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Abstract The epidermal growth factor receptor is a well-
established cancer therapeutic target due to its stimulation
of proliferation, motility, and resistance to apoptosis.
Recently, additional roles for the receptor have been
identified in growth of metastases. Similar to development,
metastatic spread requires signaling interactions between
epithelial-derived tumor cells and mesenchymal deriva-
tives of the microenvironment. This necessitates reactiva-
tion of developmental signaling molecules, including the
hypercalcemia factor parathyroid hormone-related protein.
This review covers the variations of epidermal growth
factor receptor signaling in cancers that produce bone
metastases, regulation of parathyroid hormone-related
protein, and evidence that the two molecules drive cancer-
mediated diseases of bone.
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Introduction

The epidermal growth factor family of receptor tyrosine
(Tyr) kinases is a well-established therapeutic target in a
wide range of malignancies, due to its potent stimulation of
proliferation, motility/invasiveness, and resistance to
apoptosis in cancer cells. An expanding understanding of
metastasis has revealed additional roles for the epithelial
growth factor receptor (EGFR) family in later events of the
process. Similar to the development of epithelial organs,
metastatic spread requires signaling interactions between
epithelial-derived tumor cells and various mesenchymal
derivatives of the microenvironment. This necessitates the
reactivation of many signaling pathways that played a
prominent role in development. One of the developmental
regulatory molecules activated by EGFR signaling is
parathyroid hormone-related protein (PTHrP). This peptide
initially came to light in the 1980s as the causative factor of
cancer-associated hypercalcemia. Subsequently it was
recognized that tumor-derived PTHrP was an important
component of the vicious cycle that drives the growth of
bone metastases from a wide variety of carcinomas. The
intersection of EGFR and PTHrP signaling likely has a
substantial pathological impact on epithelial-derived bone
metastases resulting from breast, prostate, lung, and head
and neck tumors. This review covers the emerging varia-
tions of EGFR signaling, the expression of the receptor and
its ligands in cancers that produce bone metastases, its
regulation of PTHrP gene expression, and evidence of how
the two molecules influence primary tumor growth and
bone metastases.
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EGFR signaling variations
Overview of ErbB signaling

The most comprehensively studied form of EGFR signal-
ing is the autocrine stimulation that occurs in many epi-
thelial cancer cells. The EGF family of receptors consists
of 4 members that are generically called the ErbB family:
ErbB1. ErbB2, ErbB3, and ErbB4 [1]. The term ErbB was
originally derived from avian erythroblastosis virus. The
V-erb oncogene, present in the virus, was ultimately found
to share sequence homology with the human receptor for
epidermal growth factor leading it to be called ErbB1, as
other members of the family were identified. ErbB2 is
frequently referred to as human EGF receptor 2 (HER2)
due to its sequence homology to the EGFR [2]. Signaling is
generated when EGFR and ErbB4 bind to their ligands. In
contrast, the ErbB2 extracellular binding domain (ECD)
fails to bind any of the ErbB agonists. ErbB3 is thought to
be kinase dead due to lack of key functional residues, but
recently it has shown that it retains the ability to trans-
phosphorylate its own intracellular domain [3]. When
stimulated by ligands, EGFR and ErbB4 receptors can
transduce their signals as homodimers or heterodimers;
however, the signaling from ErbB2 or ErbB3 generally
requires heterodimerization with another ErbB family
member with a functional ECD or kinase [1].

The ErbB receptors are stimulated by 12 distinct
ligands, providing significant complexity to ErbB signaling
as several of these agonists can bind to more than one
receptor. Ligands exclusive to EGFR are epidermal growth
factor (EGF), transforming growth factor alpha (TGF-a),
amphiregulin (AREG), and epigen (EPGN) [1, 4]. ErbB4 is
specifically bound and activated by neuregulins (NRG) 3,
4,5, [1, 4]. Heparin-binding EGF-like growth factor (HB-
EGF), epiregulin (EREG), and f-cellulin (BTC) bind and
activate both the EGFR and ErbB4 [1, 4]. NRG 1 and 2
bind both ErbB3 and ErbB4 [1, 4]. Thus, EGFR can
potentially be bound and activated by 7 ligands, EGF,
TGF-o, AREG, EPGN, HB-EGF, EREG, and BTC.

All of the ErbB agonists are synthesized as integral
plasma membrane-bound proteins [5]. In some cases, these
transmembrane ligands can stimulate ErbB signaling on
adjacent cells, through a mechanism called juxtacrine sig-
naling [6, 7]. Typically, autocrine ErbB signaling is
thought to require proteolytic cleavage of the EGFR ligand
ECD at the cell surface, termed “protein ectodomain
shedding”. Shedding of membrane-associated ligands and
the subsequent release of soluble factors is required for
receptor binding on the same cell or on a neighboring
cancer cell. The proteases that mediate the process are from
the ADAM family (a disintegrin and metalloproteinase)
[8, 9]. The cleavage of AREG, EREG, HB-EGF, EPGN,
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TGFa, and NRG 1&2 is mediated by ADAM 17, while
BTC and EGF are cleaved by ADAM 10 [8]. It is also
likely that there are other metalloproteinases that are
capable of cleaving ligands [10]. Thus, for autocrine sig-
naling to occur, the receptor, the ligand, and the activated
protease must be present in the tumor cell.

EGF-induced EGFR homodimer signaling

Due to its abundance in mouse salivary glands and the
relative ease of purification from this source, EGF was the
first ligand identified [11]. Although ligands typically range
from 160 and 250 amino acids, EGF is by far the largest
protein among them, containing over 1200 amino acids
[12]. The ECD of EGF is composed of more than 1000
amino acids and nine EGF repeats. It is the terminal EGF
repeat near the transmembrane domain that is a functional
ligand when it is proteolytically cleaved and released [12].
This 52-amino acid-EGF domain has been extensively
studied and is a high-affinity ligand for EGFR.

EGF has historically been used for receptor binding,
signaling, trafficking, and cell fate studies and is in many
ways considered the prototype for receptor tyrosine kinase
signaling [13—15]. Ligation of EGF to EGFR exposes the
dimerization arm of the ECD that permits interaction with
either another EGFR to create a homodimer or with another
ErbB member to create a heterodimer. Ligand binding also
induces a conformational change in the receptor that acti-
vates the intracellular cytoplasmic kinase domain, which in
turn can catalyze autophosphorylation of tyrosine residues
on the adjacent C-terminal tail of the dimerized ErbB
receptor. The 10 phosphorylated tyrosine residues serve as
docking sites for adapter proteins or other signal trans-
duction components, resulting in activation of Ras, MAPK,
src, STAT 3/5 and PLC)/PKC, and the PI3-kinase AKT
pro-survival pathway. Activation of these signaling path-
ways by EGFR dimers has a profound impact on cellular
proliferation, resistance to apoptosis, differentiation, as
well as motility-/migration-associated behaviors. Phos-
phorylation also plays a central role in trafficking of the
receptor after ligand binding. Phosphorylation of residue
tyrosine-974 triggers endocytosis of the receptor in clath-
rin-coated pits, and phosphotyrosine-1045 binds to c-Cbl
that facilitates subsequent degradation [4, 16].

The binding of EGF to EGFR shows a degree of sen-
sitivity to pH, and disengagement of the ligand leads to
recycling of internalized receptors to the plasma membrane
[17]. Trafficking studies suggest that ~50 % of EGF-
stimulated EGFR is degraded in the lysosome, while the
remainder is recycled back to the plasma membrane [17].
Thus, activation of EGFR by EGF directly stimulates a
myriad of intricate cellular signaling pathways, many of
which converge on elements of the ERK/MAPK pathway
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(see Fig. la). The rate of EGFR signaling can be regulated
by receptor turnover. The rapid turnover of EGF-activated
EGFR is believed to decrease the stimulation of cellular
proliferation pathways, permitting a balance with various
differentiation-inducing stimuli present in normal tissue [1,
17, 18]. In cancers, autocrine EGFR homodimer signaling
is substantially attenuated in many ways, but overall shifts
the cell fate balance toward cellular proliferation and sur-
vival rather than differentiation, apoptosis, and senescence.

Heterodimerization and EGFR signaling

The most well understood of potential receptor interactions
is the EGFR signaling that occurs when the receptor
heterodimerizes with ErbB2 [19, 20]. Despite being unable
to bind ligands, the ErbB2 dimerization arm is constitu-
tively exposed, allowing this receptor to more efficiently
dimerize with other liganded ErbB family members [4].

Fig. 1 EGF and ligand-
independent EGFR signaling.
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The ErbB2 heterodimers attenuate EGFR signal transduc-
tion in several ways [21-25]. First, the affinity of this
ErbB2 complex for ligands is enhanced. Second, more
efficient signal transduction occurs because the ErbB2
phosphotyrosine domains of heterodimers bind most
adapter proteins with a higher affinity than those of ErbB
homodimers. Third, ErbB2/EGFR heterodimers are slowly
endocytosed and are more frequently recycled to the
plasma membrane than the EGF-stimulated homodimers.
By virtue of its strong interactions with adapter proteins
and recycling to the plasma membrane, an EGFR/ErbB2
heterodimer can amplify and extend the duration of EGFR
ligand signaling, leading to proliferation and survival at the
expense of other cell fates [21-24].

In contrast to the fairly well-established understanding
of ErbB2 heterodimers, there have been few studies on
the EGFR heterodimerization with ErbB4 or ErbB3.
Co-immunoprecipitation experiments have confirmed the
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presence of the ErbB4/EGFR in lung epithelial cells and
type II pneumocytes; however, the specific function of this
complex was not determined [26, 27]. Co-expression of
ErbB4 and EGFR plasmids in model NIH 3T3 fibroblasts
or CHO lines provided evidence of dimerization of these
receptors and suggested that this complex could induce
cellular transformation in the presence of either EGF or
NRGI. Further analysis of the CHO system found that the
ErbB4/EGFR heterodimer specifically induced B-Raf
kinase activity, which may induce transformation by
increasing the activity of the ERK/MAPK pathway [28].
Recently, ErbB3/EGFR heterodimers have been identified
in pancreatic cancer cell lines [29, 30]. It appears that the
ErbB3/EGFR complex may be a more effective stimulus
for proliferation in pancreatic cancer cell lines than EGFR
homodimers [29]. Additionally, these studies suggest the
ligand amphiregulin (AREG) is able to stimulate activity of
the ErbB3/EGFR heterodimer [29, 30]. Unfortunately, the
comprehensive binding, signal transduction, and trafficking
studies completed for ErbB2-containing receptor com-
plexes have not been completed for EGFR/ErbB4 or ErbB3
heterodimers. Expanded knowledge of the roles of ErbB
heterodimers is essential for the effective use of ErbB-
targeted therapeutics in cell types that express multiple
ErbB receptors.

Ligand-independent signaling

The identification and characterization of the v-erbB
oncogene provided the first insight into ligand-independent
ErbB signaling [31]. Amino acid sequence comparison of
v-erbB and the human EGFR revealed that the viral
oncogene lacked a large portion of the ligand binding ECD
[32]. Soon afterward, experiments indicated that the ability
of the V-erb oncogene to transform cells or display tyrosine
kinase activity did not require EGF stimulation, suggesting
that the ErbB receptor signaled independently of ligand
[31, 33].

A truncated EGFR lacking much of the ECD, termed
variant III or EGFRVIII, was identified in gliomas and
glioblastomas [34, 35]. Similar to v-erbB, EGFRVIII failed
to bind to ligand, but still displayed kinase activity [34, 35].
Activated EGFRVIII induced anchorage-independent
growth in numerous cell types without the addition of
ligands such as EGF, and EGFRvIII-related mutants can
induce tumorigenesis in various tissues in transgenic mice
[36, 37]. Unlike the wild-type EGFR, ras-MAPK signaling
is not typically elevated by the forced expression of EG-
FRvIII [38]. However, signaling via STAT and PI3-kinase
AKT and mTOR pathways may be enhanced by the trun-
cated receptor [31, 39]. Taken together, EGFR mutants
lacking large segments of the ECD and that fail to bind
ligands appear to be constitutively active.
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A second class of EGFR mutations were discovered in
large clinical trials testing the efficacy of the inhibitor
gefitinib on non-small cell lung cancer (NSCLC) patients.
These mutations conferred sensitivity to gefitinib and the
treatment resulted in unprecedented reduction of tumor
burden and in some cases durable remissions [40-42].
These were somatic in-frame point mutations and deletions
(either exon 19 deletions or the exon 21 arginine-for-leu-
cine substitution at amino acid 858, or L858R) clustered
around the ATP-binding pocket within the tyrosine kinase
domain of the EGFR [42]. The mutations induce changes in
the conformation of the ATP-binding pocket that may
permit greater accessibility of EGFR inhibitors. However,
the efficacy of the tyrosine kinase inhibitors is mainly
attributed to the ability of these compounds to exploit
“oncogene addiction” in the cells bearing EGFR mutations
[42, 43]. Cancer cell dependency appears to result from
high levels of stimulation of the pro-survival PI3K-AKT
signaling pathway downstream of the mutant EGFR
[42, 43]. 1t is thought that this pathway is perhaps activated
by EGFR-ErbB3 heterodimers, which would provide
increased docking sites for PI3K [42] (see Fig. 1b). It has
been proposed that the efficient stimulation of downstream
signaling pathways such as AKT result from the disruption
of the auto-inhibitory interactions, which restrain basal
kinase activity of the mutated EGFR [44]. This implies that
the EGFR kinase domain mutations found in NSCLC
patients may be constitutively active.

Recent data from research on the connection between
cigarette smoking and EGFR activation in the initiation of
lung cancer has alluded to a scenario where the receptor
may signal in a ligand-independent manner. It has been
known for some time that agents such as cigarette smoke
that induce oxidative stress can also induce ligand-inde-
pendent phosphorylation of EGFR in a respiratory epithe-
lial cell line [45, 46]. These agents induce an EGFR
conformation that is distinct from that formed by the
binding of EGF, and it is speculated that the oxidized
receptor does not dimerize [45, 47]. Cigarette smoke also
induces receptor association with unique proteins such as
c-src and caveolin-1 [46, 48]. Although the phosphoryla-
tion of EGFR stimulated by oxidative stress is relatively
extensive, the Cbl binding 1045 residue is not phosphory-
lated and the receptor is not rapidly degraded [45]. Con-
sistent with the relatively extensive phosphorylation of the
EGFR induced by oxidative stress, MAPK signaling is also
activated downstream of the receptor [48]. In addition, the
receptor activated by oxidizing agents is trafficked through
rab 11-containing endosomes [46, 48]. Finally, EGFR
tyrosine kinases fail to block signaling by the cigarette
smoke-activated EGFR [45]. Thus, oxidation of the EGFR
stimulates a form of ligand-independent signaling that may
play a substantial role in promoting the formation of
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cancers within the lung and other tissues subjected to
agents such as cigarette smoke.

Ligands and EGFR signaling

There are 7 ligands that bind and activate EGFR. It is likely
that specific differences in signaling induced by each of the
ligands will emerge, but at this point, the ligands can be
organized into two main groups based on the receptor
trafficking they induce after internalization in clathrin-
coated pits (see Fig. 2). First, there are the ligands that
have high affinity for the receptor, both on the plasma
membrane and in the low pH of the late endosome. These
tend to induce high levels of tyrosine phosphorylation of
the c-terminal tail of the receptor, and after internalization
from the plasma membrane induce rapid degradation [49—
52]. These ligands induce the following trafficking: the
early endosome, late endosome/multivesicular body,
intraluminal vesicle of the multivesicular body, and finally
to the lysosome where the receptor is degraded [49-52].
The second group consists of ligands that have either
reduced affinity for the receptor, or their binding is dis-
rupted by low pH in the endosome. These induce low levels
of receptor tyrosine phosphorylation. These ligands are
taken into early endosome where the ligand dissociates
from the receptor. As a result, the majority of the EGFR
gets rapidly recycled back to the plasma membrane after
internalization [17, 49]. It is thought that due to recycling
of the receptor, the low-affinity ligands tend to stimulate
longer duration signaling and have a greater impact on
mitogenesis than the high-affinity ligands.

Ligands that induce EGFR degradation:
EGF, HB-EGF, and f-cellulin

EGF, HB-EGF, and BTC ectodomains are classified as
high-affinity ligands for EGFR on the basis of a binding
assay using ErbB receptor ECDs fused to immunoglobu-
lins. These ligands induce extensive EGFR tyrosine phos-
phorylation in most cell types studied [17, 53, 54]. Upon
binding to and activation by exogenous HB-EGF and
f-cellulin, EGFR is internalized into early endosomes and
then trafficked to multivesicular bodies and ultimately
lysosomes where they are rapidly degraded. EGF, BTC,
and HB-EGF stimulate phosphorylation of tyrosine residue
1045 that facilitates persistent recruitment of c-Cbl a
ubiquitin ligase. Ubiquitination of EGFR is essential for
trafficking from the multivesicular body to the lysosome
and subsequent degradation of the receptor [49-52]. The
binding of HB-EGF and BTC to EGFR was more resistant
to low pH than EGF [17]. BTC and HB-EGF show similar
effects to those exhibited by EGF on cell proliferation and
migration [55, 56].

plasma membrane

clathrin coated pit
a

db
b

early endosome

late endosome/ multivesicluar body

receptor degradation

lysosome

rapid recycling

early endosome

Fig. 2 Ligand-dependent EGFR trafficking and degradation.
a Schematic of EGFR internalization and trafficking after binding
ligands that have high affinity for the receptor within endosomes. HB-
EGF, BTC, and EGF lead to degradation of the receptor in the
lysosome. However, the receptor remains phosphorylated and appears
to be associated with signaling effector proteins, both in the early
endosome and when it is on the external membrane of the
multivesicular body. b Schematic of EGFR internalization and
trafficking after binding ligands that have low affinity for the receptor
within endosomes. TGFa EREG and EPGN induce internalization,
but within the endosome, the ligand dissociates and the dimer comes
apart, permitting the receptor to be rapidly recycled to the plasma
membrane. However, the receptor does not remain phosphorylated
and does not appear to extensively signal from internal compartments.
Once back on the plasma membrane, the ligand can be rapidly
reengaged and signal again
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Ligands that permit rapid receptor recycling to the plasma
membrane: TGFo, EREG, and EPGN

These ligands fail to induce substantial receptor degrada-
tion; therefore, they facilitate prolonged signaling. Two
distinct mechanisms have been identified which account for
the lack of degradation of EGFR by these ligands. TGFux
induces different trafficking of the receptor than EGF [57].
At an extracellular pH of 7.4, TGF« and EGF have similar
binding affinities for EGFR [17, 57]. However, at around
pH 5 such as found in the late endosome, TGFo has
decreased affinity for EGFR [17, 57]. TGFo ligand—-receptor
disengagement permits nearly 100 % of receptors to be
internalized and recycled to the plasma membrane [17]. It is
thought that three additional histidines found in the recep-
tor-binding domain of TGFu create an increased sensitivity
to pH, which ultimately influences the strength of agonist—
receptor interactions [57]. Site-directed mutagenesis was
used to add these histidines to the EGF ectodomain,
decreasing ligand-receptor binding at low pH [58, 59].

In contrast to a low pH-induced sensitivity of ligand—
EGFR binding, EREG simply appears to have reduced
affinity for the EGFR at physiological pH [25]. Upon
binding to and activation by EREG, EGFR is rapidly en-
docytosed but then is efficiently recycled back to the
plasma membrane [17]. It is speculated that the ligand
disengages from the receptor in the endosome due to low-
affinity binding [17].

EPGN was discovered in 2000 and as the last ErbB
family member ligand identified, it has not been as
extensively studied as other ligands. The ligand activates
EGFR and does not activate ErbB3 or ErbB4 when these
receptors are expressed in isolation [60, 61]. EPGN has an
approximate 100-fold less affinity for EGFR relative to
recombinant human EGF, and similar to TGF, the ligation
of EPGN to EGFR is sensitive to pH [60, 61]. Therefore,
EPGN uses a combination of decreased affinity and pH
sensitivity to facilitate EGFR recycling to the plasma
membrane.

Each of these ligands induces modest levels of phos-
phorylation of EGFR when compared with EGF [17]. The
1045 residue is not readily phosphorylated after ligand
engagement and c-Cbl does not efficiently bind the
receptor activated by these ligands [17]. However, each of
the ligands has been reported to induce prolonged MAPK
signaling. Along with greater duration of signaling, there
has been the finding that each of the ligands serves as more
potent mitogens than EGF [60-63]. As detailed functional
studies on the individual ligands are completed, it will be
interesting to determine if the relationship between exog-
enous ligand-induced receptor turnover and magnitude of
downstream cellular responses such as motility, invasion,
and induction of gene expression is retained.
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AREG

AREG should perhaps be considered independently because
in many experimental circumstances, this ligand induces
novel trafficking and cellular behavior as compared to the
other ligands. Among the ErbB receptors, AREG appears to
exclusively bind and activate EGFR. The relative strength of
AREG binding to EGFR has been controversial. When
Shoyab and colleagues initially identified human AREG,
they reported that the fully processed ligand isolated from
breast cancer cells had a reduced affinity for human EGFR
when compared with EGF derived from the mouse salivary
gland [64]. In contrast, studies with human recombinant
ligands reported that AREG had an affinity for EGFR on the
plasma membrane of cells similar to that of EGF and TGFu«
[65, 66]. Introducing further complexity, analyses of ligand—
receptor interactions have suggested that recombinant
AREG does not induce efficient dimerization of EGFR [67].
Proteolytic processing of AREG in mammalian cells may
eliminate the C-terminal portion of the EGF domain that is
required for high affinity for the receptor [68]. Also, that
portion of the receptor-binding domain in AREG contains a
methionine, whereas all other EGFR ligands have a leucine
[68]. Collectively some data suggest that AREG produced by
eukaryotic cells could bind EGFR with less affinity than
EGF; however, this concept has not been sufficiently tested
to either validate or reject it.

More recent studies have focused on the distinct down-
stream signaling and cellular behavior caused by AREG.
Unlike exogenous EGF treatment, AREG stimulation of
model cell lines and breast cancer cell lines does not induce
efficient phosphorylation of many of the tyrosine residues in
the C-terminal tail of EGFR [17, 69-71]. Notably, the Cbl
binding 1045 tyrosine residue is not efficiently phosphory-
lated by AREG and this ligand fails to induce rapid degra-
dation of EGFR. Trafficking studies indicate that EGFR with
the AREG ligand is rapidly internalized, but slowly recycled
back to the plasma membrane. It appears that AREG may be
unique among the ligands in that it induces EGFR trafficking
through endosomes containing Rab 4 and Rab 11, markers
for membrane recycling vesicles [17,71]. In addition, AREG
binding to EGFR is very resistant to acid pH, suggesting that
the ligand does not disengage in the endosome like TGFux
[17]. AREG induces prolonged phosphorylation of ERK
relative to EGF [70, 72]. This altered signaling appears to be
the basis of the loss of cell-cell adhesion and increased
motility-/migration-associated behaviors in breast and other
epithelial cells with AREG [72, 73].

Some of the unique biochemical properties of AREG, in
combination with receptor-trafficking data, suggest that the
ligand may induce a novel mechanism of EGFR signaling.
Much of the EGF-EGFR signaling occurs in the endosome
[52]. In contrast, AREG ligation of EGFR causes increased
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receptor localization to cell—cell junctions, and does not
appear to elicit signaling from endosomes [71, 74]. In
addition, the slow recycling of the receptor through the Rab
4 and Rab 11-containing vesicles is very different from the
rapid recycling of the EGFR out of EEAl endosomes
observed for TGFo- or EREG-treated cells [17]. Traffick-
ing through Rab 11-containing vesicles is similar to that
observed for EGFR activated by cigarette smoke, which is
proposed to signal as a monomer rather than a dimer [46,
48]. The lack of efficient EGFR dimerization, in addition to
the differential trafficking, phosphorylation and localiza-
tion of the receptor, has led us to speculate that AREG may
induce a unique signaling complex that is distinct from
those activated by the other ErbB ligands.

Juxtacrine signaling by ligands

HB-EGEF has a heparin-binding region on the N-terminal to
the EGF domain. This region has been shown to interact
with heparin-sulfated plasma membrane proteins such as
the tetraspanin, CD9, and the extracellular matrix binding/
cell differentiation marker protein, CD44 [6, 55]. In par-
ticular, the heparin-mediated interaction between HB-EGF
and CD9 appears to be crucial to juxtacrine signaling by the
pro-ligand [75]. The association between the heparin-
binding domain and the cell membrane-associated heparin-
sulfated proteoglycans appears to be crucial to localizing
HB-EGF to regions of cell-cell contact. Also, the interac-
tion with these heparin-sulfated proteoglycans appeared to
prevent proteolytic cleavage of the pro-ligand, whereas
exogenous heparin increased shedding of HB-EGF [7, 75].
In contrast to the impact of the shed ligand, juxtacrine
signaling by the pro HB-EGF stifles cellular proliferation
[75]. Similar to HB-EGF, AREG contains a heparin-binding
domain N-terminal to the receptor-binding region [64, 76].
There have been reports that AREG also induces juxtacrine
signaling, but the effect on cell behavior is unclear [72].

Activation of the EGFR initiated by the seven ligands
likely provides a mechanism for significant heterogeneity
of downstream signaling. The mechanistic basis of differ-
ences in individual ligand signaling, as well as the down-
stream cellular and molecular consequences, may serve as
predictive factors for response to various types of EGFR-
targeted therapeutics.

EGFR receptor and ligand expression in cancers
that induce bone pathologies
Non-small cell lung cancer

Non-small cell lung cancer comprises two major and one
minor histological subtypes of lung cancers. The

predominant major subtype is adenocarcinoma (AC),
which are thought to arise from any distal peripheral air-
way structure, known as the terminal respiratory unit, and
includes small bronchi and bronchioles. These tumors are
believed to be derived from the Clara cells or alveolar type
II epithelial cells, which can divide and form type II and
type I alveolar pneumocytes. Squamous cell carcinoma
(SCC) is the second major histological subtype of NSCLC
that is derived from the epithelia of the major bronchi of
the more central airways. The minor histological subtype of
NSCLC is large cell carcinomas that are speculated to
originate in stem cells of the larger airways [77]. The
causative association between cigarette smoking and the
development of NSCLC has been well established and
widely known since the 1950s. The relationship with cig-
arette smoking was also distinctly associated with a greater
proportion of the NSCLC being of the histological subtype,
SCC, or the neuroendocrine-derived small cell carcinoma.
However, over the last several decades, epidemiologic
surveys have revealed accelerated increases in AC, but less
rapid increases in SCC in both western and Asian countries
despite relatively little change in the number of people who
smoked [78]. The recognition that cigarette smoking is a
major cause of NSCLC has served as an impetus to change
the composition of the cigarette to decrease the concen-
trations of carcinogenic N-nitroso compounds and poly-
nuclear aromatic hydrocarbons, as well as a reduction in tar
and nicotine delivery via the addition of filter tips to the
cigarette. The change in NSCLC type is thought to corre-
spond with changes in the smoker, who adjusts his/her
smoke intake to satisfy a conditioned need for nicotine,
so that the volume of smoke inhaled delivers far more
carcinogens to the peripheral lung parenchyma. Nicotine-
compensating smoking patterns include an increased
frequency of puff drawing and a stronger depth of inhalation.
A trend over the recent decades is that the AC incidence
continues to rise in a significant proportion of patients who
are considered never-smokers. The Asian countries have
the highest percentage of patients with never-smoker AC,
which has reportedly reached as high as 40 %, whereas
incidence data from Brazil and the US report that 34 % and
10 % of population are affected, respectively [79-81].
Currently, never-smoker lung cancer is regarded as a dis-
tinct disease entity with a unique tumorigenic pattern,
clinicopathologic features, and natural history [82, 83].
Several studies have documented that among the never-
smoker population, the majority of affected patients are
women [78, 81, 82, 84, 85]. Actually, in never-smokers, the
main causes are unknown. To date, the hypothesized risk
factors associated with this gender propensity include a
role for estrogen in lung carcinogenesis, susceptibility
genes, prior lung disease, as well as exposure to environ-
mental tobacco smoke at home, residential radon, and
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indoor air pollutants such as cooking oil vapors, and indoor
coal and wood smoke [85].

The ErbB family has been extensively studied in lung
cancer and this has produced some insights into the role of
these receptors in disease progression. Various immuno-
histochemical studies have shown immunoreactivity for
EGFR in ~65 to 90 % of NSCLC, and overexpression of
the protein has been observed in up to 62 % of cases [86—
89]. SCC is more frequently associated with high levels of
expression of EGFR [86, 87]; however, receptor expression
levels have been a weak prognostic indicator for NSCLC
[88, 89]. EGFR kinase domain mutants are observed in
~48 % AC cases found in those that never smoked, which
are mutually exclusive of ALK rearrangements and KRAS
mutations also found in this tumor group [90]. ErbB2
mutations of the tyrosine kinase domain have also been
associated with never-smoker AC and are found to be
mutually exclusive of EGFR mutations [91]. The presence
of these AC mutations in people who never smoked is
associated with responsiveness to the EGFR TKIs, erlotinib
and gefitinib [42, 91]. Retrospective studies suggest that
kinase domain mutations are relatively rare in NSCLC in
smokers [42, 91]. EGFRVIII mutants have been reported
in 5 % of SCC, but kinase domain mutants are not observed
in this histologic type [36, 42]. Among the EGFR ligands,
EREG, TGFa, and AREG are frequently expressed
(65-93 % of tumors), whereas EGF and HB-EGF are
infrequently detected in tumors [87, 92]. The relationship
between ligand expression and prognosis has become con-
troversial, as indicators of sensitivity to EGFR inhibitors are
sought. TGFo expression, whether detected by immuno-
histochemistry or in the serum of patients, appears to predict
poor prognosis and lack of responsiveness to EGFR TKIs
[93, 94]. AREG expression in NSCLC may be associated
both with responsiveness [95, 96] and unresponsiveness to
EGFR TKIs [93, 94]. These contradictory results maybe
related to differences in the sensitivity of the methods used
for detection of the ligand. With the exception of AC, where
survival is driven by EGFR kinase domain mutations, it
appears that despite high levels of the EGFR and ErbB
ligand expression, most NSCLC are refractory to the cur-
rently available EGFR-targeted therapeutics.

Head and neck squamous carcinoma

These cancers arise from the stratified squamous epithelia
of the mucosal surfaces within the head and neck, with the
majority of them having the histologic designation of SCC.
The use of smoking and/or chewing tobacco and distilled
alcohol are the primary risk factors associated with the
development of head and neck squamous cell carcinomas
(HNSCC). EGFR expression has been reported in
90-100 % of HNSCC and overexpression of the protein as
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determined by immunohistochemistry occurs in 80 % of
the tumors [97-99]. Increased EGFR copy number and
EGFR phosphorylation have been associated with poor
prognosis [97, 100]. EGFRvVIII mutants are fairly prevalent
in these tumors ranging from 17 to 42 % of HNSCC
samples and these tumors are refractory to EGFR-targeted
therapeutics [101, 102]. EGF, TGF«, and AREG were
reported as expressed in ~ 65, 90, and 45 % of HNSCC
tumor samples, respectively [98, 102—104]. The expression
of both AREG and TGF« by HNSCC has been correlated
with poor prognosis and advanced disease stage [98, 102].
AREG expression also has been associated with insensi-
tivity to cetuximab combined with docetaxel treatment
[102]. Similar to NSCLC, a minority of HNSCC tumors
respond positively to EGFR TKI and the long-term benefits
are modest [105].

Prostate cancer

In contrast to the frequent expression of EGFR found in
groups of NSCLC and HNSCC, only a small subset of
prostate cancers express ErbB receptors. Each member of
the ErbB receptor family has been detected by IHC in
approximately 15-30 % of prostate adenocarcinomas
[106-108]. However, expression of EGFR was more pre-
valent (~40 %) in androgen-independent tumors, with up
to 16 % of this subset demonstrating EGFR amplification
[107, 109, 110]. TGFx and AREG proteins are observed in
the majority (~70 %) of prostate adenocarcinomas, but
EGF expression levels are decreased in the tumor relative
to the prostate epithelia [108, 111-113]. Given the
restricted subset of tumors that express EGFR, receptor-
targeted therapeutics will not be considered as a first-line
therapeutic for prostate cancer. However, since over 90 %
of prostate cancer metastasizes to bone, EGFR-targeted
agents could be used as part of a strategy to interrupt
supportive microenvironment signaling.

Breast cancer

The development of microarray platforms capable of
simultaneously evaluating gene expression from a large
portion of the genome has led to a major breakthrough in
the classification of breast cancer tumors. Gene expression
profiles that classify breast cancers into novel molecular
subtypes offer a method to view the contribution of ErbB
family members to disease progression. The subclasses are:
normal breast-like, ErbB2 amplified, luminal A, luminal B,
and basal [114-116]. The ErbB2 amplified, basal, and
luminal B subtypes have substantially worse prognosis than
the normal breast-like and luminal A [114-116].

The basal molecular subtype of breast cancer has the
highest incidence of EGFR expression. Originally, basal
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cancers were considered tumors with a phenotype charac-
teristic of that found in cells that contact the basement
membrane. Mammary basal cell epithelial markers include
the expression of keratin five and 14 (basal keratins), P
cadherin as well as troponin found in myoepithelial cells
[114-116]. Recently, a subgroup of basal tumors enriched
with epithelial to mesenchymal transition markers have
been identified and are now called claudin-low tumors
[117, 118]. Both basal and claudin-low tumors generally
express low to non-detectable immunoreactive levels of
estrogen receptor, progesterone receptor, and ErbB2. As
such, they have been termed “triple receptor-negative,” a
classification that is associated with a poor prognosis [119].
Triple receptor-negative cancers are correlated with poor
survival and high rates of distant metastasis, and are gen-
erally high-grade, large tumors. Immunophenotyping
studies indicated that 50-70 % of these cancers expressed
high levels of EGFR immunoreactivity [120]. Low levels
of EGFR expression in these tumors is correlated with
reduced numbers of distant metastasis [121]. Basal tumors
frequently expressed high levels of EGFR mRNA and this
expression was correlated with TGFo and ADAM-17
[122]. Thus, a sizable fraction of basal or claudin-low
cancers would likely exhibit autocrine TGFa-EGFR sig-
naling and these have poor prognosis. A subset of triple-
negative tumors do metastasize to bone [123].

Luminal A tumors express ER along with GATA binding
protein 3, X-box binding protein 1, trefoil factor 3, and
other estrogen-regulated genes in addition to high levels of
the luminal keratins K8 and 18 [114-116]. Luminal B
tumors tend to express the above markers at slightly
reduced levels, but have an upregulated cassette of genes,
including proliferation-related genes such as myb and
components involved in DNA replication [114—116]. There
is no specific ErbB family member gene signature recog-
nized in the luminal A or B tumors. Increased AREG
mRNA expression was observed in the luminal A subclass
[122], but ADAM-17 levels were low in this class of tumors
relative to other subtypes. These observations suggest that
although most ERx+ luminal A breast cancers express
AREG, lack of EGFR negates the possibility of autocrine
EGFR signaling. Current evidence neither supports nor
refutes whether AREG participates in paracrine signaling,
as luminal tumor types typically express low levels of
ADAM-17. Despite having an overall better prognosis than
ErbB2 amplified and basal tumors, ER+ tumors are more
likely to metastasize to bone than to other organs [124].

EGFR and activation of PTHrP gene expression

The connection between EGFR and PTHrP gene expres-
sion originally stemmed from attempts to understand the

physiological role of the peptide in epithelial tissues. After
the PTHrP gene was cloned, RNA peptide expression
surveys indicated that PTHrP was expressed in various
cultured primary epithelial cells [125-129]. In some cases,
the epithelial cells were grown in serum-free media sys-
tems where various growth factors could be added indi-
vidually. EGF was used in these media systems to promote
proliferation of the primary epithelial cells. The inclusion
of EGF in the media of primary keratinocytes, mammary,
or prostate epithelial cells resulted in substantial increases
in PTHrP mRNA and protein secreted into the media.
These findings were interpreted as evidence that PTHrP
gene expression was stimulated in connection with prolif-
eration of epithelial cells and it was concluded that EGFR
was a likely regulator of this calcitropic factor in epithelial-
derived cancers [125-129].

The development of TKIs specific for EGFR provided
an opportunity to expand the connection between the
receptor and PTHrP gene expression in epithelial cells
cultured under basal conditions without the addition of
exogenous ligands. Treatment of primary keratinocytes
with EGFR TKI, PD153035, resulted in a ~90 % decrease
in PTHrP mRNA expression [130]. This compound was
used to treat a series of breast cancer and lung SCC cells
and these treatments resulted in a 50-75 % reduction in
PTHrP mRNA levels [131, 132]. Ectopic expression of
EGEFR in a receptor-null lung SCC and breast cancer cell
lines resulted in a substantial increase in PTHrP mRNA
[132, 133]. Knockdown of EGFR was also able to reduce
PTHrP mRNA expression in the cancer cell lines [133,
134]. The findings described are consistent with the con-
cept that autocrine stimulation of EGFR is responsible for a
substantial fraction of basal PTHrP gene expression of
epithelial cancer cells in culture.

The next question that arose was whether a particular
type of ligand regulated expression. Under primary culture
conditions, keratinocytes dramatically upregulated AREG,
but they also expressed several other ligands, including
TGFa, HB-EGF, and EPGN [135, 136]. Blockade of
AREG reduced PTHrP mRNA by ~70 % in primary
keratinocytes, suggesting that this was the predominant
ligand regulating expression [130]. Relative to other
ligands, AREG levels were the highest in the majority of
breast cancer and lung SCC lines evaluated and blockade
by siRNA or antibodies efficiently reduced basal PTHrP
mRNA levels [131-133]. The precise reason for high levels
of AREG produced by these various cell types grown in
culture is not clear, but this gene is activated by a multitude
of pathways that are upregulated in cancers including the
hippo pathway, WNTs, estrogen receptor, and cAMP/PKA
[137-140]. Nevertheless, exogenous treatment with EGF,
TGFo, and HB-EGF was capable of increasing PTHrP
mRNA in keratinocytes and breast cancer and lung SCC
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lines, suggesting that activation of PTHrP can occur with
ligands that induce rapid EGFR turnover, as well as those
that do not [130, 132, 133, 141].

There has been some progress in understanding the
signaling pathways that regulate PTHrP gene expression
downstream of EGFR. For example, it is well established
that PTHrP gene expression is activated by the ERK and
p38 pathways [142, 143]. The use of various inhibitors and
dominant negative constructs to the ERK and P38 path-
ways efficiently repress PTHrP gene expression in cell
lines that exhibit autocrine EGFR signaling [130, 132, 133,
141, 144]. Although multiple tyrosine phosphorylation
sites on EGFR serve as docking sites for signal transduc-
tion proteins that activate the MAPK pathway, the PLC/
PKC pathway may be particularly important to the acti-
vation of PTHrP gene expression by EGFR in breast epi-
thelial and cancer cells [132]. In fact, EGFR stimulates
basal PTHrP gene expression in MDA-MB-231 cells in the
presence of constitutively activated ras-protein [134].
However, the signaling downstream of the receptor has not
been carefully investigated in other cell types where EGFR
is responsible for basal PTHrP gene expression.

The influence of EGFR signaling on transcriptional
regulation of the PTHrP gene has been studied, but is not
completely understood. The PTHrP gene has three pro-
moters (two tata boxes, P1 and P3, and a GC-rich region,
P2) distributed over 2500 bp of the upstream regulatory
region [145]. The P3 TATA promoter is used in most cell
types and its regulation is fairly well understood. Transient
transfection and EMSA have identified functional ETS,
SMAD, and SPI binding sequences within the core pro-
moter 50 bases upstream of the P3 TATA box. The P3
promoter is activated by the EGFR in all cells studied.
Among the identified cis-acting sequences, only the ETS
binding site is required for EGFR activation of PTHrP-
luciferase constructs in keratinocytes and breast cancer
lines (see Fig. 3) [130, 132]. In addition, EGFR signaling
also activates the P1 promoter in lung SCC lines, which
probably contributes to the high levels of PTHrP expres-
sion in this cell type.

The identity of the ETS proteins that mediate EGFR
activation of PTHrP gene expression in the various cell
types studied is not known. However, a recent chromatin
immunoprecipitation/next-generation sequencing (ChIP-
seq) study in prostate epithelial and cancer cell lines may
shed some light on the relationship between ETS factors
and PTHrP gene expression [146]. Normal prostate cells
express more than 15 ETS family transcription factors, but
most prostate cancers aberrantly express one additional
ETS factor (ERG, ETV1, ETV4, or ETVS5) due to a chro-
mosomal rearrangement [147]. These overexpressed ETS
genes appear to be oncogenic because they induce invasive
behaviors in prostate epithelial cells [148—150]. ChIP-seq
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Fig. 3 EGFR activation of PTHrP gene expression. The effector
proteins and pathways downstream of the receptor shown to control
the P3-PTHrP promoter are illustrated

studies comparing the genomic binding sites of oncogenic
ETS members (ERG, ETV1, and ETV4) to binding sites of
ETS proteins normally expressed in prostate cells (ETS1
and GABPA) found that both types bound the PTHrP-P3
core promoter region (see Fig. 4) [146]. The sequence of
the PTHrP P3-ETS binding site CCGGAAGC is similar to
the consensus ETS binding site identified in the core pro-
moter of most housekeeping genes [151]. These core pro-
moter ETS sites are bound by many different ETS proteins
in vivo and, thus, are not proposed to have specificity
within the ETS family [152]. However, the prostate studies
identified an additional ETS-bound region 54 KB upstream
of the P3 promoter [146]. This potential enhancer was
occupied by the oncogenic ETS proteins, ETV1, ETV4 and
ERG, but not the non-oncogenic ETS1 and GABPA
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Fig. 4 ETS factor binding in the region of PTHrP gene. ChIP-seq
data using antibodies to the indicated factors are shown aligned to a
genomic region (hgl8, chr12:27,968,000-28,098,000) surrounding
the PTHLH (PTHrP) gene [145, 153]. Antibodies to endogenous
ETS1 and GABPA assayed these ETS proteins in a cell line derived
from normal prostate (RWPE-1). An anti-FLAG antibody detected
FLAG-ERG and FLAG-ETV1 exogenously expressed in RWPE-1
cells. Antibodies recognizing endogenous ETV4 (oncogenic ETS) and

(Fig. 4). Like other enhancers bound specifically by the
oncogenic ETS proteins, this region had binding sites for
both ETS and AP-1 transcription factors, and antibodies to
the AP-1 subunit, JUND, pulled down the same sequence.
Since PTHrP is the closest gene, this upstream sequence
may well serve as an enhancer for the calcitropic factor.
Neighboring ETS and AP-1 binding sites have been shown
to respond to RAS/MAPK signaling initiated by EGFR
[153]. Therefore, we speculate that PTHrP gene expression
induced by EGFR signaling may be controlled by inter-
actions between the core promoter (including the ETS
sequence there) and the ETS and AP1 sequences 54 kb
upstream. It is worth noting that mapping an enhancer
histone mark, H3K4 monomethylation, in the genomic
region preceding the PTHrP gene [154] identifies many
potential enhancers that vary by cell type, indicating that
the transcription factors that regulate PTHrP expression
may also vary in different biological contexts.

EGFR and PTHrP signaling in cancer progression

In the years since its discovery, there has been an extensive
study of the role of PTHrP and its contribution to the pro-
gression of neoplastic disease. The upregulation of PTHrP
in response to signaling by EGFR raises the question as to
how its activation might contribute to or antagonize tumor

JUND (AP-1 subunit) were used for ChIP in PC3 prostate cancer cells
(derived from a bone metastasis). H3K4Mel and H3K4Me3 are
histone marks that correlate with enhancer and promoter regions,
respectively [202]. Histone methylation data are shown as an overlay
from multiple cell types and is from the ENCODE Project, displayed
using the UCSC genome browser [203]. A dashed gray line represents
the PTHrP P3 core promoter and a solid gray line represents the
potential —54 kb enhancer

progression. As the story of PTHrP unfolds, it is clear that
the answer to that question depends on the context. Several
IHC surveys of PTHrP expression in primary breast and
NSCLC suggest that expression of the protein is associated
with better prognosis [155, 156]. In contrast, PTHrP
expression by metastatic tumors within the bone microen-
vironment facilitates tumor growth and osteolysis. Thus,
PTHrP is probably like many other secreted signaling
molecules, exhibiting a microenvironment-dependent
inhibitory or stimulatory effect on tumor progression.

EGFR-stimulated PTHrP as an autocrine growth factor

Although there has been much work published on non-PTH
receptor (PTHR)-mediated effects of PTHrP on cells, there
has not been sufficient evidence to establish a well-defined
model by which the PTHrP mid-region and c-terminus and
nuclear PTHrP would contribute to the progression of most
cancer cell types. However, a role for PTHrP signaling
mediated by the PTHR in the progression of cancer has
been firmly established.

Cells of mesodermal origin such as osteoblasts, chon-
drocytes, and kidney are generally associated with high
levels of PTHR expression [157, 158]. In contrast, most
epithelia originating from the ectoderm or endoderm
express very low levels of PTHR, but are often sources for
PTHrP. Since most cancers originate in epithelia derived
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from ectoderm or endoderm, it is not surprising that high
levels of PTHR are not typically observed in most human
carcinomas, which do in fact express high levels of EGFR.
Given this reciprocal relationship, it is not expected that
activation of PTHrP gene expression by EGFR signaling
would necessarily result in autocrine PTHR signaling.
Nevertheless, a recent report indicated that treatment with
TKI AG1478 decreased PTHrP production in a set of
HNSCC lines that expressed both EGFR and PTHR [159].
Treatment of the cells with either EGFR TKI or siRNA to
PTHrP inhibited cell growth in vitro and decreased motility
and migration [159]. These findings indicate that EGFR-
upregulated PTHrP could induce increased proliferation
and invasive behaviors in epithelial cancer cells that
express relatively low levels of PTHR.

EGFR and PTHR as paracrine targets
in the primary tumor microenvironment

An emerging role for EGFR signaling in cancer progres-
sion is its control over the expression of other cytokines
and growth factors. The most well-developed example of
this is the regulation of colony stimulating factor-1 (CSF-1)
expression by EGFR in breast cancer cells. The production
of CSF-1 differentiates monocytes to macrophages and
enhances their survival in the tumor microenvironment. In
response to CSF-1, macrophages produce EGF, which
induces migration and invasive behaviors in breast cancer
cells as well as increases CSF-1 production. Interactions
between tumor cells and macrophages promote tumor
progression and metastasis [160-162].

In the absence of PTHR on the tumor cell, EGFR-med-
iated activation of PTHrP may facilitate interactions with
the tumor microenvironment. Among the cells present in
the tumor stroma are various fibroblasts, resident cells of the
particular organ, as well as derivatives from the bone
marrow. Fibroblasts also express both EGFR and PTHR
[163, 164]. It is well established that tumor-associated
fibroblasts facilitate the growth of epithelial tumors. The
fibroblasts within a specific tumor appear to be heteroge-
neous and may have distinct roles in tumor progression
[165-167]. A subset of fibroblasts appear to take on a
myofibroblastic phenotype that is characterized by the
reorganization of the cytoskeleton in a manner similar to
contractile cells accompanied by the expression of the
smooth muscle actin [168]. Myofibroblasts appear to be a
substantial source of growth factors such as stromal derived
factor/CXCL12 and VEGF. These factors support carci-
noma growth and angiogenesis. Myofibroblasts are
responsible for the production of dense acellular type I
collagen-rich extracellular matrix that endows the malig-
nancies with a characteristic firmness when palpated [165—
167]. EGFR is expressed in myofibroblasts and the
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activation of its receptor is associated with directed
migration and the production of cytokines and growth fac-
tors that stimulate angiogenesis [169, 170]. Tissue fibro-
blasts are known to express modest levels of PTHR [163].
Recent evidence suggests that PTHR expression decreases
as tissue fibroblasts undergo myofibroblast differentiation
[171]. Activation of PTHR with exogenous PTHrP inhibited
myofibroblast differentiation of lung fibroblasts [171]. At
this point, the overall impact of either PTHR signaling or
EGFR signaling on tumor-associated fibroblasts has not
been comprehensively studied; however, these early find-
ings are intriguing and suggest that increased PTHR sig-
naling might inhibit the generation of myofibroblasts in the
tumor microenvironment. This would be consistent with
PTHrP serving as an inhibitor of growth in primary tumors.

EGFR and PTHrP in cancer-induced bone pathology
Osteolytic bone metastasis: a vicious cycle

A model called the vicious cycle has been developed to
explain how cancer cells direct the resident cells of bone to
uncouple the physiological linkage between bone matrix
destruction and new bone formation in bone metastasis
[172]. In the bone, tumor cells produce cytokines and
growth factors that engage in paracrine signaling with
osteoclasts, cells that breakdown bone matrix, and osteo-
blasts which are responsible for bone formation [172, 173].
Osteoclast formation is mediated mainly through RANK
(receptor activator of nuclear factor f-ligand) and its ago-
nist RANKL (RANK ligand), the latter of which is pro-
duced by osteoblasts and bone marrow stromal cells [172,
174]. Osteoblasts also produce a soluble antagonist of
RANKL called osteoprotegerin (OPG) [174, 175]. Thus,
osteoclast formation is regulated by the balance between
RANKL and OPG in the bone microenvironment [172]. In
various xenograft models, the neoplastic cells produce
several growth factors and cytokines that perturb the
RANKL/OPG ratio and increase the number of precursors
that can be differentiated to osteoclasts [173, 176, 177]. The
osteoclast-mediated resorption of bone causes the release of
growth factors embedded in the bone matrix. These matrix-
derived growth factors bind and stimulate their cognate
receptors on the invasive cancer cell, resulting in increased
tumor cell proliferation and production of cytokines that
skew the RANKL/OPG ratio toward increased osteo-
clastogenesis, thereby propagating a vicious cycle of tumor
cell proliferation and bone destruction [173, 178].

EGFR and bone

Studies on malignancy-associated hypercalcemia have long
established that TGFa increases the formation of bone
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resorbing osteoclasts in bone marrow cultures and animal
models [179, 180]. EGFR is expressed on both chondro-
cytes and cells of the osteoblast lineage in animals and
humans [181]. Further studies related to bone turnover
suggest additional roles for EGFR ligands in the patho-
genesis of osteolytic lesions. Parathyroid hormone (PTH),
the main serum calcium regulator, stimulates a 10- to
20-fold increase in AREG gene transcription and a modest
increase in transcription of the TGFo and HB-EGF genes
[140, 182]. PTHR, like other serpentine G-protein-coupled
receptors, is coupled to proteases (such as ADAM-17) that
cleave ErbB receptor ligand precursors and enable the
release of mature, soluble ligands [183].

Exogenous EGFR ligands stimulate the proliferation of
osteoblasts, inhibit their differentiation, and decrease their
mineralization capacity [140]. Four-week-old transgenic
mice lacking AREG expression exhibit less trabecular bone
in the tibia than do wild-type littermates [140]. EGFR
signaling may mediate the impact of PTH on the recruit-
ment and expansion of cells committed to the osteoblast
lineage, whereas excessive ligand signaling could prevent
these cells from undergoing terminal differentiation and
mineralized bone formation [140]. Thus, EGFR signaling
regulates differentiation of osteoblasts and this could con-
tribute to cancer-mediated diseases of bone by reducing
matrix production.

EGFR ligands and osteolysis

There is growing evidence that EGFR signaling in osteo-
blasts directly contributes to osteolysis or bone resorption.
EGF, TGFo, and MDA-MB-231 cells (which express var-
ious ErbB ligands) stimulate bone turnover and osteo-
clastogenesis in various model systems [179, 180, 184,
185]. This osteoclastogenesis is accompanied by decreased
OPG expression and minimal change in RANKL expres-
sion by the bone cells [185]. EGFR TKI inhibit CSF-1 and
RANKL production from human bone marrow stromal
cells and osteoclast formation in vitro [186]. These studies
clearly support the concept that EGFR signaling within the
osteoblast promotes osteoclastogenesis through perturba-
tion of the RANKL/OPG balance.

Recently, it was found that a bone-seeking clone of
MDA-MB-231 cells that overexpress the proteases MMP1
and ADAMTS-1 dramatically increases AREG shedding.
Conditioned medium from the MDA-MB-231/ADAMTS-
1/MMP1 cells altered the RANKL/OPG balance in a
primary mouse bone cell culture and enhanced osteo-
clastogenesis. This enhanced osteoclastogenesis could be
inhibited by EGFR TKI, gefitinib, or by the anti-EGFR
antibody, cetuximab. These agents (gefitinib 100 mg/kg
daily or cetuximab 100 mg/kg weekly) prevented MDA-
MB-231/ADAMTS-1/MMP1 cells from stimulating the

formation of osteolytic lesions in the bone of immuno-
compromised mice containing these cells [187]. These
findings suggest that the overexpression of EGFR ligands in
the bone microenvironment could drive osteoclastogenesis.

EGFR and PTHrP in osteolysis

In the MDA-MB-231 model of breast cancer metastasis to
bone, PTHR signaling is one of the key events in regulating
the vicious cycle of breast cancer osteolysis and coloni-
zation [188]. MDA-MB-231 cells express PTHrP that
stimulates RANKL expression and inhibits OPG expres-
sion in cells of the osteoblast lineage [188]. The pattern of
PTHrP expression by breast cancers at various stages of
progression resembles that displayed by metastasis viru-
lence factors [189]. PTHrP expression is lower in primary
breast cancers that ultimately metastasize to bone than in
other primary breast tumors. However, PTHrP expression
is very high among metastatic tumor cells within the bone
microenvironment [156, 190-192]. PTHrP gene expression
in these metastatic tumor cells appears to be stimulated by
TGEFp released from the bone matrix via osteoclast activity
[172, 178].

The signaling between the PTHrP and EGFR systems is
not simply directed from the tumor cell to the microenvi-
ronment. As indicted above in many epithelial cancer types
including the MDA-MB-231 line, autocrine EGFR is
coupled to PTHrP gene expression [69, 130, 131, 145].
Knockdown of EGFR inhibited PTHrP gene expression
and substantially reduced osteoclastogenesis in vitro as
well as osteoltyic growth of MDA-MB-231 cells that were
injected into the tibia [134]. A similar autocrine loop drives
PTHrP gene expression in lung SCC, and reconstitution of
that signaling by ectopic expression of the receptor in
EGFR-null cells leads to aggressive osteoltyic lesions when
placed in the bone [133]. The EGFR TKI, erlotinib,
inhibited osteoltyic factors, PTHrP, IL-8, IL-11, and
VEGEF, in the pulmonary mucoepidermoid carcinoma cell
line NCI-H292, and high doses of the compound (100 mg/
kg) also reduced osteolytic growth of these cells after int-
ratibial injection [193]. Blockade of autocrine EGFR
stimulation in cancer cells and the accompanying repres-
sion of PTHrP gene expression may effectively restore the
RANK/OPG balance on the osteoblast lineage and slow the
growth of bone metastases.

The impact of EGFR-targeted therapeutics has been
surprisingly effective in slowing or eliminating the growth
of lung cancer and breast cancer cell line xenografts in the
bone of immunocompromised mice. However, all of these
studies used an exceedingly high dose (100 mg/kg, daily)
of these compounds, and the effect of lower doses was not
reported [187, 193]. Also, extensive evaluation of the
impact of this high-dose treatment of bones from
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non-tumor bearing animals was not presented. In contrast,
treatment of animals bearing MDA-MB-231 cells in their
tibias with a moderate dose (10 mg/kg, daily) of an AREG
blocking antibody enhanced tumor growth and produced an
increase in osteoclasts in non-tumor bearing mice [134].
Addition of intermediate levels of the AREG antibody or
gefitinib to bone marrow cultures containing cancer cells
increased osteoclastogenesis [134]. Besides osteoblasts and
osteoclasts, bone marrow is composed on many additional
cell types that might be influenced by EGFR TKIs or their
off-target effects. For example moderate 10 mg/kg doses of
erlotinib have recently been reported to increase hemato-
poietic stem cell mobilization in response to G-CSF in
mice [194]. Derivatives of hematopoietic stem cells
include osteoclasts, monocytes, myeloid suppressor cells,
and megakaryocytes, all of which could influence the
growth of cancer cells in the bone [195]. These later
findings argue that much more work has to be done to
establish the precise effects of EGFR inhibitors on the bone
and bone marrow. It is possible that review of data from the
large number of lung cancer patients who have been treated
with EGFR-targeted therapeutics could provide some
insight as to what the long-term effect of pharmacological
doses of these compounds is on human bone and bone
marrow.

Humoral hypercalcemia of malignancy in lung cancer:
a vicious cycle at the endocrine level

During the 1970s and 1980s, SCC of the lung was the most
common cause of humoral hypercalcemia [196-198].
Among lung SCC lines capable of producing hypercalce-
mia in immunocompromised animals, all expressed the
receptor and EGFR and TKI reduced PTHrP mRNA levels
in vitro [133, 141, 199]. Ectopic expression of EGFR in a
receptor-null lung SCC line that expressed ADAM-17 and
AREQG leads to hypercalcemia when grown on the flank of
nude mice [133]. Treatment of mice carrying two different
lung SCC lines with 3 days of moderate 10 mg/kg daily
oral doses of EGFFR TKI gefitinib was able to reduce
calcium levels to within normal levels, as well as sub-
stantially reducing circulating PTHrP [141]. These findings
suggest that the autocrine EGFR activation of PTHrP in the
cancer cell substantially contributes to humoral hypercal-
cemia of malignancy caused by lung SCC.

Among the lung SCC lines that produced hypercalcemia
in mice, the HARA line produced much higher levels of
PTHrP mRNA in tumors from hypercalcemic animals than
when simply grown in vitro [141]. This observation sug-
gested that an extrinsic factor present in the animals acti-
vated PTHrP gene expression. A possible explanation was
that factors released from the bone could serve as a positive
feedback loop to activate PTHrP gene expression. High
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levels of calcium were proposed as one of the factors
contributing to PTHrP gene expression in breast cancer
cells within the bone microenvironment [200]. Subse-
quently, it was found that in all lung SCC lines studied,
PTHrP secretion was increased in response to elevated
calcium concentrations [201]. The calcium-sensing recep-
tor gene from the HARA line contained a single nucleotide
polymorphism that reduced the receptor’s activation
threshold and contributed to increased PTHrP secretion
[201]. The calcium-sensing receptor variants may provide a
positive feedback loop between PTHrP and calcium that
drive hypercalcemia in some lung SCC patients [201].
Thus, in some cases, hypercalcemia may be driven by a
vicious cycle, which is induced by PTHrP secretion from
the primary tumor that is reinforced by factors like calcium
released from the bone.

Final considerations

EGFR is a potent regulator of PTHrP production in cancer
cell lines that produce hypercalcemia and osteolytic bone
metastases in mice. Can this signaling relationship be
exploited in the clinic by using existing EGFR inhibitors,
genfitinib, erlotinib and cetuximab, as part of targeted
therapies to manage PTHrP-driven humoral hypercalcemia
of malignancy and osteolytic bone metastases? From our
perspective, EGFR inhibitors appear to hold greater
promise as second- or third-line agents for the management
of humoral hypercalcemia induced by lung cancer or other
squamous carcinomas that express both high levels of
EGFR and PTHrP. Hypercalcemia treatments tend to be
transient interventions provided as part of palliative care,
which may provide opportunities for the use of current
EGFR-targeted therapeutics. In considering bone metasta-
ses, many studies have indicated that there are multiple
redundant pathways by which cancer cells stimulate cells
of the osteoblast lineage to recruit and activate osteoclasts,
indicating PTHrP may not be central to this pathogenesis
for many cancers. Additionally, interventions for bone
metastasis would be used over longer time frames where
drug resistance can emerge and off-target effects can have
devastating consequences. Given the recent findings that
EGEFR signaling appears to limit hematopoietic stem cell
recruitment in mice, we believe much more basic research
needs to be done to determine how long-term blockade of
the pathway will impact bone physiology before agents like
genfitinib, erlotinib, and cetuximab could be considered to
target bone metastases. So, we conclude that even though
the intersection of EGFR and PTHrP pathways suggests
novel avenues for clinical interventions in the area of
cancer-mediated bone pathologies, there remain warning
signs on the road ahead.
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