three-dimensional structure of the tyrosine kinase c-

Src. Nature 385:595-602.

Xu Y, Guo DF, Davidson M, Inagami T and Carpenter G (1997b) Interaction of the adaptor

protein She and the adhesion molecule cadherin. J Biol Chem 272:13463-13466.

Yamabhai M and Anderson RG (2002) Second cysteine-rich region of epidermal growth factor

receptor contains targeting information for caveolae/rafts. J Biol Chem 277:24843-24846.

Yamada E (1955) The fine structure of the gall bladder epithelium of the mouse. J Biophys

Biochem Cytol 1:445-458.

Yamaguchi H and Hendrickson WA (1996) Structural basis for activation of human lymphocyte

kinase Lck upon tyrosine phosphorylation. Nature 384:484-489.

Yamaguchi H, Takeo Y, Yoshida S, Kouchi Z, Nakamura Y and Fukami K (2009) Lipid rafts
and caveolin-1 are required for invadopodia formation and extracellular matrix

degradation by human breast cancer cells. Cancer Res 69:8594-8602.

Yamamoto A, Sudo H and Endo A (1980) Therapeutic effects of ML-236B in primary

hypercholesterolemia. Atherosclerosis 35:259-266.



237

Yamanaka Y, Friess H, Kobrin MS, Buchler M, Beger HG and Korc M (1993) Coexpression of
epidermal growth factor receptor and ligands in human pancreatic cancer is associated

with enhanced tumor aggressiveness. Anticancer Res 13:565-569.

Yamanaka Y, Onda M, Uchida E, Kobayashi T, Sasajima K, Tokunaga A, Tajiri T, Egami K and
Asano G (1990) [Immunohistochemical study on epidermal growth factor and its receptor

in human pancreatic carcinomal). Nippon Shokakibyo Gakkai Zasshi 87:1544-1550.

Yamanashi Y, Fukui Y, Wongsasant B, Kinoshita Y, Ichimori Y, Toyoshima K and Yamamoto
T (1992) Activation of Src-like protein-tyrosine kinase Lyn and its association with
phosphatidylinositol 3-kinase upon B-cell antigen receptor-mediated signaling. Proc Natl

Acad Sci U S A 89:1118-1122.

Yamazaki S, Iwamoto R, Saeki K, Asakura M, Takashima S, Yamazaki A, Kimura R,
Mizushima H, Moribe H, Higashiyama S, Endoh M, Kaneda Y, Takagi S, Itami S,
Takeda N, Yamada G and Mekada E (2003) Mice with defects in HB-EGF ectodomain

shedding show severe developmental abnormalities. J Cell Biol 163:469-475.

Yancey PG, Rodrigueza WV, Kilsdonk EP, Stoudt GW, Johnson WJ, Phillips MC and Rothblat
GH (1996) Cellular cholesterol efflux mediated by cyclodextrins. Demonstration Of

kinetic pools and mechanism of efflux. J Biol Chem 271:16026-16034.

Yang N, Huang Y, Jiang J and Frank SJ (2004) Caveolar and lipid raft localization of the growth
hormone receptor and its signaling elements: impact on growth hormone signaling. J Biol

Chem 279:20898-20905.



238

Yarden RI, Lauber AH, El-Ashry D and Chrysogelos SA (1996) Bimodal regulation of
epidermal growth factor receptor by estrogen in breast cancer cells. Endocrinology

137:2739-2747.

Yarden RI, Wilson MA and Chrysogelos SA (2001) Estrogen suppression of EGFR expression
in breast cancer cells: a possible mechanism to modulate growth. J Cell Biochem Suppl

Suppl 36:232-246.

Yarden Y and Schlessinger J (1987) Epidermal growth factor induces rapid, reversible
aggregation of the purified epidermal growth factor receptor. Biochemistry 26:1443-

1451.

Yasui W, Ji ZQ, Kuniyasu H, Ayhan A, Yokozaki H, Ito H and Tahara E (1992) Expression of
transforming growth factor alpha in human tissues: immunohistochemical study and

northern blot analysis. Virchows Arch A Pathol Anat Histopathol 421:513-519.

Yasui W, Sumiyoshi H, Hata J, Kameda T, Ochiai A, Ito H and Tahara E (1988) Expression of
epidermal growth factor receptor in human gastric and colonic carcinomas. Cancer Res

48:137-141.

Yokote K, Mori S, Siegbahn A, Ronnstrand L, Wernstedt C, Heldin CH and Claesson-Welsh L
(1996) Structural determinants in the platelet-derived growth factor alpha-receptor

implicated in modulation of chemotaxis. J Biol Chem 271:5101-5111.

Yoshimura M, Iwasaki Y and Kaji A (1981) In vitro differentiation of chicken embryo skin cells

transformed by Rous sarcoma virus. J Cell Physiol 109:373-385.



239

Yu X, Sharma KD, Takahashi T, Iwamoto R and Mekada E (2002) Ligand-independent dimer
formation of epidermal growth factor receptor (EGFR) is a step separable from ligand-

induced EGFR signaling. Mol Biol Cell 13:2547-2557.

Yung WK, Zhang X, Steck PA and Hung MC (1990) Differential amplification of the TGF-alpha

gene in human gliomas. Cancer Commun 2:201-205.

Yurchak LK and Sefton BM (1995) Palmitoylation of either Cys-3 or Cys-5 is required for the

biological activity of the Lck tyrosine protein kinase. Mol Cell Biol 15:6914-6922.

Zajchowski LD and Robbins SM (2002) Lipid rafts and little caves. Compartmentalized

signalling in membrane microdomains. Eur J Biochem 269:737-752.

Zha J, Harada H, Yang E, Jockel J and Korsmeyer SJ (1996) Serine phosphorylation of death
agonist BAD in response to survival factor results in binding to 14-3-3 not BCL-X(L).

Cell 87:619-628.

Zhan X, Plourde C, Hu X, Friesel R and Maciag T (1994) Association of fibroblast growth factor
receptor-1 with c-Src correlates with association between c-Src and cortactin. J Biol

Chem 269:20221-20224.

Zhang K, Sun J, Liu N, Wen D, Chang D, Thomason A and Yoshinaga SK (1996)
Transformation of NIH 3T3 cells by HER3 or HER4 receptors requires the presence of

HER1 or HER2. J Biol Chem 271:3884-3890.

Zhang W and Liu HT (2002) MAPK signal pathways in the regulation of cell proliferation in

mammalian cells. Cell Res 12:9-18.



240

Zhang X, Gureasko J, Shen K, Cole PA and Kuriyan J (2006) An allosteric mechanism for

activation of the kinase domain of epidermal growth factor receptor. Cell 125:1137-1149.

Zhang X, Silva E, Gershenson D and Hung MC (1989) Amplification and rearrangement of c-erb

B proto-oncogenes in cancer of human female genital tract. Oncogene 4:985-989.

Zhao TT, Le Francois BG, Goss G, Ding K, Bradbury PA and Dimitroulakos J (2010) Lovastatin
inhibits EGFR dimerization and AKT activation in squamous cell carcinoma cells:

potential regulation by targeting rho proteins. Oncogene.

Zheng XM, Wang Y and Pallen CJ (1992) Cell transformation and activation of pp60c-src by

overexpression of a protein tyrosine phosphatase. Nature 359:336-339.

Zhou H, Kim YS, Peletier A, McCall W, Earp HS and Sartor CI (2004) Effects of the
EGFR/HER?2 kinase inhibitor GW572016 on EGFR- and HER2-overexpressing breast
cancer cell line proliferation, radiosensitization, and resistance. Int J Radiat Oncol Biol

Phys 58:344-352.

Zhu S, Oh HS, Shim M, Sterneck E, Johnson PF and Smart RC (1999) C/EBPbeta modulates the
early events of keratinocyte differentiation involving growth arrest and keratin 1 and

keratin 10 expression. Mol Cell Biol 19:7181-7190.

Zhuang L, Lin J, Lu ML, Solomon KR and Freeman MR (2002) Cholesterol-rich lipid rafts

mediate akt-regulated survival in prostate cancer cells. Cancer Res 62:2227-2231.

Zidovetzki R, Yarden Y, Schlessinger J and Jovin TM (1981) Rotational diffusion of epidermal
growth factor complexed to cell surface receptors reflects rapid microaggregation and

endocytosis of occupied receptors. Proc Natl Acad Sci U S A 78:6981-6985.



241

Zimmermann H, Ganz P, Zimmermann A, Oguey D, Marti U and Reichen J (1995) The
overexpression of proliferating cell nuclear antigen in biliary cirrhosis in the rat and its

relationship with epidermal growth factor receptor. J Hepatol 23:459-464.

Zuo L, Ushio-Fukai M, Hilenski LL and Alexander RW (2004) Microtubules regulate
angiotensin II type 1 receptor and Racl localization in caveolae/lipid rafts: role in redox

signaling. Arterioscler Thromb Vasc Biol 24:1223-1228.



242

ABSTRACT

A ROLE FOR LIPID RAFTS IN EGFR TKI RESISTANCE IN BREAST
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Breast cancer can be divided into genetic sub-types including luminal, HER2+, and basal-
type. With the introduction of targeted therapies against estrogen receptor and HER2
receptor mortality rates of American women with breast cancer have declined.
Unfortunately, basal-type breast cancers, which have the worst clinical outcome, do not
express estrogen receptor or HER2, and as such, have no targeted therapeutic option. The
epidermal growth factor receptor is an attractive target for therapeutics in basal-type breast
cancer, as it is over-expressed in 60% of these cases. Also, over-expression of EGFR
correlates with poor patient prognosis. Unfortunately, inhibitors of EGFR have shown little
clinical efficacy in basal-type breast cancers. We have utilized basal-type breast cancer cell
lines to determine a potential mechanism of resistance to EGFR-targeted small molecule
tyrosine kinase inhibitors (TKIs). Specifically, we have shown that EGFR localizes to
discrete membrane microdomains (lipid rafts) in cell lines that are resistant to EGFR TKI-
induced growth inhibition. Depletion of lipid rafts via cholesterol reduction results in

sensitivity of EGFR TKI resistant breast cancer cell lines to the EGFR TKI gefitinib.
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Importantly, the effects of cholesterol lowering drugs and EGFR TKI in combination were
synergistic. We have shown that the non-receptor tyrosine kinase c-Src, which is co-over-
expressed with EGFR in a subset of breast tumors, also localizes to lipid rafts in the SUM159
breast cancer cell line. In this model system, c-Src kinase inhibition results in synergistically
decreased cell viability in combination with EGFR tyrosine kinase inhibition. c-Src kinase
inhibition and cholesterol depletion are additive, results that suggest these two inhibitors
work within the same pathway. Indeed, treatment with either cholesterol lowering drugs or
c-Src kinase inhibitors results in decreased EGFR-kinase independent Akt phosphorylation.
Thus, lipid rafts may provide a platform whereby EGFR and c-Src interact to promote Akt
signaling in the absence of EGFR kinase activity. These results suggest, for the first time,
that lipid rafts are involved in EGFR-kinase independent signaling, and that depletion of
these rafts may work in combination with EGFR tyrosine kinase inhibition to decrease breast

cancer cell growth.
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