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Abstract

Epidermal growth factor (EGF) receptor autocrine and/or paracrine
signaling plays an important role in normal epithelial cell proliferation, survival,
adhesion and migration. Aberrant expression of the EGF receptor and its
cognate ligands have been implicated in various types of cancers, hence EGF
receptor autocrine activation is thought to also be involved in tumorigenesis. EGF
family ligands are synthesized as membrane-anchored proteins requiring
proteolytic release to form the mature soluble, receptor-binding factor. Despite
the pathophysiological importance of autocrine systems, how protease-mediated
ligand release quantitatively influences receptor-mediated signaling and
consequent cell behavior is poorly understood. Therefore, we explored the
relationship between autocrine EGF release rate and receptor-mediated ERK
activation and migration in human mammary epithelial cells. A quantitative
spectrum of EGF release rates was achieved using chimeric EGF ligand
precursors modulated by the addition of the metalloprotease inhibitor batimastat.
We found that ERK activation increased with increasing ligand release rates
despite concomitant EGF receptor downregulation. Cell migration speed
depended linearly on the steady-state phospho-ERK level, but was much greater
for autocrine compared to exogenous stimulation. In contrast, cell proliferation
rates were constant across the various treatment conditions. In addition, we
investigated an EGFR-mediated positive feedback through ERK that stimulated a
4-fold increase in release rate of our TGFa based construct. Thus, in these cells,
ERK-mediated migration stimulated by EGF receptor signaling is most sensitively
regulated by autocrine ligand control mechanisms.
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Chapter 1: Introduction and overview

1.1 Motivation: understanding cell signaling and migration as a
function of EGFR ligand release

The epidermal growth factor receptor (EGFR) belongs to the ErbB family of
receptor tyrosine kinases, which has several known EGF-like ligands (Yarden
and Sliwkowski, 2001). Beyond its role in normal physiology, dysregulated ErbB
signaling is important in disease. Altered ErbB signaling can lead to aberrant,
growth and migration promoting signals that may have a major impact on tumor
initiation, progression, and metastasis. ErbB signaling has received much
attention in the past decade with several therapeutic interventions already in use
and currently undergoing clinical trials (Arteaga, 2003; Ciardiello and Tortora,
2001; Yarden and Sliwkowski, 2001).

The ligands that bind specifically to the EGFR are synthesized as
membrane integral proteins that require cleavage from the cell surface to form
the mature soluble ligand (Harris et al., 2003). Traditional techniques have
employed exogenous treatment of recombinant forms of the soluble ligand to

study cell signaling and response to the various EGF receptor ligands. However,



it is thought that the ligands elicit spatially restricted autocrine and/or paracrine
stimulation within the tissue expressing both the ligands and the receptors, which
is the case for several types of tumors (Normanno et al., 2003; Normanno et al.,
2006; Salomon et al., 1995). A recent study demonstrated that co-expression of
an EGFR ligand, TGF¢, and the cognate metalloprotease, TACE, at elevated
levels is highly predictive of poor prognosis across a set of 295 primary breast
tumors (Kenny and Bissell, 2007). Significantly, reversion of a malignant
phenotype could be obtained by reduction of TACE activity, suggesting that
quantitative control of protease-mediated autocrine EGF ligand release could be
critical for governing phenotypic behavior. The motivation of this work was to
develop a cell system where we could quantitatively modulate release of an EGF
receptor ligand and systematically study the cell signaling and response. Instead
of varying a soluble cue, we wanted to employ the cells to make the ligand and
control the rate of cleavage at the cell surface with various techniques.
Understanding the cue-signaling-response relationship for cells under varying
degrees of autocrine stimulation would shed light on more in vivo-like conditions

and help develop new understanding for disease signaling and response states.

1.2 Chapter overview

This thesis is composed of three chapters addressing the effects of modulating
ligand release on cell signaling and behavior. The experimental cell system
studied consisted of a human mammary epithelial cell line retrovirally transduced

for stable expression of various EGF chimeras. Chimeras contained various
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domains of ligands fused to the soluble EGF binding domain, keeping the
receptor-ligand interactions constant. Changing the domain encoding protease
shedding specifically modulated autocrine ligand release.

Chapter 3 describes our investigation of how the protease-mediated ligand
release rate quantitatively governs receptor-mediated signaling and consequent
cell proliferation and migration behavior. In addition, results compare the effects
of exogenous stimulation and saturating autocrine presentation on cell migration.
We found that cell migration speed was directly proportional to the steady-state
phospho-ERK level stimulated by autocrine release, demonstrating a “dose-
response” relationship. In addition, migration speed was faster under the
“chronic” autocrine stimulation than under the “acute” exogenous EGF treatment
despite the greater signaling peaks and integrals measured under exogenous
conditions. Cell proliferation was found to be equivalently stimulated under
exogenous and autocrine stimulation, therefore suggesting that cell migration is
more sensitively controlled by the protease-mediated autocrine ligand release.

While quantifying ligand release rates within the scope of Chapter 3, we
discovered that release of our TGFa based EGF chimera was positively
regulated downstream of the EGF receptor. This positive feedback was
unexpected and merited further investigation. Experimental results showing
small molecule inhibitor affects on stimulated ligand release are described in
Chapter 4. We demonstrate that positive feedback downstream of the EGF
receptor contributes to a 4-fold increase in the ligand release rate of the TGFa

based construct and identify ERK as the key modulator of stimulated TGFa but
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not EGF cleavage. In addition, we report a quantitative dose-response
relationship of stimulated ligand release as a function of ERK phosphorylation.

Finally, Chapter 5 outlines work investigating cell signaling and single cell
migration under low and high ligand release. This early work utilized a
TNFa anchoring domain based chimera that led to high release of EGF. In
addition to modulating ligand release rate with the EGF chimeras, 2D cell
migration behavior was measured on varying levels of collagen IV. This chapter
summarizes the initial thesis direction that was eventually refocused due to the
possibility of intracellular binding of the TNGF ligand, challenges associated with
measuring single cell migration, and inconclusive statistical analysis.

Overall, we believe that the greatest achievement of this thesis is a
greater understanding of autocrine induced signaling, ligand release regulation,
and cell migration. We have obtained a “cue-signal-response” relationship under
varying autocrine presentation and we show increased cell speed under
autocrine versus exogenous stimulation. Results have generated hypotheses
regarding potential differences in signaling dynamics (or lack thereof) and
subsequent migration behavior observed under autocrine stimulation that open

areas for future research.
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Chapter 2: Background

2.1 Autocrine Growth Factor Signaling

The term autocrine signaling was first proposed by Sporn and Todaro to
describe the type of self stimulation that could occur if a cell produced both a
hormone-like factor and the cognate receptor (Sporn and Todaro, 1980). Normal
cell growth in culture required the addition of specific growth factors, whereas
malignant cells could grow autonomously without the same exogenous
supplements. While growth factor autocrine amplification or dysregulation has
become one of the hallmarks of cancer, autocrine signaling is also now known to
be a mode of signaling involved in normal physiological processes (Hanahan and
Weinberg, 2000; Sporn and Roberts, 1985; Sporn and Roberts, 1992; Sporn and
Todaro, 1980). For example, growth factor autocrine signaling has been
implicated in wound healing (Tokumaru et al., 2000), angiogenesis (Seghezzi et
al., 1998), and tissue organization during development (Wasserman and

Freeman, 1998).
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A prominent example of autocrine growth factor signaling that is involved
in numerous cell types and cellular responses is the Epidermal Growth Factor
Receptor (EGFR) system. EGFR belongs to the ErbB family of receptor tyrosine
kinases, which has several known EGF-like ligands (Yarden and Sliwkowski,
2001). ErbB signaling plays an important role in normal epithelial cell
proliferation, development, survival, adhesion and migration (Caric et al., 2001;
Kumar and Wang, 2002; Yarden and Sliwkowski, 2001). Beyond its role in
normal physiology, dysregulated ErbB signaling is also extremely important in
cancer progression (Arteaga, 2002; Holbro et al., 2003). The EGF receptor and
the EGFR ligands are expressed or overexpressed in several human cancers, for
example lung, breast, gastric, pancreatic, colon, head and neck, prostate,
ovarian, and brain cancers (Cai et al., 1999; Damstrup et al., 1999; Hsieh et al.,
2000; Kopp et al., 2003; Rubin Grandis et al., 1998; Salomon et al., 1995; Suo et
al., 2002; Yamanaka et al., 1993; Zhu et al., 2000). Altered ErbB signaling can
lead to aberrant, growth and migration promoting signals that may have a major
impact on tumor initiation, progression, and metastasis.

EGFR ligands include EGF, TGF-alpha, HB-EGF, betacellulin,
amphiregulin, epiregulin, and epigen (Harris et al., 2003). These ligands are
produced as membrane-bound peptides and proteolytic cleavage between the
ligand and the membrane-spanning region releases the ligand from the
membrane, see Figure 2.4.1. The region between the receptor binding domain
and the transmembrane domain, the ligand releasing cleavage site, is highly

variable among the EGFR ligands, although they are key determinates of
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ectodomain shedding (Arribas et al., 1997; Harris et al., 2003). The ligands have
the potential to signal in an autocrine, paracrine, and/or a juxtracrine mode
depending on extracellular proteolytic processing. While an autocrine-signaling
mode is characterized by ligands that are released from the cell surface in an
active form and bind to receptors on the same cell, paracrine signaling involves
the capture of ligand released from a neighboring cell. Juxtacrine signaling
involves ligand-receptor binding between a cell expressing the membrane-bound
ligand and an adjacent cell that expresses the correct receptor, an event that
does not involve ligand cleavage and requires direct contact between the
stimulatory and target cell.

Members of the ADAM family of metalloproteases proteolytically release
the EGFR ligands from the cell surface. Although TACE/ADAM 17 is known to
be involved in TGF-alpha, HB-EGF, and AR release, the full identities and
regulation of the metalloproteases involved in EGFR ligand shedding are
currently under investigation (Borrell-Pages et al., 2003; Harris et al., 2003;
Hinkle et al., 2003; Merlos-Suarez et al., 2001). There is evidence that TGF-
alpha and HB-EGF shedding is stimulated by signals downstream of the EGF
receptor, such as PKC and MAPK activation, creating a positive feedback
mechanism that may involve metalloprotease phosphorylation, see Figure 2.4.2
(Baselga et al., 1996; Fan and Derynck, 1999; Fan et al., 2003; Gechtman et al.,
1999). Activation of the ERK pathway has also been implicated in increasing the
transcription of EGFR ligands, creating an additional positive feedback (Baselga

et al., 1996; Schulze et al., 2001).
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Due to the intrinsic and closed-loop nature of autocrine signaling systems,
identification and experimental analysis of true autocrine effects on cellular
behavior is a challenge (Wiley et al., 2003). While there is evidence for the role
of autocrine signaling in cell proliferation, less is known about whether autocrine
mechanisms may be involved in the transition to, or control of a motile cellular
phenotype. To this end, several cell types and growth factor families have been
studied in vitro using various migration assays, while fewer studies have
addressed this question in vivo. Experimental results that provide evidence for
the role of growth factor autocrine signaling specifically involved in cell motility

are presented below with emphasis on the EGF receptor system as an example.

2.2 Evidence For Role Of Growth Factor Autocrine Signaling In
Cell Migration

2.21 EGFR System

2211 In Vitro
' Gavrilovic et al. transfected a rat bladder carcinoma cell line (NBTII) with a

gene encoding TGF-alpha that resulted in an epithelial to fibroblast-like
morphological transition (Gavrilovic et al., 1990). Clones were plated on glass
coverslips and cell migration was measured using videomicroscopy and cell
tracking. TGF-alpha synthesizing cells and parental cells stimulated with
conditioned media were able to achieve higher migration speeds compared to
the parental cells stimulated with exogenous TGF-alpha. The transfected cells

also acquired an increase in gelatinase synthesis.
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Elevated levels of the EGF receptor and expression of its ligands have
been found in human prostate carcinomas (Kim et al., 1999). The DU145
prostate carcinoma cell line expresses TGF-alpha and EGFR, which are involved
in growth stimulation (Tillotson and Rose, 1991). Xie et al. investigated the
involvement of this autocrine stimulation in transmigration of an in vitro matrix
(Xie et al., 1995). The parental DU145 cells were transfected to overexpress
EGFR. The EGFR overexpressing variant showed an increased migration
through the matrix compared to the parentals. The increased matrix invasion of
the EGFR overexpressing cells was inhibited upon addition of an anti-EGFR
antibody. The EGFR overexpressors and parentals secreted similar levels of
proteolytic activity and thus in this invasion assay the increase in migration was
determined to be autocrine stimulated and potentially independent of matrix
degradation.

TGF-alpha expression has been found in human gliomas and has been
correlated with tumor grade (Ekstrand et al., 1991; Schlegel et al., 1990). EI-
Obeid et al. demonstrated that the expression of TGF-alpha in an EGFR
expressing human malignant glioma cell line (U-1242 MG) induced cell
locomotion (EI-Obeid et al., 1997). '®I-labeled EGF binding studies showed that
60% of EGF bound to cells induced to express TGF-alpha compared to the same
clone that was repressed using a tetracycline regulated gene expression system.
Receptor phosphorylation of derived clones was similar to repressed cells also
stimulated with exogenous EGF. EGFR phosphorylation levels were also found

to be independent of cell seeding density. Phagokinetic track area of individual
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cells in an in vitro migration assay was higher for autocrine-induced cells. An
EGFR blocking antibody only slightly decreased cell track area of the induced
TGF-alpha expressing clones, whereas exogenously added TGF-alpha was
completely neutralized by the antibody. These results showed that co-
expression of EGFR and TGF-alpha enabled individual glioma cells to operate in
an independent, migratory manner, where EGFR activation may have occurred in
cell regions inaccessible to blocking antibodies.

Dong et al. investigated the effect of a broad-spectrum matrix
metalloprotease inhibitor on EGFR ligand release and migration of a human
mammary epithelial cell line (WMEC) (Dong et al., 1999). The TGF-alpha
concentration in hMEC-conditioned media and the speed of individually tracked
cells seeded at low density decreased in presence of the inhibitor. Exogenous
EGF reversed the inhibitory effect on migration speed, suggesting that the
release of the endogenous ligands, such as TGF-alpha or amphiregulin, was
necessary for EGFR stimulated motility in this cell system.

The migration of sheets of corneal epithelial cells in a wounding assay,
which involved lifting an agarose strip to induce a gap without cell damage, was
shown to be dependent on HB-EGF signaling (Block et al., 2004). Addition of an
EGFR kinase inhibitor abolished the wound closure in this in vitro system.
Incubation with an EGFR or a HB-EGF neutralizing antibody also inhibited wound
closure. Inhibition of the biological activity of HB-EGF with a non-toxic diphtheria

toxin analog also reduced wound closure of the corneal epithelial cell layers.
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EGFR autocrine signaling has also been found to stimulate cell motility as
a result of cell signaling crosstalk. Interleukin (IL)-6 is a member of the IL-6-type
cytokine family and is involved in the immune response, inflammation, and
hematopoiesis (Hirano, 1998). Badache et al. investigated the mechanism by
which IL-6 increased breast carcinoma cell migration in an in vitro transwell
assay (Badache and Hynes, 2001). Activation of the MAPK and PI3K signaling
pathways were required for IL-6-induced cell migration. Both the addition of an
anti-EGFR antibody and an EGFR kinase inhibitor also decreased the IL-6
induced migration. Although the identity of the EGFR ligand(s) involved were not
determined, these results showed that IL-6 stimulated breast carcinoma cell
migration through transactivation of an EGFR autocrine pathway and
downstream activation of MAPK and PI3K.

EGFR activation has also been implicated in crosstalk with G Protein-
Coupled Receptors (GPCR) (Gschwind et al., 2001). Gschwind et al. examined
GPCR stimulated migration of squamous cell carcinoma cells using an in vitro
transwell assay (Gschwind et al., 2003). Lysophosphatidic acid induced
activation of GPCR resulted in proteolytic cleavage of membrane bound pro-
amphiregulin (proAR). RNA silencing of proAR decreased LPA-stimulated
migration. Addition of an AR-neutralizing antibody inhibited LPA aggravated
EGFR tyrosine phosphorylation. LPA-induced AR release and cell migration was
also inhibited by RNA silencing of the membrane bound metalloprotease TACE.

Although the mechanism of TACE activation was unknown, the shedding of AR
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was shown to be involved in GPCR-EGFR crosstalk and cell migration in this
experimental system.

EGFR and GPCR crosstalk has also been implicated in bombesin
stimulated migration of prostate cancer cells in vitro. Bombesin is a neuropeptide
that was first isolated from the skin of the frog Bombin bombina and later found to
have a mammalian equivalent, gastrin-releasing peptide (GRP), that binds a
family of GPCRs (Anastasi et al., 1971). GRP receptor overexpression has been
identified in prostate cancer and bombesin has been shown to influence prostate
cancer cell migration in vitro (Aprikian et al., 1997; Markwalder and Reubi, 1999).
Madarame et al. investigated involvement of HB-EGF shedding in bombesin-
stimulated prostate cell migration (Madarame et al., 2003). The addition of a
metalloprotease inhibitor decreased bombesin-induced HB-EGF shedding and
EGFR tyrosine phosphorylation. Addition of either an anti-EGFR antibody or the
metalloprotease inhibitor partially reduced migration of bombesin stimulated cells
in an in vitro wound assay.

EGFR autocrine signaling has recently been implicated in the role of TNF-
alpha induced cell motility (Chen et al., 2004). TNF-alpha is a cytokine that has
been shown to induce cytotoxicity and apoptosis in transformed cells while it is
also thought to elicit pro-survival signals in normal cells (Carswell et al., 1975;
Natoli et al., 1998). Chen et al. investigated the role of EGFR crosstalk in
mediating TNF induced signals in a normal hMEC cell line (Chen et al., 2004).
TNF stimulated hMEC proliferation and migration in an in vitro transwell migration

assay. The addition of TNF also stimulated shedding of TGF-alpha in a dose-
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dependent manner. TNF stimulated cell migration was decreased in the
presence of a metalloprotease inhibitor or an EGFR kinase inhibitor. A late
phase of ERK activation was also inhibited in the presence of the
metalloprotease inhibitor suggesting that autocrine activation of the EGFR was
involved in this secondary ERK signaling peak. These results implicated a novel
role for EGFR transactivation in mediating TNF induced cell responses in this

hMEC system.

221.2 In Vivo
As discussed earlier, Xie et al. demonstrated that endogenous EGFR

autocrine signaling stimulated engineered DU-145 prostate carcinoma cell
migration in vitro (Xie et al., 1995). Subsequently, Turner et al. inoculated
athymic mice with the parental cells and the EGFR-overexpressing cells to
determine if the results of increased transwell migration in vitro corresponded to
in vivo tumor progression (Turner et al., 1996). Both the parental and EGFR-
overexpressing DU-145 cells formed tumors that metastasized to the lung when
inoculated into the prostate and peritoneal cavity, although the EGFR
overexpressing tumors were more invasive. Injections of a PLC-gamma inhibitor
reduced tumor invasiveness, as measured by the extent of tumor cell penetration
of the diaphragm, suggesting a role for EGFR-mediated cell migration in this in
vivo tumor invasion model.

Pilcher et al. demonstrated that keratinocyte migration depended on
EGFR signaling using a phagokinetic assay (Pilcher et al., 1999). Inhibition of

the EGFR using either a kinase inhibitor or an anti-EGFR antibody decreased the
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relative migration area and the production of collagenase-1 in a primary
keratinocyte cell system shown to express EGF, TGF-alpha, amphiregulin, and
HB-EGF when plated on type | collagen. These results were tested in an in vivo
porcine burn wound-healing assay. Wound incubation with an EGFR inhibitor
resulted in significant decrease in burn re-epithelialization compared to control
treatments, implicating a role for EGFR autocrine signaling in burn wound
closure. In another study, Tokumaru et al. used a murine punch biopsy wound
model to investigate the importance of EGFR ligand shedding in in vivo
cutaneous wound healing (Tokumaru et al., 2000). Incubation with a
metalloprotease inhibitor resulted in a lack of keratin staining in excised skin
wound histology in contrast to the control treatment. These inhibitory effects
were reversed upon addition of recombinant HB-EGF, suggesting that the
shedding of EGFR ligands may play an important role in keratinocyte migration
and would healing.

The AP-1 stress response transcription factor is composed of a
heterodimer of Fos and Jun proteins and has been implicated in the normal
development of the epidermis (Angel and Szabowski, 2002; Yates and Rayner,
2002). The EGFR and its ligand HB-EGF are both known AP-1 target genes (Fu
et al,, 1999; Johnson et al., 2000). Li et al. created a transgenic mouse lacking
c-jun in the epidermis (Li et al., 2003). These transgenic mice were born with
open eyelids, a phenotypic result also seen in mice born with gene disruption of
the EGFR or TGF-alpha (Luetteke et al., 1993; Miettinen et al., 1995). The

conditionally c-jun null mice also had decreased EGFR expression and
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phosphorylation at the epidermal eyelid tip, and had slower wound closure rates
of punch biopsies. Addition of exogenous HB-EGF rescued the impaired motility
of c-jun null keratinocytes in an in vitro scratch assay. Together these results
suggest that the activation of positive transcriptional feedback downstream of
EGFR activation is involved in leading edge epidermal sheet migration (Grose,

2003).

2.2.2 Examples Of Other Growth Factor Families

2.2.21 FGF
Basic Fibroblast Growth Factor (bFGF, also known as FGF-2) is a

member of a large family of heparin-binding growth factors and is known to have
various influences on several cell types (Ornitz and Itoh, 2001). In particular,
FGF signaling is known to be involved in the migration of endothelial cells and is
a therapeutic target for inhibition of angiogenesis in tumor progression (Cross
and Claesson-Welsh, 2001). Endogenous bFGF was shown to regulate
endothelial cell movement in an in vitro scratch assay (Sato and Rifkin, 1988).
Migration of confluent bovine aortic endothelial cells past a razor-induced wound
edge was inhibited upon addition of an anti-bFGF antibody. The addition of
soluble recombinant bFGF reversed the inhibitory effects of the ligand-
neutralizing antibody. Although this work was the first documented evidence of
autocrine activity of the bFGF ligand, it was not known how the ligand reached
the extracellular space and whether the method for cell removal may have

caused cytoplasmic ligand leakage from dead cells at the wound edge.
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Mignatti et al. later validated that bFGF stimulated cell motility of cultured
fibroblasts in an autocrine manner (Mignatti et al., 1991). NIH 3T3 cells were
transfected with bFGF cDNA and single cells were plated on colloidal gold-
coated coverslips. Increasing phagokinetic cell track areas were correlated with
the level of endogenous bFGF. The cell clone that produced the highest amount
of bFGF did not show an increase in migration upon addition of exogenous,
recombinant bF GF, which suggests that the cells had reached a state of receptor
saturation or a maximum migratory stimulation at this level of endogenous ligand
production. Addition of anti-bFGF reduced the motility of the isolated, transfected
cells. These results indicated that extracellular bFGF could stimulate cell motility
of the cell producing the ligand, experimentally indicating that the bFGF ligand

can act in a ‘true’ autocrine manner.

2222 G-CSF/GM-CSF
Granulocyte colony-stimulating factor (G-CSF) and granulocyte

macrophage colony-stimulating factor (GM-CSF) stimulate growth and
differentiation in the hematopoietic system, are produced by many cell types, and
have also been found to be expressed by non-hematopoietic tumor cells
suggesting their involvement in tumor growth and invasion (Metcalf, 1985;
Mueller et al., 2001; Tachibana et al., 1995; Uemura et al., 2004). Mueller et al.
analyzed RNA and protein expression of G-CSF, GM-CSF, and their receptors in
22 human gliomas and derived cell cultures (Mueller et al., 1999). The co-
expression of these ligands and their cognate receptors correlated with advanced

tumor stage. Receptor and ligand expression also influenced the migration of the
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glioblastoma cell lines as shown in an in vitro wound assay. A derived cell line
expressing both ligands and receptors had an increase in both the distance
traveled and number of cells moving into the wounded area compared to a
similar cell line expressing only G-CSF and both receptors. The addition of either
an anti G-CSF or an anti GM-CSF monoclonal antibody reduced migration of the
wound edge. These results suggest that G-CSF and GM-CSF autocrine
signaling may contribute to increased cell migration in late stage glioblastomas.
2223 HGF

Hepatocyte growth factor (HGF) is secreted by cells of mesodermal and
mesenchymal origin, stimulates growth and migration of epithelial and endothelial
cells that express the HGF receptor (HGFR), and HGFR signaling has been
shown to be involved in processes such as placental development and liver
regeneration (Borowiak et al., 2004; Uehara et al., 1995). Overexpression of
HGFR, also known as the met proto-oncogene, lead to aberrant growth formation
in a mouse model and HGFR has been found to be overexpressed in several
types of cancer (Humphrey et al., 1995; Takayama et al., 1997; Tuck et al.,
1996). Vadnais et al. used Moloney sarcoma virus (MSV)-transformed polarized
epithelial MDCK cells to determine that the autocrine activation of HGFR is
associated with the pseudopodial protrusion and acquisition of a motile, invasive
phenotype in vitro (Vadnais et al., 2002). The invasive variant derived from this
cell line showed constitutive HGFR phosphorylation and increased migration
distances as measured using videomicroscopy and nuclear tracking. The

addition of an anti-HGF-alpha antibody decreased cell motility, increased
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pseudopodial retraction and the number of cell-cell contacts of the MSV-MDCK

invasive variant.

2224 VEGF
The vascular endothelial growth factor (VEGF) is known to play an

important role in angiogenesis and increased expression has been associated
with cancer progression (Brown et al., 1999; Mercurio et al., 2004; Salven et al.,
1999; Shweiki et al., 1992). A recent study looked at the role of VEGF and other
neurophilin-1 (NP1) ligands in the regulation of breast carcinoma cell migration
towards conditioned media in vitro (Bachelder et al., 2003). An antagonistic
relationship exists between VEGF and the migratory inhibitor SEMA3A. The
autocrine production ratio of these competing ligands correlated with chemotactic
potential of three breast carcinoma cell lines. RNAi reduction of VEGF and
expression of a mutant, constitutively active NP1 coreceptor plexin-A1 decreased
migration while RNAi reduction of NP1 and SEMA3A expression increased
transwell migration. This work demonstrated the involvement of VEGF autocrine
signaling in breast carcinoma chemotaxis through the inhibition of an

endogenous migration suppressor (Mercurio 04).

2.3 Spatial Localization Issues

Up to this point, this background section has focused on evidence in the
literature for involvement of autocrine growth factor signaling in cell motility
phenomena. We will now consider key aspects of mechanisms underlying these

phenomena, focusing our attention on features of autocrine signaling systems
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that might be of particular importance for governing cell migration behavior.
These features primarily revolve around the spatial distribution of autocrine
ligands, their receptors, and generated downstream signals, because the central
characteristic of autocrine systems distinguishing them from paracrine and/or
endocrine systems is their potential action on the producing cell or proximal

neighbors.

2.3.1 Cellular Control Of Growth Factor Spatial Distribution
Autocrine signaling has typically been difficult to investigate using

standard techniques since the production, release, and binding of a ligand within
a cell operate in a ‘closed loop’ fashion (Wiley et al., 2003). Therefore, several
modeling approaches have been used to gain insight about the parameters that
govern the dynamics of autocrine operation complemented by a growing body of
experimental work. Two modeling approaches, one that used Brownian-motion
theory and computer simulations to calculate the trajectories of the released
ligands, and another that used continuum reaction-diffusion equations to model
the fluxes of the ligands, both suggest that EGFR autocrine loops could be highly
localized on the order of less than a cell diameter (Forsten and Lauffenburger,
1992a; Shvartsman et al., 2001). Using a microphysiometer assay to measure
receptor ligand binding, Lauffenburger et al. showed that anti-receptor antibodies
were far more effective than anti-ligand antibodies in inhibiting autocrine
signaling, suggesting experimentally that these signals may operate in a

spatially-restricted, local manner (Lauffenburger et al., 1998).
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In vivo work by Yoshioka et al. in cardiomyocyte hypertrophy provided
additional experimental evidence of the spatially restricted nature of EGFR
autocrine signaling (Yoshioka et al., 2005). Previous work had shown that HB-
EGF expression was increased during hypertrophy and metalloprotease
inhibition attenuated hypertrophic changes (Perrella et al., 1994; Asakura et al.,
2002). HB-EGF was delivered via adenovirus to cardiomyocytes. Due to the
nonuniform distribution of the gene delivery, normal cells were usually
surrounded by cells expressing HB-EGF. Analysis of 3D cell morphology
demonstrated that HB-EGF release led to cell hypertrophy and the loss of gap
junction proteins in the cells expressing HB-EGF and immediate neighboring
while cells further away were unaffected (Yoshioka et al., 2005).

The modeling work by Shvartsman et al. also implicated that altering the
ligand diffusion coefficient, the density of cell surface receptors, the ligand
secretion rate, and the rate constants for ligand binding and endocytic
internalization could modulate the spatial range of the growth factors
(Shvartsman et al., 2001). Oehrtman et al. used a tetracycline-controlled TGF-
alpha expression system in mouse B82 L fibroblasts transfected with an EGFR
gene to validate a model for the escape of autocrine ligands into the extracellular
bulk media (Oehrtman et al., 1998). Their experimental results suggested that
the ligand secretion rate, receptor availability, and cell density in culture
controlled the rate of ligand accumulation in the media.

DeWitt et al. performed a rigorous set of experiments to show that the

fraction of ligand that is captured by the producing cells is a function of ligand
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secretion rate and receptor synthesis rate, using a human EGF/EGFR autocrine
loop engineered into mouse fibroblasts, see Figure 2.4.3 (DeWitt et al., 2001). In
this study, the ligand production rate was varied using the tet-off expression
system and the ligand release rate was modulated by addition of metalloprotease
inhibitors. The number of surface accessible receptors was varied using an

EGFR blocking antibody. The ligand secretion rate, VL, was measured using an
EGF ELISA, and the appearance rate of the receptors, VR, was calculated under
specific antibody concentrations by solving a kinetic model describing receptor-
ligand, receptor-antibody binding, and trafficking at steady state. The fraction of
total and surface receptors occupied was measured by analyzing
microphysiometer-based assay results using a quantitative model of ligand
release and receptor dynamics (Lauffenburger et al., 1998). At VL/VR ratios of
less than 0.3, almost no ligand was found in the conditioned medium, however,
30-40% of the receptors were occupied. At levels of ligand secretion sufficient to
occupy >90% of the receptors, the fraction of ligand captured dropped to <10%
and the VL/VR ratio increased to >1. These results suggested that a significant
amount of autocrine signaling could occur even when the amount of ligand in the
conditioned medium is close to the limits of experimental detection. Later work
by DeWitt et al. showed that ligand-receptor affinity also regulates the spatial
range of the fraction of ligand captured using an EGF mutant with a lower affinity
for the EGFR (DeWitt et al., 2002). The mutant ligand was captured less
efficiently, shifting the relationship between VL/VR and the fraction of ligand

captured.
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Recent computational work by Maly et al. also predicted that single cells
are capable of achieving autocrine signaling on a dimension smaller than the cell
diameter (Maly et al., 2004). Depending on the state of several cellular
parameters, from an initial state of uniform ligand release and intracellular
signaling, this dynamic model of extracellular and intracellular EGFR signaling
could achieve a state of no signaling, uniform signaling, or a state of steady
polarized ligand release and downstream signaling on a subcellular scale. In this
model ligand shedding rate, receptor density, the strength of intracellular
negative feedback, and the concentration of adaptor molecules in the EGFR
signaling cascade were all sensitive parameters that determined the final
signaling state.

Together these modeling and experimental results begin to describe how
the spatial range of growth factor signaling is dependent on several cellular
parameters. Drosophila oogenesis is an example of a complex process that is
thought to require the production of multiple growth factors and both paracrine
and autocrine signaling events for proper development of two dorsal eggshell
appendages (Shvartsman et al., 2002; Wasserman and Freeman, 1998). While
the spatial range and fraction of extracellular ligand that is captured by the
producing cell may vary, it is important to also consider how the spatial
distribution of available ligand translates to the distribution of receptor activation

and intracellular signaling events and subsequent cell behavior.
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2.3.2 Spatial Range Of Ligand Signaling Events
Does the spatial distribution of ligand signaling affect downstream

signaling and potentially cell behavior? Since previous work had implicated that
EGF-induced de-adhesion during cell motility required the activation of calpain,
Glading et al. investigated the importance of intermediate ERK localization on
this regulation (Glading et al., 2000; Glading et al., 2001). An internalization-
deficient EGFR construct was able to activate calpain, while both membrane and
cytosolic localized EGFR was shown to activate ERK. Membrane-targeted ERK
was sufficient for calpain activity and cell de-adhesion, however when
membrane-associated ERK was sequestered, EGFR-mediated calpain activation
and de-adhesion was reduced. Results from Kempiak et al. showed that cells
stimulated locally with EGF coated beads had less diffuse activated ERK when
compared to cells stimulated with exogenous EGF, which suggests that active
ERK may also remain somewhat localized in response to a polarized stimulus
(Kempiak et al., 2003). Work by Haugh et al. revealed that PLC-gamma, another
important signaling pathway downstream of the EGFR that is involved in cell
motility, could be activated both at the cell membrane and by internalized
receptors but its action of PIP2 hydrolysis appeared to be localized to the cell
membrane (Haugh et al., 1999). Together these results suggest that ERK,
calpain and PLC-gamma, all key signaling components downstream of EGFR
that are involved in cell motility, may play mechanistic roles in effectively
transferring localized growth factor signaling inputs into cellular outcomes

(Glading et al., 2002; Wells and Grandis, 2003).
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Short range activation and long range inhibition of specific signaling
molecules is thought to be another mechanism by which cells are able to receive
and interpret an asymmetric stimulus such as a chemotactic gradient (lijima et
al., 2002; Meinhardt, 1999). Phosphoinositide-3 Kinase (PI3K) is activated by
the EGF receptor and is known to be a major player cell polarization as well as
membrane protrusion and migration (Condeelis et al., 2001; lijima et al., 2002).
While PI3K may act locally downstream of active EGF receptors, PTEN, which is
the primary phosphatase for the PI3K product phosphatidylionsitol (3,4,5)-
triphosphate, is thought to work as the global inhibitor (Sulis and Parsons, 2003).
For example, PI3K activation is found localized at the cell membrane closest to
the chemoattractant, while PTEN is localized to the cell rear in Dictyostelium
discoideum amoebae chemotaxis (lijima et al., 2002). PI3K has also been
implicated in cell polarity and chemotaxis of mammalian cells (Condeelis et al.,
2001; Sawyer et al., 2003; Wang et al., 2002).

It is also interesting to point out that while growth factors may obtain
various spatial distributions and may be polarized at the cell membrane, and
downstream signals may potentially propagate this input, the EGFR itself may
also play a role in signaling distribution. Verveer et al. first proposed that ligand-
independent EGFR activation could spread laterally on the cell surface when
cells were stimulated locally with EGF-coated beads (Verveer et al., 2000). Work
by Sawano et al. later showed that local activation of the EGFR, achieved by
stimulating the edge of single cells in laminar flows containing EGF, could lead to

lateral spread of downstream signaling over the entire cell, but that this process
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only occurred at high receptor densities or when receptor endocytosis was
inhibited (Sawano et al., 2002). More recent studies have shown that local
stimulation with EGF-coated beads led to actin polymerization and membrane
protrusion at the point of bead contact, suggesting that under these
circumstances local signaling lead to a local response that is relevant to cell
migration (Kempiak et al., 2003; Segall et al., 1996). It is still under investigation
whether stimulation passes through the membrane via EGFR activation locally or
ligand-independent lateral propagation of EGFR activation occurs, and this
mechanism could be dependent on cellular parameters such as receptor density

(Reynolds et al., 2003; Schlessinger, 2002).

2.3.3 The Mode Of Growth Factor Presentation Affects Cell Migration
Behavior

Maheshwari et al. used a human mammary epithelial cell line transfected
with one of two different EGF chimeras or the addition of exogenous EGF to
investigate the effect ligand presentation mode (i.e. autocrine vs. intracrine vs.
paracrine) on cell motility (Maheshwari et al., 2001). The first chimera, EGF-Ct,
encoded for the receptor binding EGF ligand domain as well as the cytoplasmic
and transmembrane domains of pro-EGF, which required proteolytic cleavage at
the plasma membrane prior to receptor binding and was capable of stimulating
cells in an autocrine manner. The EGF-Ct cells did not stimulate the migration of
neighboring parental cells, while the addition of exogenous EGF resulted in
stimulated parental cell migration. The second chimera, sEGF, encoded for the

mature EGF ligand but lacked a membrane-anchoring domain and was thought
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to stimulate the producing cells in an intracrine fashion. Maheshwari et al.
measured the migration behavior of the parental, EGF-Ct, and sEGF hMEC cell
lines in vitro, analyzed individual cell tracks, and found that the mode of ligand
presentation affected the cell speed and migration persistence time.

Expression of membrane bound EGF (EGF-Ct) and the addition of
exogenous EGF both increased hMEC cell speed in 2D, which was inhibited with
an EGFR blocking antibody, see Figure 2.4.4. The sEGF-expressing cells had a
basal migration speed that was decreased upon anti-EGFR antibody addition,
suggesting that the surface receptor-ligand complexes governed cell migration
speed. The most intriguing result from this study was that the migration
persistence, or the approximate time a cell traveled before significantly changing
direction, of the autocrine EGF-Ct expressing cells was dramatically increased
compared to the parental cells in the presence of exogenous EGF. This
increased persistence time was aboliéhed upon addition of an EGFR blocking
antibody or exogenous EGF.

The results from Maheshwari et al. suggest that the expression of
membrane-bound EGF in the EGF-Ct hMEC cell line may lead to spatially
restricted EGFR signaling that drives persistent migration behavior. The
persistent migration may be the result of an asymmetrical distribution of EGFR
signaling that stimulates further directed migration. The asymmetry could result
from polarized distributions of the ligand, the receptor, or an asymmetric release
of the ligand. EGFR ligand autocrine signaling spatially restricted to the front of

the cell could stimulate membrane protrusion, thus producing what might be
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thought of as a local “pseudo-chemotaxis” response (Condeelis et al., 2001;
Segall et al., 1996). Although it was shown that the EGF-Ct chimera-expressing,
autocrine cells had persistent migration behavior that was abolished under
exogenous EGF/paracrine-like conditions, it is not yet known if the signaling is
indeed spatially restricted or how intermediate signaling modes would alter the
migration behavior of this experimental system. While previous results have
shown that ligand presentation mode can affect cell behaviors such as cell
organization (Wiley et al., 1998), these results conclude that the mode of ligand

presentation can alter cell migration behavior.

37



2.4 Figures
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Figure 2.4.1. Schematic of EGFR ligand precursors. The EGF receptor
ligands are synthesized as membrane integral proteins that undergo proteolytic processing at the
cell surface to release the mature soluble ligand. (Figure adapted from Opresko et al., 2001)
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Figure 2.4.2. Schematic of ligand regulation at the cell surface.
Members of the ADAM family of metalloproteases proteolytically process the EGFR ligand
precursors at the cell surface to form the mature, soluble ligand that can bind in an autocrine or
paracrine manner. Some evidence suggests pathways downstream of the EGF receptor maybe
regulate protease activity. (Figure adapted from Wiley et al., 2003)
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Figure 2.4.3 Ligand release rate varies the fraction of ligand

captured. The relationship between the EGF secretion rate, V,, receptor production rate, Vg,
and the fraction of ligand captured for an engineered autocrine system in B82 mouse fibroblasts.
(Adapted from DeWitt et al., 2001)
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Figure 2.4.4 Autocrine presentation stimulates single cell

persistence. Migration speed and persistence measurements for the EGF-Ct and sEGF cell
lines, in the presence and absence of 2nM EGF and 10 ug/m! 225 mAb. (Adapted from
Maheshwari et al., 2001)
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Chapter 3: Autocrine stimulated ERK signaling and cell
motility

Aberrant expression of the epidermal growth factor (EGF) receptor has
been implicated in various types of cancers. In carcinomas, the tumor cells
generally both express EGF receptor and produce cognate ligands providing a
potential autocrine signaling system. EGF family ligands are synthesized as
membrane-anchored proteins requiring proteolytic release to form the mature
soluble factor. Despite the pathophysiological importance of autocrine systems,
how protease-mediated ligand release quantitatively influences receptor-
mediated signaling and consequent cell behavior is poorly understood.
Therefore, we explored the relationship between autocrine EGF release rates
and receptor-mediated ERK activation and migration in human mammary
epithelial cells. A quantitative spectrum of EGF release rates was achieved
using chimeric EGF ligand precursors modulated by the addition of the
metalloprotease inhibitor batimastat. We found that ERK activation increased
with increasing ligand release rates despite concomitant EGF receptor

downregulation. Cell migration speed depended linearly on the steady-state
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phospho-ERK level, but was much greater for autocrine compared to exogenous
stimulation. In contrast, cell proliferation rates were constant across the various
treatment conditions. Thus, in these cells, ERK-mediated migration stimulated
by EGF receptor signaling is most sensitively regulated by autocrine ligand

control mechanisms.

3.1 Introduction

The EGF receptor (EGFR) tyrosine kinase family is known to play an
important role in normal physiological processes including cell survival, cell
proliferation, migration, and wound healing (Yarden and Sliwkowski, 2001).
Aberrant expression of EGFR family ligands, as well as of the receptors
themselves, is implicated in and correlated to poor prognosis in various types of
cancers, including tumors of the brain, breast, lung, and prostate among others
(Ishikawa et al., 2005; Normanno et al., 2003; Normanno et al., 2006; Salomon et
al., 1995). The cell property most underlying this link to poor prognosis is
increased cell migration to enable escape from the primary mass and initial
dissemination (Condeelis et al., 2005; Wells, 2000).

The family of ligands that bind specifically to the EGFR (also known as
erbB1 and HER1) includes EGF, TGF-alpha (TGFa), amphiregulin, heparin-
binding EGF, betacellulin, epiregulin and epigen (Harris et al., 2003). These
ligands are synthesized as membrane-anchored proteins containing an amino
terminal extension, an EGF-like receptor binding domain, a membrane proximal

region, transmembrane region and a cytoplasmic tail. Ligands such as HB-EGF
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and amphiregulin may be capable of activating EGFR in a juxtacrine mode at
points of cell-cell contact, while others, including EGF and TGF«, are understood
to require proteolytic cleavage from the cell surface to form mature soluble
growth factors that act in a local autocrine fashion or more distal paracrine
manner (Borrell-Pages et al., 2003; Dong et al., 2005; Singh and Harris, 2005).
While there is little sequence homology between the various ligands outside of
the core EGF-like domain, the membrane proximal region is thought to be a key
determinate in ectodomain shedding and protease specificity (Arribas et al.,
1997; Harris et al., 2003).

The ADAM family of metalloproteases appears to be central to EGFR
ligand processing. ADAM17 (also known as TACE) has been implicated in the
proteolytic processing of TGFa, amphiregulin, and HB-EGF, while ADAM-10 is
thought to be involved in EGF cleavage (Borrell-Pages et al., 2003; Sahin et al.,
2004). Protease regulation of ligand release is under active investigation,
especially because of the growing appreciation of this mechanism as underlying
transactivation of EGFR family receptors by a variety of stimuli such as G
protein-coupled receptor ligands and mechanical stress (Eguchi et al., 2003;
Fischer et al., 2003; Ohtsu et al., 2006). Evidence exists that signaling pathway
activation can stimulate autocrine ligand release (Baselga et al., 1996; Fan and
Derynck, 1999; Pandiella and Massague, 1991), and that this effect can be
enhanced by constitutively active pathway components (Seton-Rogers and

| Brugge, 2004; Seton-Rogers et al., 2004; Wilsbacher et al., 2006). A recent

study has demonstrated that co-expression of TGFa and TACE at elevated
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levels is highly predictive of poor prognosis across a set of 295 primary breast
tumors. Significantly, reversion of a malignant phenotype could be obtained by
reduction of TACE activity, suggesting that quantitative control of protease-
mediated autocrine EGF ligand release could be critical for governing phenotypic
behavior (Kenny and Bissell, 2007).

Autocrine ligand signaling was initially identified by the ability of
transformed cells to grow in culture in the absence of exogenous growth factor
supplements (Sporn and Todaro, 1980). Due to the intrinsic “closed-loop” nature
of autocrine systems, however, identification and experimental analysis of
autocrine effects on cellular behaviors is unusually challenging (Wiley et al.,
2003). Cells expressing a form of pro-EGF that required shedding have shown
increased cell migration persistence compared to exogenously stimulated cells,
suggesting that autocrine presentation may stimulate distinctive cell behavior
potentially due to spatial restriction of EGFR activation (Maheshwari et al., 2001).
Both computational and experimental approaches have estimated that EGFR
autocrine loops can operate on a scale less than a cell diameter and that several
parameters, such as ligand release rate, receptor number, ligand affinity, and
ligand diffusivity affect spatial localization (DeWitt et al., 2002; DeWitt et al.,
2001; Forsten and Lauffenburger, 1992b; Lauffenburger et al., 1998; Maly et al.,
2004; Shvartsman et al., 2001). In addition, experimental work has
demonstrated that the ratio of ligand release to receptor production correlated

with the fraction of ligand that was captured, suggesting that these parameters
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may determine whether cells operate in an autocrine or paracrine mode (DeWitt
et al., 2001).

In this current study we investigate how the protease-mediated ligand
release rate quantitatively governs receptor-mediated signaling and consequent
cell proliferation and migration behavior. A central issue is whether a “dose-
response” relationship can be obtained across a range of ligand release rates, in
manner analogous to the well-established approach used to ascertain effects of
exogenous ligand/receptor interactions. A second major issue is whether there
exist significant differences between cell responses to “chronic” (e.g., as in
persistent autocrine ligand stimulation) as opposed to “acute” (e.g., the typical
experimental method of bolus exogenous ligand addition in culture) treatment.
One might imagine that cell signaling and behavioral responses to a high
autocrine ligand release rate might be similar to that for exogenous ligand
treatment, since both are effectively “paracrine” presentations.

To address these questions, we have designed an experimental in vitro
cell system to test how varying ligand release alters cell signaling and cell
migration. High and low release rates of EGF are achieved using chimeric
transmembrane EGF ligand precursors retrovirally transfected into the 184A1
human mammary epithelial cell line. Ligand release can be “tuned” downward by
the metalloprotease inhibitor batimastat, to obtain a quantitative spectrum of
ligand release rates. We measured surface EGFR downregulation, ERK
phosphorylation, cell proliferation, and cell migration speed under conditions of

low to high ligand release. We found that cell migration speed was directly
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proportional to the steady-state phospho-ERK level driven by autocrine ligand
release, in a clear demonstration of a “dose-response” relationship. Surprisingly,
migration speed is faster under “chronic” autocrine control than under “acute”
exogenous treatment even though the latter generates greater peak and
integrated levels of phosphorylated ERK as well as equivalent cell proliferation
responses. Thus, cell migration -- in contrast to cell proliferation -- is more

sensitively controlled by protease-mediated autocrine ligand release.

3.2 Materials and Methods

3.2.1 Reagents and antibodies
Batimastat (BB-94; [4-(N-hydroxyamino)-2R-isobutyl-3S-

(thienylthiomethyl)succinyl]-L-phenylalanine-N-methylamide) was custom
synthesized by Kimia Corporation (Santa Clara, CA). ERK phosphorylation was
inhibited with the small molecule MEK inhibitor PD98059 (Calbiochem). Anti-
EGFR 13A9 monoclonal antibody, which binds non-competitively to both
occupied and empty EGFR (Winkler et al., 1989), was a gift from Genentech
(South San Francisco, CA). The receptor blocking anti-EGFR 225 monoclonal
antibody was isolated from a hybridoma cell line obtained from the American
Type Culture Collection (Gill et al., 1984). Anti-EGF antibodies for EGF ELISA
include 236 (R&D Systems) and a rabbit polyclonal described previously (Wiley
et al.,, 1998). The tertiary ELISA detection antibody was an alkaline
phosphatase-conjugated goat anti-rabbit antibody (Sigma). Recombinant human

EGF was obtained from Peprotech. ERK antibodies used in western blots were
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purchased from Cell Signaling. Luminex phospho-tyrosine EGFR and phospho-

ERK1/2 BioPlex kits and lysis buffer were purchased from Bio-Rad.

3.2.2 Construction of ligand chimeras and cell lines
The Wiley lab constructed all of the EGF chimeras. The TCT ligand (EGF

with the membrane-anchoring region and cytoplasmic tail of TGFa) was
assembled initially in pBluescript using a construct that contained the mature
coding sequence of EGF (amino acids 971 to 1023) preceded by the signal
sequence of the EGFR. A Bgl Il site was engineered at the 3’ end of the EGF
sequence followed by an Xba1 site from the original pBluescript multicloning
region. Ligand specific sequences that included the juxtamembrane,
transmembrane and cytoplasmic tails were amplified using PCR primers that
contained a Bgl |l site in the 5’ primer and an Xba1 and BamH1 site in the 3’
primer. The following primer sequences were used: TGFa front primer: 5’ — ACT
TAA GAT CTC CTG GCC GTG GTG GCT GCC AGC CAG A - 3’; TGFa back
primer: 5 — CCG CTC TAG AAC TAG TGG ATC CCC TCT TCA GAC CAC TGT
TTC TGA GTG - 3. Following assembly in pBluescript the chimeric ligand was
subcloned into the retroviral vector pBM-IRESpuro (Garton et al., 2002).
Retroviral supernatants were collected from transfected HEK293 cells and used
to transduce the parental h(MEC cell line. The ECT ligand (EGF with the
membrane-anchoring region of EGF) was constructed as described previously

(Wiley et al., 1998). These constructs are shown schematically in Fig. 3.5.1.
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The human mammary epithelial cell (hMEC) line 184A1 (Stampfer et al.,
1993) was obtained from Martha Stampfer (Lawrence Berkeley National
Laboratory, University of California, Berkeley, Berkeley, CA). The hMECs were
retrovirally transduced with the ECT and TCT constructs and maintained in DFCI-
1 medium (Band and Sager, 1989). Serum-free media consisted of DFCI-1
complete media lacking fetal bovine serum, bovine pituitary extract, or EGF
supplements, with the addition of 1 mg/ml Bovine Serum Albumin (Sigma).
Unless otherwise noted, cells were incubated for 16 hours in serum-free media
before starting each experiment. All experiments were performed using celis

within 15 passages of thawing.

3.2.3 EGEF release rates
Cells were plated in DFCI-1 media in 12-well plates on day 1 at a density

of 60,000-80,000 cells/well, and switched to serum-free media on day 2. After 16
hours cells were switched to 1ml of fresh serum-free media alone or containing
225 or batimastat at varying concentrations. At 2-hour time intervals media was
collected from parallel plates, centrifuged at 14,000 for 10 minutes at 4°C, and
the supernatant was frozen. The EGF concentration of the conditioned media,
measured by ELISA, was converted to molecules of EGF and normalized to the
average cell number per well measured with a Vi Cell XR. The rate of EGF

release was determined from the slope of a linear fit.
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3.2.4 Surface receptor levels
Anti-EGFR mAb 13A9 was labeled with '°I (Perkin Elmer) using

iodobeads (Pierce) as previously described (Burke and Wiley, 1999). Labeled
13A9 was used to measure surface EGFR numbers as previously described
(Hendriks, 2003). Briefly, 150,000 cells were plated in 6-well plates on day 1 and
switched to serum-free media with or without 10 uM Batimastat on day 2. After
19 hrs, cells were switched to fresh serum-free media containing 600 ng/ml of
radiolabeled 13A9 alone or in addition to 2nM EGF and incubated at 37°C for 5
hours. In the case of metalloprotease inhibition, cells were kept under 10 uM
Batimastat for an additional 5 hours (24 hours total) in the presence of
radiolabeled 13A9. Surface bound antibody was removed with an acid strip
solution and triplicate wells were quantified using a Gamma counter. Parallel
plates were trypsinized and counted using a Vi Cell XR to determine the average
number of cells per well. The experiment was repeated on a separate day to
confirm results and surface receptor numbers are reported here as an average

per cell measured in triplicate wells on a single day.

3.2.5 EGFR and ERK phosphorylation
Cells were plated in 6-well plates at 150,000 cells/well. Cells were starved

in serum-free media for 16 hours, treated as described in figure legends, rinsed
once with cold PBS, and subsequently scraped in lysis buffer, prepared as
previously described (Janes et al., 2003) for western blotting or in
Phosphoprotein Lysis Buffer (Bio-Rad) for the Luminex assays. Lysates were

incubated on ice for 10 minutes and then centrifuged at 14,000 rpm for 10
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minutes at 4°C. The supernatants were frozen at -80°C until use. Lysates were
analyzed using a bicinchonicic assay (Pierce) to determine the total protein
concentration. For western blotting, equal amounts of total lysate protein were
diluted in lysis buffer and 4X sample buffer and run on 7.5% gels and transferred
to PDVF membranes (Bio-Rad) before blocking with 5% BSA in TBS-T and
incubating membranes overnight at 4°C with a primary p44/42 ERK antibody
(Cell Signaling). The membranes were stripped and reprobed for total ERK (Cell
Signaling). For the Luminex assays, which are quantitative immuoprecipitation
bead-based assays, lysates were diluted in Bio-Rad Lysis Buffer and Bio-Rad
Assay Buffer to a final protein concentration of 150 ug/mi (7.5 ug of protein per
well). Linearity of the pTyrEGFR and pERK 1/2 Bio-Rad assays was checked
using varying ratios of mixed lysate from EGF stimulated and unstimulated
parental cells (see Figure 3.5.2) and results were used to determine the optimal
loading per well. Phospho-tyrosine EGFR and phosphorylated ERK 1/2
(Thr*%/Tyr®®, Thr'®/Tyr'®") were both measured using Bio-Rad phosphoprotein

single-plex kits on a Luminex as per protocol (Bio-Rad).

3.2.6 Cell counting assay
To measure the relative growth rates, cells were plated in 6-well plates at

a low initial density of 50,000 celis/well in regular DFCI-1 media. On day 2, cells
were counted using a Vi Cell XR, and parallel plates were switched to either
regular or serum-free media. Cells from different plates were then counted in

triplicate at 24-hour intervals for a total of 3 days in each media. ECT and TCT
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cell growth was similar under both media conditions and data is shown
comparing relative growth rates of autocrine-stimulated proliferation in serum-
free media to parental cells. Growth rates were determined from an exponential

fit.

3.2.7 Sparse-labeled monolayer migration assay
Single cell migration was measured from a cell monolayer using a

modified high-throughput assay (Kumar et al., 2006); see Fig. 3.5.3. A confluent
plate of cells was incubated with 8 mM of a fluorescent cell tracker dye, CMFDA
(Invitrogen), for 25 minutes at 37°C, rinsed with PBS and then trypsinized along
with a parallel plate of unlabeled cells. Cells were counted with a Vi Cell XR,
mixed at a ratio of 1:10 labeled to unlabeled cells, and plated at 40,000-50,000
cells per well in a 96-well plate (Packard) in DFCI-1 complete media. The
optimal cell density to obtain a non-overcrowded confluent monolayer was
determined by plating increasing numbers of cells under the same conditions and
visualizing cell density with a bright field microscope (data not shown). After 4
hours, cells were switched to 100 ul of serum-free media. After 15 hours, media
was switched to 100 ul of serum-free media with or without stimulation. MEK
inhibition involved a 30-minute pre-incubation with PD98059 (0.04, 0.2, 1, 5, and
25 pM) prior to stimulation (see Fig. 3.5.12 legend). Fluorescent images were
acquired using a Cellomics KineticScan at 15-minute intervals for 6-8 hours.
Image files were exported to Imaris for cell tracking and dynamic cell coordinates

were analyzed in Matlab. All cell paths lasting the duration of the experiment
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were included in the analysis. We report the average cell speed and standard
error of the mean for a minimum of 200 cells measured from multiple wells per
condition. Cell persistence was determined from a fit to the persistent random
walk equation described in Chapter 5. Cell persistence measurements were not
a focus of this chapter due to the inherent cell-cell contacts in the monolayer

assay.

3.3 Results

3.3.1 EGF chimeras and metalloprotease inhibition quantitatively
tune autocrine ligand release rates

In this study we have chosen two EGF chimeras that encode different
regulation at the cell surface to investigate the effects of ligand release on cell
signaling and migration. In addition to the previously described membrane
bound EGF ligand named ECT (in previous reports termed EGF-ct, EGF
cytoplasmic tail), we constructed an EGF chimera that contains the
transmembrane and cytoplasmic domains of TGFa, named TCT
(TGFa cytoplasmic tail) (see Fig. 3.5.1). We verified TCT was correctly
processed into EGF at the correct cleavage sites by mass spectrometry of
immunoprecipitated ligand (data not shown). In both ECT and TCT, the core
ligand arises from the physiological EGF ligand. Ligand release was measured
from conditioned media at 2-hour time intervals for 8 hours and normalized to cell
number. The EGF concentration was then measured using an ELISA. The slope

of the accumulation estimates the rate of ligand release on a per cell per minute
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basis. Minimal accumulation of EGF in ECT conditioned media was measured
over 8 hours (Fig. 3.5.4). However, in the presence of 225, an EGFR blocking
monoclonal antibody, the rate of EGF accumulation increased from
approximately 20 to 600 molecules released per cell per minute. This suggests
that the ECT cells capture most of the EGF that is cleaved from the cell surface.
In contrast, the TCT cells had a 10-fold higher rate of release in serum-free
media alone. Thus, the two different EGF chimeras give us “coarse-grained
tuning” of autocrine ligand release rates.

Next, we added a protease inhibitor at increasing concentrations in order
to “fine-tune” the ligand release rate across a quantitative spectrum. We used
batimastat, an inhibitor of zinc-containing metalloproteases, because of its
demonstrated efficiency in blocking the shedding of EGFR ligands from cells
(Dong et al., 2005). We found that the IC50 value of batimastat for the release of
EGF from the TCT cells was 0.33 uM (Fig. 3.5.4B). Adding increasing
concentrations of batimastat lowered the linear rate of accumulation of EGF in
the media over 8 hours (Fig. 3.5.4C). Therefore, we can use both EGF
constructs as well as the addition of Batimastat to modulate the rate EGF release

in quantitative manner across a spectrum of rates.

3.3.2 Increasing autocrine release rates downregulate surface EGFR
levels but increases levels of active EGFR

The addition of exogenous EGF has been shown to downregulate
receptor levels on the cell surface in culture (Hendriks et al., 2003). To
determine the effects of the EGF release on surface receptor levels we
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measured steady-state binding of '°I-labeled 13A9, a non-competitive EGFR
monoclonal antibody, after 5 hours in the presence or absence of 2 nM
exogenous EGF in the different cell lines (Hendriks et al., 2003). We confirmed
receptor downregulation of the parental cells incubated with exogenous EGF
(Fig. 3.5.5A). The ECT and TCT cells displayed lower levels of surface receptors
than control cells, even in the absence of exogenous ligand. The addition of
soluble EGF, however, reduced the receptor level of all cells to the same final
degree (Fig. 3.5.5A). The TCT cells displayed the lowest steady state levels of
EGFR, which were only marginally influenced by exogenous ligand addition.
TCT surface receptor levels increased when incubated in 10 uM Batimastat,
suggesting that the downregulation was indeed dependent on the ligand release.

Given this substantial degree of EGFR downregulation from autocrine
signaling, it could be anticipated that the level of active EGFR would be similarly
decreased. To examine the net outcome of the counteracting higher ligand
levels versus lower receptor levels, we measured EGFR tyrosine phosphorylation
using the BioPlex quantitative immunopreciptation bead-based assay. As shown
in Fig. 3.5.5B, despite the decrease in surface EGFR the level of phosphorylated
EGFR was enhanced at greater ligand levels. Thus, receptor activation

increases with increasing autocrine ligand release rates.

3.3.3 Autocrine signaling leads to steady ERK activation
We next sought to determine how a key downstream signal varied with

autocrine ligand release rate, in concert with the asymptotic increase in EGFR
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activation. Autocrine presentation led to elevated phosphorylation levels of the
main EGFR-induced MAP kinase, ERK 1/2, measured by western blot over an 8-
hour time course following 16 hours of serum-starvation (see Fig. 3.5.6A).
ERK1/2 phosphorylation dynamics was determined using the BioPlex assay.
The medium was spiked with EGF to a final concentration of 2 nM EGF or
switched to serum-free media containing 225 EGFR blocking antibody for 2
hours prior to washing and replacing with fresh serum-free media. Although the
parental cells exhibit dramatic phospho-ERK dynamics after EGF stimulation, the
ECT and TCT cells show phosphorylated ERK that is only briefly and mildly
increased in the presence of exogenous EGF before returning to basal levels
(Fig. 3.5.6B). Incubation with the receptor-blocking 225 monoclonal antibody for
2 hours abolished ERK phosphorylation in the autocrine cells. After removal of
225, several washes, and adding fresh serum-free media, ERK phosphorylation
steadily increased due to autocrine presentation over a two-hour period before
reaching initial levels. Phospho-ERK1/2 measured 2 hours after addition of
varying batimastat concentrations was found to be an asymptotically increasing

function of autocrine ligand release rate (Fig. 3.5.6C).

3.3.4 Autocrine presentation induces normal proliferation but
enhanced migration

In order to determine how phenotypic cell behaviors might depend on the
rate of autocrine ligand release, and whether they might differ for chronic
(autocrine) versus acute (exogenous) stimulation, we measured cell proliferation
and cell migration responses in our system. Cells were counted under the low
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and high ligand release rates and compared to parental cells in regular DFCI-1
culture media containing 2nM EGF. The relative growth rates, calculated from an
exponential fit to the growth kinetics, were found to be essentially invariant: 3.7,
3.6, and 3.2 % increase/hour for the parental, ECT, and TCT cells respectively
(Fig. 3.5.7). Thus, while these cells are dependent on EGF for cell growth, the
increased levels of autocrine signaling induced by the ligand chimeras did not
increase this growth over the control levels.

Cell migration was measured using high-throughput imaging of multiple
individual cells within a monolayer. This assay monitors the movement of a
population of confluent cells while capturing cell-to-cell variation. This is likely a
more physiologically relevant situation than dispersed, low-density single-cell
tracking, because of the importance of cell-cell interactions in tissue. After cells
were starved for 15 hours, cells were switched to fresh serum-free media with or
without exogenous EGF, batimastat, or 225 antibody. After equipment set up,
cells were monitored with a Cellomics KineticScan for 6 to 8 hours with images
acquired every 15 minutes. EGF stimulation increased parental cell migration in
a dose-dependent manner, but the ECT and TCT cells exhibited even more
vigorous motility (Fig. 3.5.8A). Population averaged values of cell speed were
determined from the individual cell paths under the various experimental
conditions (>200 paths were analyzed in each case), and Figure 3.5.8B shows
that the trends observed in Figure 3.5.8A are quantitatively valid. In addition,
Figures 3.5.8B,C show that the high migration speeds induced by autocrine

ligand stimulation are reduced by treatment with 10ug/ml 225 mAb and 10 uM
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batimastat, as expected. Interestingly, exogenous EGF did not significantly
enhance the autocrine ligand-induced cell motility, possibly due to the relatively
unaltered ERK phosphorylation under these conditions (Fig. 3.5.8B). Monitoring
the migration speed values as a function of time shows that in all cases the
trends explicated in Figure 3.5.8 are maintained throughout the experiment;
moderate reduction occurs for all conditions most likely due to mild cytotoxic
effects of the cell tracker dye (see Fig. 3.5.9).

Autocrine ligand presentation also appeared to yield increased cell
persistence (see Fig. 3.5.10). However, persistence effects are difficult to
interpret in the confluent monolayer assay because of the inherent continuous

cell-cell interactions.

3.3.5 Cell migration speed is proportional to pERK1/2 as autocrine
ligand release rate is varied

Given the concomitant increases in ERK1/2 phosphorylation levels and
cell migration speed as autocrine EGF release rate is increased, we sought to
ascertain the critical nature of this relationship. Figure 3.5.11A shows migration
speed against phospho-ERK1/2 levels for the parental, ECT, and TCT cells.
Migration speed varied in linear fashion with phospho-ERK1/2 for the autocrine
(ECT, TCT) cells as well as for the parental cells, but the slope of this
relationship is much greater for the autocrine-induced cells relative to
exogenous-stimulated parental cells. Even though exogenous-stimulated

parental cells can generate phospho-ERK1/2 levels as high as or higher than the
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autocrine-induced cells, the former cannot attain nearly as great a migration
speed.

In order to test whether these differential ERK-migration relationships are
merely correlative or are causative, the cells were treated with a spectrum of
concentrations of PD98059, a MEK inhibitor, under both exogenous and high
autocrine stimulation. The quantitative dose-response relationships for both
phospho-ERK and migration speed as functions of inhibitor concentration are
shown in Figure 3.5.12. As shown in Figure 3.5.11B, in which the resulting
migration speeds are plotted against the corresponding phospho-ERK values,
the same diverse linear relationships were obtained. Therefore, cell migration
speed depends critically on the phospho-ERK level in a linear manner, for both
autocrine and exogenous control but with a significantly stronger dependence for

the former than the latter.

3.4 Discussion

EGFR family signaling plays a key role in governing multiple cell
phenotypic behaviors, including proliferation, migration, and differentiation, and is
critically involved in key tissue physiological processes (Wells, 1999). Its
dysregulation is associated with various pathologies including tumor progression
(Condeelis et al., 2005; Wells, 2000); Normanno et al., 2006), and it is
considered to be a broadly useful therapeutic target system for cancer and other
diseases (Bublil and Yarden, 2007; Coffey et al., 2007; Johnston et al., 2006).
The vast preponderance of basic science and clinical application studies has

70



focused on the receptors and downstream signaling pathways, as a locus for
control of pathophysiological cell behavior. Now, however, the important but
highly complex nature of ligand control in the EGFR system is beginning to be
appreciated (Carpenter, 2000; Harris et al., 2003; Singh and Harris, 2005). In the
realm of tumor progression, enhanced production of EGF autocrine ligands has
been found to be associated with the HER2/neu oncogene expression in
mammary epithelial cells (Seton-Rogers and Brugge, 2004; Seton-Rogers et al.,
2004). Furthermore, high levels of co-expression of an EGFR autocrine ligand
and the metalloprotease that releases it at the cell surface to enable receptor
binding were found to be strongly predictive of poor prognosis across a set of
primary breast tumors, with inhibition of ligand release yielding reversion of a
malignant phenotype (Kenny and Bissell, 2007).

Although information has been gathered concerning regulation of
autocrine ligand release by ligand structural features and metalloprotease
identities (Sahin et al., 2004; Dong et al., 2005; Ohtsu et al., 2006), little is
understood about how the protease-mediated ligand release rate quantitatively
governs receptor-mediated signaling and consequent cell behavior. Even such a
basic foundational point as the simple “dose-response” dependencies of receptor
downregulation, downstream signaling, and phenotypic cell functions on
autocrine ligand release rate have not been established for endogenous ligand
stimulation, despite the centrality of this kind of information to subsequent
analysis of underlying regulatory mechanisms. Moreover, there has been little

exploration in the cell biology field of potential differences between cell
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behavioral responses induced by the common but likely artifactual “acute”
stimulation by exogenous ligand treatment versus those arising from the more
likely physiological (but much more difficult to generate experimentally) “chronic”
stimulation by endogenous ligand.

In order to begin addressing this dearth of understanding, we developed a
set of EGFR ligand chimeras that vary in their transmembrane and cytosolic
anchor regions (‘ECT’ and ‘TCT’; see Fig. 3.5.1) to “coarse-grain tune” EGF
autocrine ligand release rate with accompanying “fine-tuning” by the
metalloprotease inhibitor batimastat. The ECT construct, containing both the
ligand and membrane-anchoring domain of the native EGF ligand, shows very
low accumulation in the extracellular media. Blocking the EGF receptor with a
monoclonal antibody leads to a significant increase (though still to a relatively low
absolute level) in ligand accumulation (Fig. 3.5.4A), suggesting that the ECT cells
operate in an autocrine mode where most of the ligand released by the cells in
captured before diffusing into the media. While keeping the EGF receptor-
binding domain of the ligand constant to ensure similar binding and receptor
dynamics, we varied the membrane proximal region and cytoplasmic tail to alter
protease specificity. Changing the membrane-anchoring domain and protease
cleavage site to a TGFq based construct (TCT) led to a 10-fold increase in ligand
release rate (Fig. 3.5.4A). Due to this dramatic difference in ligand release
dynamics, we were able to further decrease the high ligand release with

increasing concentrations of batimastat (see Figs 3.5.4B,C). With this system we
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could rigorously investigate how varying the rate of ligand release affects
receptor signaling and behavioral responses.

A first step was to examine proximal receptor downregulation and
activation as a function of ligand release rate. While receptor downregulation
has been previously measured in the hMEC cell line in the presence of
exogenous EGF, we find here that increasing ligand release rates lead to
decreasing surface receptor levels (Fig. 3.5.5A). The ECT cells have sub-
saturating receptor downregulation that can be further downregulated with
exogenous EGF, while the TCT cells have sustained low levels of surface
receptors that are not further reduced by additional exogenous EGF treatment.
These quantitative surface receptor measurements suggest that the ECT cells
are not saturated with ligand while the TCT cells are producing saturating
concentrations of EGF. However, we found that decreasing total numbers of cell
surface receptors levels were correlated with enhanced EGFR activation (Fig.
3.5.5B). This is consistent with the idea that the occupancy-induced
internalization of the EGFR, which leads to downregulation, is a mechanism to
enhance ligand capture rather than attenuate signaling (Wiley et al., 2003).

Downstream of the EGF receptor, both the ECT and TCT cells have
sustained ERK phosphorylation and respond only briefly to exogenous EGF
stimulation (Figs 3.5.6A,B). After 1 hour the ECT and TCT cells return to their
steady levels of ERK phosphorylation, while the parental cells achieved much
higher levels of activation that remain above autocrine levels at 2 hours of

stimulation. After blocking the autocrine activation for 2 hours with the 225
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antibody, EGFR tyrosine phosphorylation (Fig. 3.5.13) and ERK phosphorylation
steadily increase (Fig. 3.5.6B). Autocrine stimulation never leads to the high
peaks or ephemeral dynamics characteristic of acute exogenous stimulation,
even at the highest ligand release rates. It is conceivable that acute treatment
with high concentrations of exogenous EGF could generate negative feedback
mechanisms on EGFR signaling (Amit et al., 2007), such as Mig6 (Ferby et al.,
2006) — which perhaps might not be generated by the gradual activation arising
from chronic endogenous ligand release and receptor binding. Alternatively, this
dynamic “overshoot” from an initial stimulus treatment toward relaxation to an
ultimately “steady-state” could arise from a quantitative mis-match of
receptor/ligand binding rates versus signal activation and deactivation rates
(Resat et al., 2003).

Under increased autocrine presentation we found that normal cell
proliferation was not altered by ligand release rate or presentation mode (Fig.
3.5.7), but in contrast we found significant effects on cell migration behavior (Fig.
3.5.8). Migration speed was shown to quantitatively depend on ligand release
rate. Furthermore, we found that migration speed appears to depend in linear
manner on ERK phosphorylation — whether modulated by increasing ligand
release rate (Fig. 3.5.11A) or by increasing the concentration of the MEK inhibitor
PD98059 (Fig. 3.5.11B). ERK is known to critically regulate key biophysical
processes underlying cell migration (Brahmbhatt and Klemke, 2003; Glading et
al., 2001; Huang et al., 2004). Importantly, however, the migration behavior of

cells driven by autocrine, or “chronic” EGF stimulation and those driven by
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exogenous, or “acute” EGF stimulation, separate clearly onto disparate curves in
the speed-versus-pERK “dose-response” plot (Fig. 3.5.11). The cells driven by
autocrine ligand attain much higher migration speeds than those driven by
exogenous ligand for any given level of ERK phosphorylation. This finding
suggests that the EGFR signaling network activity more broadly, beyond the ERK
pathway, might be more effectively optimized for inducing migration when under
autocrine ligand control compared to exogenous ligand treatment. A mass
spectrometry study of EGFR system signaling related to migration of these same
184A1 human mammary epithelial cells indicates a large number of pathways to
be significantly implicated (Wolf-Yadlin et al., 2006). Potentially, future studies
could test whether key negative regulators operating within this network (Amit et
al., 2007) might become more activated during the signaling “overshoots” under
acute exogenous treatment compared to chronic autocrine stimulation. Perhaps
lower, but steady signaling results in optimal, coordinated cell motility, while
exogenous stimulation leads to transient receptor and signaling downregulation
that could impede cell migration. Recall, however, that significant divergence
between autocrine and exogenous ligand effects were not found for cell
proliferation responses in this system; thus, different phenotypic behaviors
appear to be diversely influenced by the mode of ligand presentation. In any
event, the kind of rigorously quantitative dose-response capabilities that we have
established here should play a vital role in examining molecular pathway

regulatory mechanisms in future studies.
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Figure 3.5.1. EGF ligand chimera constructs from the Wiley lab. (A)
EGFR ligands are synthesized as integral membrane proteins that have variable membrane
anchoring domains. Chimeras containing the receptor-binding domain of EGF (core) attached to
the stem, transmembrane domain (TM), and cytoplasmic domain of either EGF or TGFa were
constructed as shown. (B) Amino-acid sequence of each chimera showing published cleavage
site (filled arrowhead). (C) Schematic of ECT and TCT constructs.
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FIGURE 3.5.2. pERK1/2 and pTyrEGFR BioPlex assay development.
The phospho-tyrosine EGFR and phospho-ERK 1/2 assays were checked for linearity using two
approaches. First, lysate from a stimulated parental sample was loaded in increasing amounts.
Second, stimulated lysate was mixed at various ratios with an unstimulated lysate, keeping the
amount of total protein constant at 10 ug per well. Varying the fraction of stimulated lysate
showed linearity for both the (A) pTyrEGFR and (B) pERK 1/2 assays, indicating the extent of
phosphorylation can be quantitatively determined.
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Figure 3.5.3. Sparse-labeled monolayer cell migration assay.
Fluorescently labeled cells were plated 1:10 with unlabeled cells in a 96-well plate. Images were
acquired at 15-minute intervals for 6-8 hours using a Cellomics KineticScan. Labeled cells within
the monolayer were tracked using Imaris. A single field is shown and individual cell paths are
displayed as a function of time. The two images shown are each from a separate experimental
condition; one showing non-migratory cells and the other showing stimulated motility. Scale bar:

200 um.
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Figure 3.5.4. TCT construct has 10-fold higher release rate that is
decreased with batimastat. (A) Ligand release rate is measured from the slope of EGF

accumulation over time. After 16 hours in serum-free media, cells were switched to fresh serum-
free media or media containing an inhibitor and samples were collected at 2-hour time intervals
from triplicate wells. EGF concentration was measured using an EGF ELISA. The approximate
ligand release rates (molecules of EGF released/cell/minute), verified in independent
experiments, are shown next to each linear fit. (B) TCT release into the media over an 8-hour
time period is inhibited using increasing concentrations of Batimastat. Fitting the conditioned
EGF concentration to a dose-response curve reveals a median inhibition concentration of 0.33
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uM Batimastat. (C) Adding increasing concentrations of Batimastat down modulates the linear
ligand release of TCT cells. Error bars represent one s.d. from the mean of triplicate samples.
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Figure 3.5.5 Autocrine signaling leads to surface EGFR
downregulation and tyrosine phosphorylation in a ligand release rate

dependant manner. (A) Surface receptor numbers were quantified using an equilibrium-
binding assay with 125) Jabeled 13A9 mAD followed by an acid strip and counting on a gamma
counter. Cells were serum-starved overnight before incubating the cells in fresh serum-free
media containing labeled 13A9 alone (black bars) or with 2 nM exogenous EGF (grey bars) for 5
hours, as described in “Materials and Methods”. In addition, cells were starved in the presence of
10uM Batimastat to block ligand shedding for 24 hours prior to receptor counting (white bars).
Receptor numbers were normalized to the average cell number counted from parallel plates.
Error represents one s.d. from the mean of triplicate wells. (B) Phospho-EGFR levels were
measured using a quantitative immunoprecipitation bead-based Tyrosine EGFR BioRad Bio-Plex
phosphoprotein detection assay. Parental, ECT, or TCT cells were switched to fresh serum-free
media for 2 hours and then lysed. In addition, TCT cells were incubated with increasing
concentrations of Batimastat (0.12, 0.33, and 0.86 uM) to achieve additional release rates. Error
represents one s.d. from the mean of triplicate lysates.
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Figure 3.5.6. Autocrine stimulation leads to sustained ERK

phosphorylation. (A) Phosphorylation of ERK 1/2 measured over an 8-hour time course.
Cells were incubated in serum-free media and lysed at the indicated time points. Blots were
stripped and reprobed for total ERK 1/2. (B) Phospho-ERK dynamics measured using a
quantitative immunoprecipitation bead-based ERK1/2 BioRad Bio-Plex phosphoprotein detection
assay. Cells were spiked with 2 nM exogenous EGF (filled circles, squares and diamonds) or
blocked with 10 ug/ml of 225 for two hours prior to 3 PBS washes and serum-free media
replacement (empty circles and squares). Error represents one s.d. from the mean of triplicate
lysates. (C) ERK phosphorylation was measured from triplicate lysates after two hours in serum-
free media. In addition, TCT cells were incubated in Batimastat (0.12, 0.33, 0.86, and 10 uM) to
achieve additional release rates. Error represents s.d. of triplicate lysates.
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Figure 3.5.7 Autocrine presentation stimulates normal cell

proliferation. Cell growth rates were measured by cell counting with a Vi Cell XR. Cell
number was measured over three days in regular DFCI-1 media or Serum-Free Media (SFM).

Error represents standard deviation of triplicate measurements.
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Figure 3.5.8. Autocrine stimulation leads to elevated cell migration

Speed. Cell migration was measured in a sparse-labeled monolayer high throughput assay.
Parental, ECT, and TCT cells were starved for 15 hours and then switched to fresh serum-free
media, 0.2 nM EGF, 2 nM EGF, 10 ug/ml 225 mAb, or batimastat (0.12, 0.33, 0.86, or 10 uM),
approximately 1 hour before imaging. Fluorescence images were acquired at 15-minute intervals
for 8 hours and imported in Imaris for single cell tracking of the labeled cells. Cell paths were
analyzed in Matlab. (A) Cell paths are shown starting at each origin. (B) Average cell migration
speed under each condition. Error represents s.e.m. and N >200 cells per condition.

84



40 -

30 -

£
g —o— Parental
§ 20 - -—o— Parental +0.2nM EGF
§_ —&— Parental +2nM EGF
= ——ECT
O 10 —#TCT

0 T T T T . T T 1

0 1 2 3 4 5 6 7 8

Time (hr)

Figure 3.5.9. Cell migration speed during 30-minute intervals. Average
cell speed was calculated at 30-minute time intervals. Parental, ECT, and TCT cells are shown
under serum-free media conditions. In addition, the Parental cells are shown under 0.2 and 2 nM
EGF stimulation. Error represents the s.e.m. of the mean calculated at each 30-minute interval
and N>200 for each condition.
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Figure 3.5.10. Cell persistence measured in the monolayer assay. cell
migration was measured in a sparse-labeled monolayer high throughput assay. Parental, ECT,
and TCT cells were starved for 15 hours and then switched to fresh serum-free media, 0.2 nM
EGF, 2 nM EGF, 10 ug/ml 225 mAb, or 10 uM batimastat, approximately 1 hour before imaging.
Fluorescence images were acquired at 15-minute intervals for 8 hours and imported in Imaris for
single cell tracking of the labeled cells. Cell paths were fit to the persistent random walk equation
in Matlab. Median cell persistence under each condition (N >200 cells).
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Figure 3.5.11. Cell migration speed is a function of ligand release

rate and ERK phosphorylation. ERK phosphorylation was measured from triplicate
lysates using a BioPlex assay. The parental cells were lysed after a 2-hour incubation with
serum-free media or exogenous EGF (0.2, and 2 nM). In addition, TCT cells were lysed after a 2-
hour incubation in serum-free media or increasing concentrations of batimastat (0.12, 0.33, 0.86,
and 10 uM). (A) Cell migration speed (error represents s.e.m. from N >200 cells) is plotted as a
function of ERK phosphorylation (error represents s.d. from triplicate lysates). (B) Parental and
TCT cells were pre-incubated with multiple concentrations of the MEK inhibitor PD98059 (0.04,
0.2, 1, 5, and 25 uM) for 30 minutes. Parentals were then stimulated with 2 nM of EGF. Cell
migration speed is shown as a function of ERK1/2 phosphorylation measured at 2 hours after
exogenous stimulation.
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Figure 3.5.12. Quantitative dose-response relationships for phospho-

ERK and migration speed as functions of inhibitor concentration. (A)
The level of ERK pathway inhibition was measured under increasing concentrations of the MEK
inhibitor PD98059. Phospho-ERK 1/2 was measured in the Parental and TCT cells using the
pERK 1/2 BioPlex assay. Cells were incubated with increasing concentrations of PD98059 for 30
minutes and then either switched to fresh serum-free media containing the inhibitor alone (TCT
cells) or stimulated with 2 nM exogenous EGF (Parental cells). Two hours after the media change
or stimulation, cells were lysted. Average of measurements from triplicate lysates are shown and
error represents s.d. (B) The average cell migration speed is shown under the same levels of
MEK inhibition. Error represents s.e.m and N>200 per condition.
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Figure 3.5.13. Phospho-tyrosine EGFR dynamics. Phospho-tyrosine EGFR
dynamics measured using a quantitative immunoprecipitation bead-based pTyrEGFR BioRad
Bio-Plex phosphoprotein detection assay. Cells were spiked with 2 nM exogenous EGF (filled
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s.d. from the mean of triplicate lysates.
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Chapter 4: Positive feedback in ligand release

4.1 Introduction

As introduced in Chapter 2, the family of ADAM metalloproteases are
involved in proteolytic cleavage of the EGFR ligands. TACE/ADAM 17 is known
to be involved in TGF-alpha, HB-EGF, and AR release, while ADAM 10 is
thought to be involved in EGF cleavage (Borrell-Pages et al., 2003; Harris et al.,
2003; Hinkle et al., 2004; Merlos-Suarez et al., 2001; Sahin et al., 2004). There
is evidence that TGF-alpha and HB-EGF shedding is stimulated by signals
downstream of the EGF receptor, such as PKC and MAPK activation, creating a
positive feedback mechanism that may involve metalloprotease phosphorylation
(Baselga et al., 1996; Fan and Derynck, 1999; Fan et al., 2003; Gechtman et al.,
1999). Ligand shedding in response to intracellular signaling is an active area of
research due to the increasing examples of EGF receptor transactivation.
Various forms of stimuli, such as gastrin-releasing peptide, carbachol, TNFa, and
prostaglandin E2, lead to EGFR receptor activation through a triple membrane-

passing signaling mechanism of EGFR transactivation and suggest important
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interreceptor communications (Chen et al., 2004; Gschwind et al., 2001; Lui et
al., 2003; McCole et al., 2002; Pai et al., 2002).

Previous work looking at EGF cleavage has shown that blocking the EGF
receptor produces increased ligand accumulation in the extracellular media and
allows estimation of the fraction of ligand that is captured at the cell surface
(DeWitt et al, 01). To study the cleavage of the various EGFR ligands, chimeras
were constructed in the Wiley lab with the same EGF receptor-binding domain
attached to different membrane anchoring domains. The chimeras were used to
parse out the differences in ligand shedding while constraining receptor binding
and activation to EGF stimulation. As mentioned in Chapter 3, the ECT (EGF
with the native membrane anchoring domain of EGF) and TCT (EGF fused to the
membrane-anchoring domain of TGFa) chimeras were constructed and
retrovirally transduced into the 184A1 human mammary epithelial cell line. Our
initial work with the ECT release showed an increase in release in the presence
of a receptor-blocking antibody (see section 3.3.1). However, we show here that
in the presence of 10 ug/ml 225 receptor blocking antibody, the linear rate of
ligand release of the TCT ligand decreased four fold compared to incubation in
serum-free media alone. These results sugéest the existence of positive
feedback within the TCT autocrine loop. We also demonstrate the involvement
of p38 and ERK in the constitutive and stimulated release of the EGF and TGFa
based constructs and disparities in the ligand shedding specific to the membrane

anchoring domains.
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4.2 Materials and Methods

4.2.1 Reagents and antibodies
Batimastat (BB-94; [4-(N-hydroxyamino)-2R-isobutyl-3S-

(thienylthiomethyl)succinyl]-L-phenylalanine-N-methylamide) was custom
synthesized by Kimia Corporation (Santa Clara, CA). Cells were also inhibited
with PD98059 (Calbiochem), SB203580 (Calbiochem), bisindolylmaleimide |
(BIM; Calbiochem), and gefitinib (WuXi PharmaTech, Shanghai, China) dissolved
in DMSO. The receptor blocking anti-EGFR 225 monoclonal antibody was
isolated from a hybridoma cell line obtained from the American Type Culture
Collection (Gill et al., 1984). Anti-EGF antibodies for the EGF ELISA include 236
(R&D Systems) and a rabbit polyclonal described previously (Wiley et al., 1998).
The tertiary ELISA detection antibody was an alkaline phosphatase-conjugated
goat anti-rabbit antibody (Sigma). Cells were stimulated exogenously with

recombinant human EGF (Peprotech), TGFa, and HGF (both R&D Systems).

4.2.2 Construction of ligand chimeras and cell lines
The TCT construct was made in the Wiley lab as previously described,

see section 3.3.2. The TCT-NA, and ECT-NA constructs were also made in the
Wiley lab, and are similar to the TCT and ECT ligands with the exception to one
point mutation in the EGF ligand domain of Leucine 15 to Glutamate (L15E).
This mutation creates a non-binding EGF ligand when cleaved from the cell

surface (termed NA for no affinity) (Nandagopal et al., 1996).
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The human mammary epithelial cell (hMEC) line 184A1 (Stampfer et al.,
1993) was obtained from Martha Stampfer (Lawrence Berkeley National
Laboratory, University of California, Berkeley, Berkeley, CA). The hMECs were
retrovirally transduced with the TCT, TCT-NA, and ECT-NA constructs and
maintained in DFCI-1 medium (Band and Sager, 1989) containing 2ug/mi
puromycin for selection. Serum-free media consisted of DFCI-1 complete media
lacking fetal bovine serum, bovine pituitary extract, or EGF supplements, with the
addition of 1 mg/ml Bovine Serum Albumin (Sigma). Unless otherwise noted,
cells were incubated for 16 hours in serum-free media before starting each
experiment. All experiments were performed using cells within 15 passages of

thawing.

4.2.3 EGF ligand release
Cells were plated in DFCI-1 media in 12-well plates on day 1 at a density

of 60,000-80,000 cells/well, and switched to serum-free media on day 2. After 16
hours cells were switched to 1ml of fresh serum-free media alone or containing
10 ug/ml 225 mAb, 10uM batimastat and 10 ug/ml 225 mAb, 40 ng/ml HGF, or
40 ng/ml HGF and 10 ug/ml 225 mAb. In the case that specific cell signaling
pathways were inhibited, cells were preincubated for 30 minutes with 0.25%
DMSO as a carrier control, 10uM batimastat, 10uM bisindolylmaleimide | (BIM),
10uM SB203580, 1uM gefitinib, or PD98059 (at the concentration shown in the
figure legends) prior to replacement with fresh inhibitor containing media with or

without exogenous TGFa stimulation at t=0. For time course experiments media
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was collected at 2-hour time intervals from parallel plates, centrifuged at 14,000
for 10 minutes at 4°C, and the supernatant was frozen. For single time point
measurements, conditioned media was only collected after 8 hours. The EGF
concentration of the conditioned media, measured by ELISA, was converted to
molecules of EGF and normalized to the average cell number per well measured

with a Vi Cell XR.

4.2.4 ERK phosphorylation time courses
ERK phosphorylation time courses were measured using the in-cell

western blot with the Odyssey system (LI-COR), which quantifies relative ERK
phosphorylation levels under multiple conditions in a high-throughput assay. On
day 1, cells were plated in 96-well plates (Nunc) at a density of 20,000 cells/well.
Cells were switched to 100ul of serum-free media on day 2, and starved for at
least 16 hours. On day 3, cells were pretreated with PD98059 (0.2 to 25 uM) for
30-minutes (when cells were inhibited), stimulated with exogenous TGFa
(varying from 0.6 to 20ng/ml) at different time points, and fixed simultaneously
with formaldehyde (4% in PBS) for 20 minutes at room temperature. Cells were
permeabilized in 0.1% triton in PBS and blocked with Odyssey Blocking Buffer
(LI-COR) 1:1 in PBS (OBB). Cells were stained for ERK 1/2 phosphorylation on
Thr?® and Tyr?® (Cell Signaling; 1:100 in OBB) overnight at 4°C. IRDye 800
anti-rabbit IgG (Rockland; 1:800 in OBB) was used as the secondary antibody.
Plates were washed 3X with 0.1% Tween 20 in PBS between each antibody

incubation and prior to scanning. Plates were scanned using the Odyssey
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system (LI-COR). The integrated intensity of each well was normalized to
untreated wells on the same plate to show normalized fold ERK phosphorylation
at each time point under each condition. Several metrics can be abstracted from
time course measurements, including the peak and integral of the fold
phosphorylation. EGF release is shown as a function of fold ERK
phosphorylation at the final 2-hour time point; however, similar relationships are

found with the other metrics.

4.3 Results

4.3.1 TGFa based construct release is positively regulated
downstream of the EGF receptor

To study the regulation of the various EGFR ligands, chimeras were
constructed with the same EGF receptor-binding domain attached to different
membrane anchoring domains. The chimeras are used to parse out the
differences in ligand shedding while constraining receptor binding and activation
to EGF stimulation only. The TCT chimera, EGF fused to the membrane-
anchoring domain of TGFa, was constructed and retrovirally transduced into the
184A1 human mammary epithelial cell line by the Wiley lab, as previously
described (see section 3.2.2). Previous work with EGF cleavage has shown that
blocking the EGF receptors produces increased ligand accumulation in the
extracellular media and allows estimation of the fraction of ligand that is captured
at the cell surface (DeWitt et al, 2001). However, we show here that in the
presence of 10 ug/ml 225 receptor blocking antibody, the linear rate of ligand

release of the TCT cells decreased four fold compared to incubation in serum-
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free media alone, see Figure 4.5.1. This suggests that receptor activation is
influencing ligand release of the TGFa based construct, which is in contrast to
previous work studying EGF cleavage. Incubation with 10 uM batimastat and 10
ug/ml 225 antibody led to almost complete reduction of the TCT cleavage
(decreased to 2% of release rate in serum-free media alone). Therefore, TCT
release involves positive feedback and constitutive, EGFR independent,
contributions.

In addition, we thought it would be interesting to add an exogenous ligand
and explore whether stimulation of similar pathways through a different receptor
could activate the same degree of stimulated ligand release. HGF activation of
the c-Met/HGF tyrosine kinase receptor activates downstream pathways
including ERK and PKC (Kermorgant et al., 2004; Paumelle et al., 2002). We
added exogenous HGF to the TCT cells in the presence of receptor blocking 225
antibody to see if stimulation of pathways activated by the HGF receptor would
restore the stimulated TCT ligand release. Interestingly, HGF stimulation did
increase the rate of TCT release when added in addition to 225 EGFR blocking
antibody, see Figure 4.5.2. However, HGF also decreased the stimulated
release of TCT in the absence of 225, suggesting that the exogenous stimulation
may disrupt the TCT signaling and lower the degree of stimulated ligand release.

HGF stimulation had no effect on ECT release with or without 225 present.
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4.3.2 Small molecule inhibitors show release stimulated through
ERK, p38 but not PKC

To begin investigating the pathways involved in TCT release we used
several small molecule inhibitors and measured EGF accumulation over an 8-
hour time course, see Figure 4.5.3. While the DMSO carrier control and PKC
inhibitor (BIM) showed no effect on TCT release, the SB203580 p38 inhibitor
decreased TCT cleavage to a small degree. However, p38 inhibition in
combination with blocking the EGF receptor with 225 antibody had synergistic
effects on decreasing ligand release. The small molecule EGFR kinase inhibitor,
gefitinib, showed a similar decrease in ligand release to 225 although slightly
more effective under these concentrations. This could be due to the absence of
ligand competition in the case of the direct kinase inhibition or it could be due to
ligand capture that is not present under receptor blocking conditions.

Interestingly, MEK inhibition alone completely abolished ligand shedding.

4.3.3 Mutant EGF constructs decouple ligand release from ligand
capture

The closed loop nature of this feedback system makes it difficult to parse
out the contributions of constitutive and induced ligand shedding. Measuring
ligand accumulation in the media under various conditions is obscured by ligand
capture at the cell surface. To decouple ligand shedding from receptor binding
and stimulation, the Wiley Lab developed constructs with a single amino acid
substitution in the EGF ligand (L15E), which abolishes receptor-binding affinity
(termed “NA” for no affinity). To explore the differences in positive feedback

between EGF and TGFa release, both ECT-NA and TCT-NA constructs were
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retrovirally transduced into the 184A1 cell line. The basal accumulation of these
ligands in the media is not affected by the presence of receptor blocking
antibody, which confirms that the mutant ligand is not being captured or

stimulating release (see Figure 4.5.4).

4.3.4 MEK inhibition completely blocks TGFa stimulated ligand
release of TGFa but not EGF based construct

Constitutive release of the non-binding EGF ligand was observed for both
the ECT-NA and TCT-NA cells in serum-free medium, see Figure 4.5.5. This
basal shedding was decreased upon inhibition of p38 and MEK in both cell lines,
which suggests that these signaling pathways are involved proteolytic release
when cells are in an unstimulated state. To look at stimulated release and use
EGF release as a metric for the degree of ligand shedding, we stimulated the
cells with exogenous TGFa, which does not interfere with the EGF ELISA used to
measure the conditioned media. Both constructs had an increased level of
ligand release in the presence of exogenous TGFa. However, the TCT-NA cells
responded with a large burst of ligand shedding over the first four hours that was
not seen in the ECT-NA cells. In addition, the effects of p38 and MEK inhibition
on the stimulated ligand release were different between the two cell lines. While
the ECT-NA stimulated release was decreased similarly in the presence of both
p38 and MEK inhibitors, the TCT-NA stimulated release was completely
abolished by MEK inhibition and seemed unaffected by p38 inhibition. This

suggests that p38 plays a role in basal shedding of both the EGF and TGFa
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based constructs while MEK is only partially involved in stimulated EGF release

while it seems to be exclusively implicated in stimulated release of TGFa.

4.3.5 Quantitative relationship of TGFa stimulated TCT-NA release
through ERK

To further investigate stimulated release of the TCT-NA construct we
measured ERK phosphorylation and EGF release under increasing levels of
exogenous stimulation. ERK phosphorylation increased in both the peak and
phosphorylation level at each time point measured under increasing
concentrations of TGFa (see Figure 4.5.6). Ligand released also increased
monotonically with increasing concentrations of TGFa. The same behaviors
were seen in reverse when the TCT-NA cells were co-treated with increasing
concentrations of the MEK inhibitor, PD98059. Together, these results show a
quantitative, linear relationship between the amounts of ligand released as a
function of fold ERK phosphorylation measured at 2 hours, see Figure 4.5.7.
ERK stimulation and inhibition show similar behavior on ligand shedding, hence,

we conclude that ERK is a key modulator of TGFa release.

4.4 Discussion

Evidence suggests that pathways downstream of the EGF receptor might
be involved in ligand shedding (Baselga et al., 1996; Fan and Derynck, 1999;
Gechtman et al., 1999). Still, we were surprised to find that our engineered EGF

chimera was positively regulated. In previous autocrine studies the receptors
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were blocked to determine the fraction 6f ligand captured by the cells (DeWitt et
al.,, 2001). Rather than seeing an increase in ligand release related to the
fraction of ligand captured at the cell surface, in the presence of 225 EGF
receptor blocking antibody we saw a 4-fold decrease in TCT ligand release, see
Figure 4.5.1. This suggested that ligand binding, receptor activation and
potentially signaling downstream of the EGF receptor were involved in the
release of the TGFa based construct in serum-free media alone; a result not
seen with the EGF anchoring domain in the ECT construct (see section 3.3.1).

The decreased release rate of TCT cells observed in the presence of
receptor blocking antibody was partially restored with exogenous HGF
stimulation, see Figure 4.5.2. Interestingly, the stimulated TCT rate of release in
serum-free media was decreased under HGF exogenous stimulation without
blocking the EGF receptors. Together these results suggest that under
exogenous HGF stimulation, the release of the TCT ligand is independent of
autocrine EGFR signaling, and the resulting rate of ligand release is lower than
that observed under autocrine stimulation. The overall decrease in release rate
suggests something intrinsic in the autocrine stimulation that leads to the
maximal release. Therefore, the TCT ligand is an autocrine loop with a four-fold
increase in ligand release that is positively regulated specifically by autocrine
stimulation.

Using small molecule inhibitors we investigated the role of specific
pathways in the stimulated release of the TCT ligand. MEK, p38, and EGFR

inhibitors decreased the ligand release, while PKC inhibition showed no effect
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(see Figure 4.5.3). In addition, the combination of the EGF receptor blocking
antibody 225 and the p38 inhibitor (SB203580) lead to a synergistic decrease in
ligand release, suggesting that the stimulated release downstream of the EGF
receptor operates independently of p38 effects. While PKC has been shown to
be important in ligand shedding, these previous studies involved stimulation with
a phorbol ester (PMA or TPA) that activates PKC (lzumi et al., 1998; Le Gall et
al., 2003). Therefore, the stimulation of ligand release through a positive
feedback downstream of EGFR may not elicit or require the same PKC
stimulation.

To further investigate the positive feedback it was necessary to decouple
ligand release from ligand capture. The L15E mutation in the EGF ligand domain
conferred non-binding ligands that should not be captured at the cell surface
(termed NA for “no affinity”). Incubation in serum-free media alone or containing
receptor blocking antibody resulted in similar levels of EGF in the conditioned
media, verifying that ligand is not being captured or influencing ligand release in
the ECT-NA and TCT-NA cells (see Figure 4.5.4). These results and EGF
accumulation over an 8-hour time course showed that both the EGF and TGFa
based non-binding constructs had constitutive release in serum-free media (see
Figure 4.5.5). Both p38 and MEK inhibition decreased the constitutive release of
both ligands, suggesting that some basal level of signaling existed under resting
conditions that was contributing ligand cleavage.

The ECT-NA and TCT-NA were both released at a higher rate in the

presence of exogenous TGFa; however, they were stimulated to different
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degrees. The TGFa based construct was shed initially at a high rate of 9,600
molecules of EGF released/cell/min in response to exogenous stimulation but
that rate of release tapered off after about 4 hours, to 2,000 molecules of EGF
released/cell/min. This decrease in stimulated ligand shedding could be due to a
depletion of available surface pro-ligand, with the rate of ligand release becoming
limited to the rate of ligand synthesis. Alternatively, if the surface ligand is in
excess, it could be a result of exogenously stimulated signaling dynamics that
start off with a peak and trend downwards after about 2 hours, suggesting that
ligand release is directly proportional to the level of ERK activity. In contrast, the
ECT-NA stimulated ligand release is simply a small, 2-fold increase, mirroring the
constitutive shedding. Therefore, the rate of ECT release and fraction of ligand
captured, both measured in the presence of receptor blocking 225 antibody as
discussed in Chapter 3, underestimate the true values because both are
measured while inhibiting the small amount of stimulated EGF release
demonstrated here. Interestingly, neither p38 nor MEK inhibition affect the ECT-
NA stimulated release. The stimulated TCT-NA release is unaffected by p38
inhibition and completely abolished during MEK inhibition, suggesting disparate
mechanisms of stimulated release are involved with the two different ligands.

To further investigate the role of ERK signaling in TCT-NA release, ligand
release and ERK phosphorylation were measured under increasing exogenous
stimulation or increasing MEK inhibition, see Figure 4.5.6. Ligand release as a
function of ERK phosphorylation (measured at 2 hours) shows a quantitative,

linear relationship under increasing exogenous stimulation and increasing MEK

109



inhibition (see Figure 4.5.7). These results implicate ERK as a key player in
TGFa but not EGF shedding and while the exact mechanism is unknown,
previous work has shown that ERK can phosphorlyate a serine residue on
ADAM17 in response to EGF stimulation (Fan et al., 2003).

It is interesting to speculate that TGFa, and not EGF, is the most
prominent EGFR ligand thought to be involved in autocrine growth receptor
activation in cancer progression and has been implicated as a potential
biomarker for patient prognosis and response to therapy (Hsieh et al., 2000;
Ishikawa et al., 2005; Seth et al., 1999; Yarden and Sliwkowski, 2001). The
positive feedback associated with TGFa and not EGF shedding may enable cells
to sustain an autocrine loop during cancer development and progression as the
cells become autonomous.

The decrease in TCT release in the presence of exogenous stimulation
through the HGF receptor suggests negative regulation that is not present under
autocrine presentation alone. This result corroborates with the increased cell
migration speed seen under autocrine but not exogenous stimulation shown in
Chapter 3. Future work could investigate the signaling downstream of HGF
stimulation that leads to this decrease in stimulated release and perhaps
discover a similar increase in the level of negative regulation following
exogenous stimulation to that which may be involved in the decrease in overall
cell speed. In addition, a mathematical model of ligand release rate and EGF
receptor activation could employ the ligand release kinetics measured here.

Future work could computationally investigate whether the decrease following the
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initial steep slope of stimulated TCT-NA ligand release (see Figure 4.5.5, bottom
right) is indeed due to decreasing pro-ligand availability or ERK activity. In
addition, mutant EGF constructs could be constructed to investigate the
involvement of similar feedback on the release of the remaining EGF receptor

ligands.
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4.5 Figures
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Figure 4.5.1. Blocking the EGF receptor decreases TCT release rate

by 4-fold. The EGF release rate of TCT cells was measured in the presence and absence of
the 225 receptor-blocking antibody and a broad-spectrum metalloprotease inhibitor, batimastat.
After 16 hours in serum-free media, cells were switched to fresh serum-free media alone or
containing 10 ug/ml 225 or 225 in addition to 10 uM batimastat. Media from triplicate wells was
collected from parallel plates at 2-hour intervals, assayed for the amount of EGF with an ELISA,
and normalized to the cell number determined with a ViCell XR. The rate of ligand release was
determined from the slope of each linear fit (molecules of EGF released per cell per min) and
error at each time interval represents the standard deviation from triplicate wells. The arrow
points to the 4-fold decrease in TCT release rate in the presence of 225.
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Figure 4.5.2. HGF stimulation increases release of TCT in the

presence of 225. The EGF release rate of TCT (diamonds) and ECT (circles) cells was
measured in the presence and absence of the 225 receptor-blocking antibody and exogenous
stimulation with HGF. After 16 hours in serum-free media, cells were switched to fresh serum-
free media alone or containing 40 ng/ml HGF, 10 ug/ml 225, or 225 in addition to 40 ng/ml HGF.
Media from triplicate wells was collected from parallel plates at 2-hour intervals, assayed for the
amount of EGF with an ELISA, and normalized to the cell number determined with a ViCell XR.
Error represents standard deviation from triplicate wells. Arrows point to increase in TCT release
rate in the presence of 225 and HGF and also the decrease in the stimulated release of TCT in
the presence of HGF alone.
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Figure 4.5.3. Small molecule inhibition shows TCT release stimulated

through ERK and p38 but not PKC. After 16 hours in serum-free media, TCT cells
were pre-incubated with inhibitor for 30 minutes. At t=0 cells were switched to fresh serum-free
media alone, 0.25% DMSO as a carrier control, 10 uM bisindolylmaleimide | (BIM), 10 uM
SB203580, 10 ug/ml 225, 10 ug/ml 225 and 10 uM SB203580, 1 uM gefitinib, or 25 uM PD98059.
Media was collected from parallel plates at 2-hour intervals and EGF concentration was
measured with an ELISA. Error represents standard deviation from triplicate wells.
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Figure 4.5.4. Blocking the EGF receptor does not alter accumulation

of EGF in the media for ECT-NA or TCT-NA cells. (A) Schematic of biocking
the EGF receptor and measuring EGF(L15E) release. Since the mutant EGF should have no
affinity for the EGF receptor, this experiment is a control to show that ligand is not being captured
by the cells. (B) EGF released in the to the extracellular media was measured after an 8-hour
incubation in serum-free media alone or containing 10 ug/ml 225 mAb. The concentration of EGF
in the conditioned media was measured with an ELISA and normalized to the cell number. Error
bars represent the standard deviation from triplicate wells.
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Figure 4.5.5. Differential regulation of ECT-NA and TCT-NA

constitutive and stimulated release by p38 and ERK. Constitutive and TGFa
stimulated release was measured for the ECT-NA and TCT-NA cells in serum-free media alone
or under p38 or MEK inhibition. After 16 hours in serum-free media, cells were pre-incubated
with inhibitor and at t=0 cells were switched to fresh serum-free media alone or stimulated
exogenously with 20 ng/ml TGFa in the presence or absence of 10 uM SB203580 (top) or 25 uM
PD98059 (bottom). Media was collected from parallel plates at 2-hour intervals and EGF was
measured by ELISA and normalized to cell number. Error represents standard deviation from
friplicate wells. Arrows show difference between p38 and MEK inhibition on the TGFa stimulated
release of TCT-NA.
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Figure 4.5.6. TGFa stimulates and MEK inhibition diminishes TCT-NA

release in a dose-dependent manner. ERK phosphorylation time courses and EGF
release was measured under increasing TGFa stimulation and MEK inhibition. Fold ERK
phosphorylation was measured over a 2-hour time course by in-cell western under a) increasing
TGFa concentrations and ¢) 20 ng/ml of TGFa in addition to increasing concentrations of
PD98059. EGF release was measured after an 8-hour incubation in serum-free media alone
(open squares) or (b) increasing levels of TGFa stimulation (filled diamonds) and (d) 20 ng/mli
TGFa stimulation (filled square) and increasing concentrations of PD98059 (filled diamonds).

The concentration of EGF in the conditioned media was measured with an ELISA and normalized
to cell number. Under inhibitory conditions, cells were pre-incubated with inhibitor for 30-minutes
prior to TGFa stimulation. Error represents standard deviation measured from triplicate wells.
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Figure 4.5.7. TGFa stimulates TCT-NA release through ERK. EGF

release over 8 hours is shown as a function of ERK phosphorylation measured 2 hours after
TGFastimulation and in the presence or absence of varying levels of MEK inhibition. After 16
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hours in serum-free media, TCT-NA cells were stimulated with a) varying amounts of TGFa or b)

pre-incubated with varying PD98059 concentrations for 30-minutes before stimulation with 20
ng/ml of TGFa. Media was collected after 8 hours and EGF was measured by ELISA and

normalized to cell number. Fold ERK phosphorylation over unstimulated celis is shown for the 2-
hour time point, measured by in-cell western. Full ERK phosphorylation time courses are shown
in Supplementary Fig. S2. Error represents standard deviation from triplicate wells.
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Chapter 5: Investigation of ECT and TNGF cell signaling
and migration on collagen IV

This chapter outlines efforts towards the initial aims of this thesis based off
of previous work in our lab. Several experimental results led us to change the
focus of this thesis and explore alternative migration assays. While unsuccessful
aims are rarely published, the work is presented below to document the initial
efforts and may serve as a reference for future work in cell migration or single

cell analysis.

5.1 Introduction

The membrane anchoring domains of the EGFR ligands may determine
the cellular distribution as well as the potential for proteolytic release from the cell
surface. A recent study set out to explore how the presence of the membrane
anchoring domain of EGF affects normal autocrine ligand presentation and cell
behavior (Wiley et al., 1998). Wiley et al. expressed two EGF chimeras, EGF-ct

and sEGF, in human mammary epithelial cells (hnMEC) and looked at cell growth
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and the ability for the cells to organize on Matrigel compared to the parental
hMECs. Parental hMECs had a maximal growth rate and formed well-defined
complex structures in the presence of exogenous EGF. The hMECs transduced
with the membrane bound EGF-Ct chimera (see Figure 5.5.1, referred to as ECT
in this work) grew at a maximal rate that did not increase in the presence of
additional exogenous EGF, although the growth rate could be decreased in the
presence of monoclonal antibody 225, an antibody that blocks EGF-EGFR
binding. The ECT cells also formed complex structures on Matrigel; a process
that was abrogated in the presence of 225. HMECSs that were transduced with
the artificial secreted form of human EGF, the sEGF chimera, grew at a maximal
rate that was unaffected by additional exogenous EGF or the EGFR antibody,
and did not form organized structures on Matrigel. The sEGF colocalized with
the EGFR within small cytoplasmic vesicles and the sSEGF hMECs had a
decreased receptor density suggesting that the secreted EGF was intercepting
the receptors prior to reaching the cell surface leading to receptor downregulation
and was signaling in an ‘intracrine’ mode (Wiley et al., 1998). These results
suggested that removal of the membrane-anchoring domain changed the
signaling from an EGF autocrine to an intracrine mode, and the spatial restriction
of EGF access to the receptors is important for h(MEC organization in vitro.
Maheshwari et al. measured the migration behavior of the parental, ECT,
and sEGF hMEC cell lines in a subsequent study and found that the mode of
ligand presentation (autocrine versus exogenous EGF) affected the migration

persistence time (Maheshwari et al., 2001). Single cells migrating on tissue
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culture plastic, under serum-free conditions, with and without exogenous EGF
and the 225 EGFR blocking antibody, were tracked every ten minutes for up to
six hours. The cell migration speed was calculated from the total cell
displacement over time while the persistence was measured by fitting the mean-
squared displacement over time to a random walk model. The parental A(MECs
had a basal mean migation speed of 50 um/hr in the absence of EGF (see Figure
2.4.4). The ECT-expressing cells had a much higher speed of 120 um/hr while
the sEGF-expressing cells showed a small increase over the parentals at 65
um/hr. Upon addition of 2nM exogenous EGF the migration speed of the
parentals and sEGF cell lines increased to 90 mm/hr, while the ECT cell speed
seemed unaffected. The cell speed was decreased in all cases to the range of
25-35 mm/hr in the presence of 225 EGFR blocking antibody. Since it had
already been shown that EGF effects migration speed and persistence
measurements in fibroblasts, the surprising result from this study was that the
ECT cells had a high persistence value that was abolished upon addition of 2nM
exogenous EGF and also in the presence of the 225 mAb (Ware et al., 1998).
The persistent migration behavior under autocrine signaling conditions
observed by Maheshwari et al. is the foundation from which the hypotheses of
this chapter are based. The results from Maheshwari et al. suggest that the
expression of membrane-bound EGF in the ECT hMEC cell line may lead to
spatially restricted EGFR signaling that drives persistent migration behavior. The
sEGF-expressing cells have a basal migration speed that is decreased upon 225

mAb addition, suggesting that the surface receptor-ligand complexes govern cell
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migration speed. The persistent measurement results may be the result of an
asymmetrical distribution of ligand-receptor complexes that stimulates further
directed migration. The asymmetry could result from polarized distributions of
the ligand, the receptor, or an asymmetric release of the ligand. EGFR ligand
autocrine signaling spatially restricted to the front of the cell would stimulate
membrane protrusion, thus producing a type of chemotactic response, with key
downstream signaling pathways including PLC-gamma and PI3 kinase (Chung et
al., 2001; Condeelis et al., 2001; Feldner and Brandt, 2002; Firtel and Chung,
2000; Haugh et al., 1999; Hill et al., 2000; lijima et al., 2002; Levchenko and
Iglesias, 2002; Maheshwari and Lauffenburger, 1998; Piccolo et al., 2002;
Sawyer et al., 2003; Segall et al., 1996; Wells et al., 1999; Wyckoff et al., 1998;
Xie et al., 1998). Although it was shown that the ECT chimera-expressing
autocrine cells showed persistent migration behavior that was abolished under
exogenous EGF conditions, which could also be considered a paracrine signaling
mode, it is not yet known if the signaling is indeed spatially restricted or how
intermediate signaling modes would alter the migration behavior.

It has also previously been shown by DeWitt et al. that the ligand secretion
rate governs the fraction of ligand captured, and hence the spatial restriction of
ligand, see Fig. 5.5.2 (DeWitt et al., 2001). The overall objective of this work will
be to understand the role and mechanism of spatially restricted EGFR autocrine
ligand signaling in governing cell migration. The hypothesis is that cell migration
speed, S, and directional persistence, P, regulated by EGFR autocrine ligands

are governed by both the ligand secretion rate. We hypothesize that S will be
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greatest under conditions of maximal ligand/receptor binding (i.e., increasing
ligand release rate) whereas P will be greatest under conditions of spatially-
restricted ligand capture. Ligand secretion rates will be varied using chimeric
ligands developed in the Wiley lab, and by addition of a metalloprotease inhibitor.
The ligand release rate and fraction of ligand captured will be measured for the
varying secretion rates using an EGF ELISA assay. The migration S and P will
be measured for cells exhibiting varying ligand release rates using single cell

tracking.

5.2 Materials and Methods

5.2.1 Cell lines and culture conditions
We used the same parental non-transformed human mammary epithelial

cell (hMEC) line 184A1-1. This cell line has several characteristics that provided
a desirable background for the autocrine and migration studies. First, this cell
line expresses normal levels of p53 and has genetic stability (Stampfer et al.,
1997). Second, this cell line is dependent on EGFR activation for growth and
migration (Stampfer et al., 1993). The cells produce low levels of TGF-alpha and
amphiregulin and therefore they should possess the endogenous mechanisms
necessary for ligand maturation and release (Bates et al., 1990; Li et al., 1992;
Stampfer et al., 1993). In this chapter, results using the ECT and TNGF
chimeras are presented. The ECT construct has been described previously

(Wiley et al., 1998). The TNGF construct is a fusion between the soluble EGF
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domain and the transmembrane and cytoplasmic tail of the TNF-alpha cytokine
(see Figure 5.5.1).

HMECs are grown under normal culture conditions in DFCI-1 complete
medium that has previously been described (Band and Sager, 1989). Since the
medium has many undefined additives that may contain growth factors and other
stimuli, the medium composition was optimized to obtain serum-free conditions
(serum-free media consists of DFCI-1 Complete containing 1mg/ml BSA (Sigma)
to block non-specific binding and lacking EGF, bovine pituitary extract, and FBS).
The sodium bicarbonate in the media is replaced with additional HEPES (final
concentration 25nM) for pH buffering during experimental conditions that lack

CO; incubation.

5.2.2 Reagents and Antibodies
Glardin was purchased from CalBioChem. The EGFR tyrosine kinase

was inhibited with the small molecule MEK inhibitor PD153035, purchased from
Calbiochem. Anti-EGFR 13A9 monoclonal antibody, which binds to both
occupied and empty EGFR (Winkler et al., 1989), was a gift from Genentech
(South San Francisco, CA). Anti-EGFR mAb 13A9 was labeled with '° (Perkin
Elmer) using iodobeads (Pierce) as previously described (Burke and Wiley,
1999). Anti-EGFR 225 monoclonal antibody was isolated from a hybridoma cell
line obtained from the American Type Culture Collection (Gill et al., 1984). Anti-
EGF antibodies for EGF ELISA include 236 (R&D Systems) and a rabbit

polyclonal described previously (Wiley et al., 1998). The tertiary ELISA detection
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antibody was an alkaline phosphatase-conjugated goat anti-rabbit antibody
(Sigma). Recombinant human EGF was obtained from Peprotech. ERK and
EGFR antibodies used in western blots were purchased from Cell Signaling. The
p1173 EGFR antibody was purchased from Santa Cruz Biotechnology. The
beta-actin antibody was purchased from Sigma. Mouse collagen type IV was
purchased from B&D Biosciences and diluted in PBS to achieve the final coating
concentration. Glass bottomed Delta T migration dishes were purchased from

Bioptechs.

5.2.3 Ligand Release Rates
Cells were plated in DFCI-1 media in 12-well plates on day 1 at a density

of 60,000-80,000 cells/well, and switched to serum-free media on day 2. After 16
hrs cells were switched to 1ml of fresh serum-free media alone or containing 225,
a DMSO carrier control, or Galardin. Media was collected from parallel plates at
various time intervals, centrifuged at 14,000 for 10 min at 4°C, and the
supernatant was frozen at 2-hour time intervals. The EGF concentration of the
conditioned media, measured by ELISA, was converted to molecules of EGF and
normalized to the average cell number per well measured with a Coulter Counter.

The rate of EGF release was determined from the slope of a linear fit.

5.2.4 Quantitative surface EGFR measurements
Radioactively labeled 13A9 was used to measure surface EGFR numbers

as previously described (Hendriks, 2003). Briefly, 150,000 cells were plated in 6-
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well plates on day 1 and switched to serum-free media on day 2. After 19 hrs,
cells were switched to fresh serum-free media containing increasing
concentrations of '?°l labeled 13A9 mAb and incubated at 37°C for 5 hrs.
Surface bound antibody was removed with an acid strip solution and duplicate
wells were quantified using a Gamma counter. Parallel plates were trypsinized
and counted using a Coulter Counter to determine the average number of cells
per well. Surface receptor number and the Kp were determined from a fit to the
binding equation shown in Figure 5.5.4 using Matlab. The experiment was
repeated on either one or two additional days and results were reported as the

average fit Rs plus the standard deviation.

5.2.5 Western Blotting
Cells were plated in 10cm plates at 500,000 cells/dish. Cells were starved

in serum-free media overnight, treated as described in figure legends, rinsed
once in cold PBS, and subsequently scraped in lysis buffer as previously
described (Janes et al., 2003) for western blotting. Lysates were incubated on
ice for 10 min and then centrifuged at 14,000 rpm for 10 min at 4°C. The
supernatants were frozen at -80°C until use. Lysates were analyzed using a
bicinchonicic assay (Pierce) to determine the total protein concentration. For
western blotting, equal amounts of total lysate protein were diluted in lysis buffer
and 4X sample buffer and run on 7.5% gels and transferred to PDVF membranes
(Bio-Rad) before blocking with 5% BSA in TBS-T or Blotto (5% w/v non-fat dry

milk powder in TBS-T) and incubating membranes overnight at 4°C with the
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primary antibody. The membranes were striped and reprobed for total ERK or

EGFR.

5.2.6 Single Cell Migration Assay
Single cell migration behavior was measured using time-lapse video

microscopy of cells sparsely plated on multiple concentrations of collagen 1V.
Prior to cell plating, Bioptechs dishes were sterilized with UV radiation for 20
minutes, incubated with 1ml of a given collagen IV concentration for 1hr at 37C,
and then blocked with 1% BSA in PBS for 1hr at 37C. Plates were rinsed with
PBS and 4,000 cells were plated in serum-free media. Cells were plated sparsely
to maintain obstacle free cell paths. Cells were starved overnight and
subsequently switched to fresh serum-free media alone, or containing exogenous
EGF or 225, and sealed with a BiopTechs lid and transferred to the heated stage
of the microscope. Images from up to 19 specified fields were acquired at 10 min
intervals for 6-8 hours using a custom automation designed in Improvison
Openlab software. Images were turned into Quicktime movies and DIAS
software was used for single cell tracking to obtain cell paths and centroid
positions over time. Cells that collided during the course of the experiment were
not included in the analysis after the point of contact. Data was then exported

into matlab for analysis.
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5.3 Results

5.3.1 TNGF construct has 10-fold higher EGF release rate than ECT
The ligand release rate of the EGF construct, ECT (see figure 5.5.1), had

a very low rate of accumulation in the extracellular media, approximately 20
molecules of EGF per cell per min (see Figure 5.5.2). However, when the
receptors were blocked with 225, a competitive monoclonal antibody,
approximately 600 molecules per cell per minute were accumulating in the
media. In contrast, by attaching the TNF-alpha transmembrane and cytoplasmic
tail to EGF, the TNGF construct had a 10-fold higher rate of accumulation in the
media. Blocking the TNGF cell receptors with 225 had no significant affect on
EGF accumulation. However, the high TNGF rate of EGF release was decreased
to 75% and 50% of the maximum rate with increasing concentrations of Galardin,
a commercially available broad-spectrum metalloprotease inhibitor (see Figure

5.5.3).

5.3.2 Low and high release of EGF lead to receptor downregulation
and sustained ERK phosphorylation

Under both the low and high ligand release rate conditions, western blot
analysis showed EGFR downregulation (see Figure 5.5.4). Parental levels
increased from 12 to 24 hours most likely due to the withdrawal of EGF from the
culture media. However, the ECT and TNGF lysates showed lower levels of total
EGFR that did not increase to parental levels after 24 hours in serum-free media.
This observation was further investigated by a quantitative surface receptor

counting assay. Cells were incubated with several concentrations of '%°| labeled
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13A9, a non-competitive EGFR antibody. After 5 hrs at 37C, cells were striped in
an acid wash and counted using a gamma counter. A binding equation was fit to
the experimental measurements to determine the surface receptor number (see
Figure 5.5.5 a). Receptor downregulation at the cell surface was verified with
these quantitative measurements, although day-to-day variability of receptor
counts was high (see Figure 5.5.5 b).

The low and high ligand release also lead to sustained ERK
phosphorylation up to 24 hours measured by western blot (see Figure 5.5.4).
Interestingly, when stimulated with exogenous EGF, the ECT but not the TNGF
cells showed an increase in receptor phosphorylation (see Figure 5.5.6). This
increase was much lower than that of the parental cells, which could be due to
receptor availability at the cell surface. When the ECT and TNGF cells were
incubated with receptor blocking 225 mAb, ERK phosphorylation was only
decreased in the ECT cells. However, when incubated with an EGFR small
molecule kinase inhibitor, both cell types showed decreased ERK signaling.
Under both cases ERK phosphorylation resumed after washes and removal of

the inhibitor.

5.3.3 Collagen IV level dominates cell migration behavior over ligand
release effects

Single cell migration was measured on three collagen IV conditions under
low and high ligand release. Plates were incubated for 1hr at 37C with 1, 10, and
100 ug/ml of Collagen 1V prior to cell plating. Cells were traced using DIAS and
cell paths were exported to Matlab. The average cell speed was measured as
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the total cell displacement over the total time. Median persistence values were
determined from a fit of mean squared displacement over time to the persistent

random walk model (Dunn and Brown, 1987; Gail and Boone, 1970):
(a%°) = 25°P[Ar~ P(1 - expf-Ae/ P}) ]

The persistent random walk model describes the migration of a single cell in the
absence of directional bias. The basic assumption is that each cell moves
randomly over large time intervals, but over shorter time scales cells can show
persistent behavior. This model breaks down when a cell does not migration in a
random fashion, i.e. if it moves continuously in a circle or if it migrates in a
straight line. Cell speed and persistence values measured for varying collagen
IV conditions are shown in Figure 5.5.8. While cell speed seems to stay constant
under varying collagen conditions, the persistence measurements seem to have
more of a biphasic relationship, increasing at the intermediate level of collagen.
Cell migration speed is decreased in the presence of the 225 EGFR blocking
antibody.

Statistical analysis was used to determine whether the high and low ligand
release led to differences in cell persistence. Due to the distributions of
individual cell data, shown in Figure 5.5.9 a, the average and standard deviation
are not descriptive of the underlying dataset. This exponential decay is typical of
persistence values and still these types of experiments are summarized with an
average persistence value. Here, the persistence data was log transformed to

obtain a normal distribution and then experiments performed on separate days

134



were analyzed in Matlab using an ANOVA plot (see Figure 5.5.9 b and 5.5.10).
Comparison of the ECT and TNGF migration behavior did not reveal statistically

significant effects of ligand release rate on cell persistence.

5.4 Discussion

While there is an abundance of literature that suggests the importance of
EGFR signaling in both physiological and pathological processes, little is known
about how EGFR ligand dynamics control cell signaling and behavior (Yarden,
2001). EGF chimeric ligands were used to vary the rate of ligand release while
keeping the soluble, receptor binding domain constant. In this study, two
chimeras were used, including the ECT construct, containing a truncated form of
the native ligand, and TNGF, a fusion of the soluble EGF ligand to the membrane
anchoring domain and cytoplasmic tail of TNF-alpha. The short, extracellular
juxtamembrane domain is thought to regulate protease specificity, therefore it
was hypothesized that ADAM10 would cleave the ECT ligand, while ADAM17
(TACE) would cleave the TNGF chimera (Arribas et al., 1997; Black et al., 1997;
Harris et al., 2003; Sahin et al., 2004). The overall objective was to determine if
increasing ligand release would alter the persistent migration behavior observed
previously with the ECT cells on tissue culture plastic (Maheshwari et al., 2001)
and study the effects of varying matrix-coating conditions.

EGF release rates were measured with an ELISA and normalized to cell
number. The TNGF construct had a 10-fold higher release rate than the ECT.

Incubation with receptor blocking 225 monoclonal antibody did not influence the

135



rate of accumulation, suggesting that a very small fraction was being captured by
the EGF receptors. This could be due to the level of surface receptor
downregulation that was demonstrated by both western blot and a quantitative
receptor counting protocol (see Figures 5.5.4 and 5.5.5). In addition, exogenous
EGF did not stimulate TNGF receptor phosphorylation, which suggests that the
high release of the TNGF lead to surface receptor saturation (see Figure 5.5.6).
The 225 effects on TNGF release rate also suggest that signaling downstream of
the EGF receptor did not affect the proteolytic cleavage of the TNGF construct.
Interestingly, incubation with the receptor blocking 225 antibody did not
reduce ERK phosphorylation of the TNGF cells. This result suggested that
receptor activation was occurring at inaccessible sites. Perhaps the TNGF
construct could activate receptor internally, before reaching the surface. In
addition, metalloprotease inhibition only decreased TNGF release to 50% of the
maximum release rate. Together these results suggested that the TNGF
construct was potentially being released internally and/or activating receptors
prematurely. In retrospect, we may be able to explain these results. It was later
brought to our attention that the TNGF chimera was designed similar to the
native TNFa ligand, which is a Type Il membrane protein, and the ligand is
inserted upside down relative to the native EGF ligand (Type I). This difference
in protein synthesis may have changed the requirement for proteolytic processing
to bind and activate the receptor, and the presence of TNGF intracrine
stimulation could explain why ERK phosphorylation was not reduced when

blocking the EGFR with 225.
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Meanwhile, cell migration experiments were underway on three collagen-
IV coating conditions. Several aspects of the initial migration data needed to be
addressed. First, cells within each the population showed a high degree of
variability. The ECT cells had a population of cells within each experiment that
were very persistent while the majority of the cells were not. It was not clear why
there was this discrepancy in behavior or how to analyze the results. One data
analysis technique used here was transformation of the persistence data to
enable normal statistical analysis of non-normal distributions. Second, the cells
migrated differently on different days. Figure 5.5.10 shows day-to-day variations
of cell speed and persistence measurements. If cells behaved very different on a
single day, it could be argued that there may have been experimental error or
variance within the setup. However, the variation measured showed statistically
significant differences on multiple days. Third, the overall behaviors were not
similar to those previously reported for the ECT cells measured on tissue culture
plastic (Maheshwari et al., 2001). Maheshwari et al. previously showed that
ECT persistence was abolished in the presence of both the EGFR blocking
antibody and exogenous EGF, suggesting the autocrine presentation led to the
interesting cell behavior. In this work we did not see the same response under
multiple collagen coating conditions. The collagen IV substratum may alter cell
signaling and response and overall mask the effects of the EGF autocrine
stimulation in these cells. It is understandable that persistence may vary with
adhesion strength and therefore we expected to see an affect of collagen

conditions. However, the interesting behaviors shown in the foundation of this
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work were not observed under any collagen condition. In addition, our signaling
results suggested that we could not be sure that the TNGF construct was only
controlling EGFR signaling on the cell surface and therefore we did not believe
that our results of varying ligand release with the TNGF construct and the single

cell migration results were conclusive.
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5.5 Figures

EGF Chimeras

eor

i Cell membrane
TNF-alpha EGF }Cytoplasmic Tall
TNGF ECT

Figure 5.5.1. Schematic of TNGF and ECT chimeras. The TNGF chimera
has the soluble EGF domain fused to the transmembrane and cytoplasmic domains of TNF-
alpha. ECT is a truncated form of the native EGF ligand, missing only the amino-terminal

variable region.

139



EGF (Molecules Released/Ceill)

x10
4 -

w
1

N
1

—_
1

B TNGF

O TNGF + 10ug/ml 225
®ECT

O ECT + 10ug/mi 225

B

CR

120 240 360

Time (min)

*0

x10
4
3 o]
o)
2-
o
1 ©
L J [ ] @ | J
O 1 T T T
0 120 240 360 480

Time (min)

600

Figure 5.5.2. TNGF and ECT EGF release into culture media. EGF in
conditioned media measured by ELISA. EGF concentrations are converted to molecules of EGF
and normalized to the average cell number. The slope of a linear fit estimates the ligand release
rate. Inset shows detail of ECT release. EGF release rates of TNGF, ECT, and ECT in the
presence of 225 mAb are 6,000, 20, and 600 respectively. Error represents standard deviation
from triplicate samples.
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Figure 5.5.3. Broad spectrum metalloprotease inhibitor decreases

TNGF release by 50%. TNGF cells were incubated in serum-free media, 0.1% DMSO as
a carrier control, 1TuM and 10uM of Galardin for 2 hours. Media was collected from triplicate
wells, analyzed by EGF ELISA and normalized to cell number. Error represents standard
deviation from ftriplicate samples. The linear release rate was decreased to 75% and 50% with
1uM and 10uM Galardin respectively.
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Figure 5.5.4. Autocrine stimulation leads to receptor downregulation

and sustained ERK phosphorylation. Parental, ECT, and TNGF cells were starved
in serum-free media (SFM) for 12 or 24 hours and lysed. Western blot analysis shows total
EGFR levels, pERK 1/2, and then striped and re-probed for total ERK 1/2. Receptor levels are
from a total cell lysate, compared to the quantitative surface counts shown beiow.
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Figure 5.5.5. Quantitative measurements of surface EGF receptors

on parental, ECT and TNGF cells. a, Surface EGFR levels were measured by
incubating with increasing concentrations of '?l labeled 13A9 mAb for 5 hours at 37C. Duplicate
wells were then striped with an acid wash and counted. Data was fit to a binding equation to
parse out the number of surface receptors, Rs. Values were normalized to an average cell count.
b, Average surface receptor number for each cell type. Error represents standard deviation from
the mean of experiments performed on different days.

143



20MEGF, 5min - + - + - - + -
10ug/mi 225, 1hr - - - - + - - +
- " EGFRpTyr1173
250 K ——
150 K— . T Total EGFR
100 K—

A e W A TS TS S s b-Actin

Figure 5.5.6. Exogenous EGF stimulates ECT but not TNGF EGFR

phosphorylation. Parental, ECT and TNGF cells were starved overnight in serum-free
media and then lysed, or stimulated for 5 minutes with 2nM of exogenous EGF, or inhibited for
1hr with 10ug/ml of 225. Western blots were probed for pTyr1173 EGFR and then stripped and
re-probed for total EGFR and beta-Actin.
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PD153035-EGFR kinase inhibitor
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Figure 5.5.7. EGFR kinase inhibitor but not EGFR antibody blocks

TNGF ERK phosphorylation. Celis were incubated for 16 hrs in serum-free media and
then either lysed, or incubated with either 10ug/ml of 225 mAb (top panel) or 1uM PD153035
(bottom panel) for 2 or 4 hrs. In addition, cells were also then washed and then incubated in
fresh serum-free media for 2 hrs to see if signaling would resume. Western blots were probed for
total EGFR and pERK 1/2, and then striped and reprobed for total ERK 1/2.
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Figure 5.5.8. Cell migration speed and persistence as a function of

ligand release and Collagen IV coating. Cells were plated on three different
collagen 1V coating levels and incubated in serum-free media overnight. Cell migration was

TNGF

Speed (um/hr)

Persistence (Min)

measured using time-lapse video microscopy under serum-free media, 2nM EGF, or 10ug/ml of

225 mAD conditions. a, average cell speed. b, average cell persistence.
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Figure 5.5.9. Log transformation of persistence values. Fit persistence
values for each cell were log transformed to achieve a normal distribution. a) histogram of
persistence values from a typical experiment. b) histogram of transformed values showing new
distribution that is amenable to normal statistical analysis.
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Figure 5.5.10. ANOVA analysis of cell migration speed and

transformed persistence data. TNGF and ECT cells plated on 1ug/ml collagen IV
coated dishes, under Serum-Free Media (SFM), 2nM EGF, and 10ug/ml 225 mAb conditions.
Results from experiments on the same concentration of collagen conducted on different days are
plotted separately to demonstrate the day-to-day variability. a, average cell speed + SEM, b, cell
persistence values were log transformed and then plotted as the average + SEM.
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Chapter 6: Conclusions and future directions

The goal of this thesis was to understand EGFR signaling and cell
behavior in response to autocrine stimulation and the effects of varying the ligand
release rate. We have shown that increased cell migration speed correlates
linearly with ERK phosphorylation levels under both increasing autocrine release
rates and exogenous stimulation. Autocrine presentation led to steady ERK
phosphorylation that never reached exogenous stimulation levels. Exogenous
EGF leads to an EGFR and ERK “overshoot” that was never seen under
autocrine presentation. Even after blocking autocrine stimulation and
subsequent removal of the inhibition, EGF receptor and ERK phosphoryiation
steadily increased towards previous levels. Interestingly, while autocrine induced
ERK signaling is lower; cell migration speed was maximal under autocrine
presentation. In addition, we investigated an EGFR-mediated positive feedback
through ERK that stimulated a 4-fold increase in release rate of our TGFa based
construct. The increased autocrine induced cell migration was dependent on
ERK signaling, shown using a small molecule MEK inhibitor. MEK inhibition not
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only inhibited ERK involvement in the biophysical processes underlying cell
motility, but it also led to a decrease in ligand release rate. Therefore, the
increased, autocrine induced cell speed is thought to be executed through steady
ERK activity and positive feedback of ligand release (summarized in Figure
6.1.1).

As previously mentioned in Chapter 4, it is interesting to speculate that
TGFa, and not EGF, is the most prominent EGFR ligand thought to be involved
in EGF receptor activation in cancer progression and has been implicated as a
potential biomarker for patient prognosis and response to therapy (Hsieh et al.,
2000; Ishikawa et al., 2005; Seth et al., 1999; Yarden and Sliwkowski, 2001).
While there may be several reasons why certain ligands are expressed in
different tissues, the involvement of specific EGFR ligands in cancer
development and progression may have arisen as a result of the type positive
feedback of downstream signals on ligand shedding measured here. The
positive feedback found specifically in TGFa shedding could play a key role in
obtaining self-sufficiency in growth signals, a process known as a hallmark of
cancer (Hanahan and Weinberg, 2000).

Many relevant and exciting results have been presented in this thesis that
motivate future questions and research directions. The quantitative relationship
between ERK phosphorylation and cell migration speed that demonstrates a
disparity between autocrine versus exogenous presentation suggests future work
on understanding the differences in network topology and the effects on cell

behavior. Negative feedback, such as the transcriptional feedback of ZFP36 or
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activation of dual-specificity phosphatases (DUSPs) that restrict the
responsiveness of the cell to EGF stimuli described by Amit et al., could be
differentially initiated in response to the large signaling activation “overshoot”
during exogenous stimulation and potentially downregulate the subsequent cell
migration processes (Amit et al., 2007). Future work is needed to develop a
wider understanding of the network that could be divergently regulating cell
migration processes under steady activation or dynamic peaks of activity.
Although the work here focused on ERK activation, additional signaling pathways
involved in cell migration, such as PI3K, PLCy, and Rac, could also be probed
under exogenous and autocrine stimulation (Wells, 2000). Alternatively,
quantitative mass spec measurements could provide a systems level approach to
understanding autocrine-induced signals (Wolf-Yadlin et al., 2007; Wolf-Yadlin et
al., 2006; Zhang et al., 2005). Correlating these signaling states with
quantitative measurements of cell adhesion, protrusion, and polarization could
identify the key differences underlying the increase in autocrine-induced speed.
In addition to furthering our understanding of the signaling downstream of
autocrine induced EGF receptor activation, we should investigate the subsequent
cell motility in a 3D environment. While autocrine or paracrine presentation are
thought to be more physiologically relevant modes of ligand presentation than
exogenous stimulation, the high throughput assay developed in this work lacks
the more realistic microstructure sterics, matrix mechanics, and adhesive
properties achievable with 3D assays (Zaman et al., 2006). Work outlined in

Chapter 5 also demonstrates the role of matrix interactions in governing cell
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motility and suggests that autocrine induced cell migration may lead to different
trends in a complex environment. While the initial steps were described in this
work, future experiments could investigate the effects of ligand release on cell
signaling and migration within a 3D matrix. In addition, under these experimental
conditions it would interesting to include ligand chimeras of low and high release
containing a heparin-binding domain, thus adding an additional level of ligand
regulation to gain further insight into the autocrine presentation of HB-EGF.

The experimental results in this thesis could also lead to the development
of new computational models of autocrine stimulated EGF receptor signaling.
Parameters such as the amount of ligand released per cell as a function of ERK
phosphorylation under increasing concentrations of exogenous stimulation could
help build models for positive feedback on ligand shedding. Steady EGF
receptor and ERK phosphorylation levels under varying ligand release rates and
after antibody removal could also validate models of autocrine induced signaling
in the absence of exogenous stimulation. One question is whether the models
and parameters used to fit the “overshoot” under exogenous stimulation will fail
to model the lower, sustained levels of autocrine induced activation. Several
published models describing EGF receptor signaling dynamics and autocrine
regulation could facilitate the development of a new model to address these
questions (Asthagiri and Lauffenburger, 2001; Hendriks et al., 2006; Maly et al.,
2004: Miller et al., 2005; Schoeberl et al., 2002; Shvartsman et al., 2001). Initial

work towards this effort, described in Appendix A, suggests that additional work
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will be needed to recapitulate the sustained, low levels of ERK signaling
measured under autocrine stimulation.

While EGF receptor dysregulation has received much attention and has
been targeted in several cancer therapies, we believe that the work presented
here showing increased cell speeds and positive feedback on ligand shedding
provides further evidence that autocrine activation of the EGF receptor and
ligand regulation may play a key roles in tumorigenesis (Bublil and Yarden, 2007;
Ishikawa et al., 2005; Johnston et al., 2006; Kenny and Bissell, 2007; Normanno
et al., 2006; Wells et al., 2002). Future work is necessary to further elucidate the
mechanisms behind the enhanced autocrine driven migration and the translation

of this in vitro work into 3D environments and in vivo.
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6.1 Figures
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Figure 6.1.1. Schematic summarizing the results of this thesis.
Summarizing the effects of exogenous stimulation and autocrine presentation on receptor
downregulation, ERK signaling dynamics, and cell migration speed. In addition, pERK
measurements were shown to be a function of ligand release rate and positive feedback of pERK
on the release of the TGFa based construct was investigated.
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Appendix A: Computational work

This appendix contains initial work on an autocrine EGFR model derived
from the model by Hendriks et al. (Hendriks et al., 2006), and containing the ERK
cascade previously described by Asthagiri et al. (Asthagiri and Lauffenburger,
2001). Figure A.1.1 shows a schematic of the various processes involved in the
model. The model contains several compartments: bulk media, media within the
cell boundary layer, cell membrane, cytoplasm, and endosome. The
mathematical description of a diffusive flux between the bulk media and media
within the cell boundary layer was based off of previous work by Oehrtman et al.
(Oehrtman et al., 1998). Protease dynamics were adapted from Shvartsman et
al. (Shvartsman et al., 2002). Ligand synthesis and protease activation were
varied to achieve ligand release rates similar to those measured from ECT and
TNGF cells. The concentration of EGF at the cell surface (within the boundary
layer), surface receptor downregulation, and ERK activation were simulated
under exogenous EGF (constant EGF in the bulk media) and ligand release
conditions, in the absence or presence of the EGF receptor blocking 225
antibody.

This model consists of 93 ordinary differential equations, of which 44
describe the ERK cascade alone. From the base model, by Hendriks et al.,
describing only EGFR dynamics (excluding other HER family members) through
ERK activation, 16 equations were added to include autocrine dynamics and
antibody inhibition (Hendriks et al., 2006). All of the parameters used in the
ligand and protease dynamics were unknown and therefore estimated. Initial
work used ligand synthesis to vary the ultimate accumulation of EGF in the bulk
media, see Figure A.1.2. However, the model was intended to describe
differences in protease activity to achieve the different release rates.
Optimization of the ligand and protease dynamics has yet to be completed, due
to the large number of parameters still unknown. A simpler model could also be
envisioned, that only includes a membrane bound ligand with variable shedding
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kinetics. Additionally, the rate of ligand shedding could include dependence on
simultaneous ERK activity to model results described in Chapter 4 of this thesis.
This appendix shows a simulation of EGFR and ERK signaling under
varying EGF release rate and exogenous EGF stimulation conditions. The most
significant result is the estimation of EGF concentration at the cell surface —-a
variable that is currently immeasurable. Low ligand release (~1,000 molecules of
EGF released per cell per minute) leads to sub nanomolar concentrations of EGF
while the high release (~10,000 molecules of EGF released per cell per min)
results in a surface concentration of approximately 7 nM, see Figure A.1.3. The
model also shows relevant levels of surface EGFR downregulation under the low
and high autocrine conditions, comparable to those measured in both Chapter 3
and 5 for the ECT, TCT, and TNGF cells. Interestingly, this model overestimates
the decrease in ERK activity over time. The autocrine and exogenously
stimulated ERK activation levels decrease within an hour to a very low level,
whereas experiments show a higher, steady level of activation. This model
estimates receptor phosphotase activity with an exponential decay function
attached to the ERK input. This time sensitive component of the model does not
allow steady levels of ERK activation and therefore is not an appropriate way to
handle receptor dephosphorylation under autocrine presentation. Future work
could add receptor phosphotase species and additional reactions to better
describe receptor deactivation. Additional concerns include the large number of
equations and estimated parameters for a system with few measurable outputs.
A simplified set of equations can be envisioned that decreases the number of
species and allows some analytical analysis. Future work with computational
autocrine models is promising, as these initial results of variable ligand
accumulation in the media and receptor downregulation show strong

resemblance to experimental results.
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A.1 Figures
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Figure A.1.1. Schematic of autocrine EGFR model components.
Schematic showing processes described in the ODE model, including synthesis (EGF, EGFR,
and protease), protease activation, EGF release, EGF diffusion into bulk media from boundary
layer, ligand binding, receptor dimerization, receptor phosphorylation, ERK signaling cascade,
antibody binding, internalization of surface species, endosomal reactions, recycling and

degradation.
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Figure A.1.2. Simulated ligand accumulation in bulk media. EGF
accumulation in the bulk media is simulated for a 2 hour time course under low and high ligand
synthesis conditions in the presence and absence of 10 ug/ml of 225 receptor blocking antibody.
A linear fit to the slope of the line quantifies the ligand release rate. Adding 225 increases the
accumulation of EGF under low and high release rate conditions.
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Figure A.1.3. Simulated surface EGF and EGFR levels. The final
concentration of EGF at the cell membrane (within the boundary layer) and surface receptor
numbers are shown under autocrine (low and high EGF release rates) and exogenous (2 or 25nM
EGF in bulk media) EGF conditions after a 2-hour simulation. Autocrine induced receptor
downregulation is shown in comparison to the ‘No Stimulation’ condition.
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Figure A.1.4. Simulated ERK activity under autocrine and exogenous

EGF. Total active ERK and integrated active ERK are shown as a function of time under low
and high autocrine and exogenous EGF conditions in the presence and absence of 10 ug/ml 225
receptor blocking antibody.
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A.3 Matlab Code

% Autocrine_comlist050706_2.m

%

% This code was developed using a Bart Hendriks' model building code

% This m-file creates plots of ligand release, receptor levels,

% EGF concentration at the cell membrane, and ERK activation levels

% To run this code, you will need the additional files, including:

% autocrine2_050608

% that define the species, parameters, and reaction fluxes, in addition to the files that
% solve the equations and make the plots. This code is what sets the conditions

% for the simulation that generates the plots below.

%

% 6/22/05

% Lisa Joslin

%

% This file varies the ligand synthsis to vary the ligand release rate

% Protease activation is constant in this case and could be used to introduce

% ligand specificity or variations in ligand release rate. As a first pass, ligand synthesis
% was varied to obtain ligand release rates of approx. 10,000 and 1,000 molecules/cel/min

clear all

% This file defines all of the compartments, species, parameters and reaction fluxes
autocrine2_050608

M = Model('Autocrine050706_2', Species, Parameter, Reaction, Compartment, CPL);

M = GenerateODEfile(M, 1);
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% EGF Additions in soluble bulk media
EGF_doses =[0 2 25]; % nM

% Ab Conc in nM
X1_dose=10; %ug/ml
X1_dose=X1_dose*10"3*10"3/150000; %nM assuming 150,000 Da

%initial guess of kaP was 0.00833 1/s
kaP=[0.833 0.0833 0.00833 0.000833 0.0000833]; % 'Units', '1/s'
kpl=[1.00367 1.00367e-1 1.00367e-2 1.00367e-3 1.00367e-4]; % 'Units', "1/nM/sec’

74
/o

% RUN 1: Get things set--Approach SS! No Autocrine production.

% HMEC (number per cell)

% Radius= 10um

ksyn_Ligand = 0; %this is an initial guess ****change later....

ksyn_Protease = 5, %this is an initial guess ****change later....

ksyn_R1 = 34;

% % convert synthesis rates to nM/sec:

ksyn_Ligand = ksyn_Ligand/PMCF*CPL;

ksyn_Protease = ksyn_Protease/PMCF*CPL;

ksyn_R1 = ksyn_R1/PMCF*CPL; % These are synthesis rates, now converted to nM/sec

tic;

% M = nitializeModelRun(M, 1, 'first try’);

% tspan = [0:1:300 330:30:1800 2400:120:7200]; % timepoints for simulation (This is in SECONDS!)
% M = SolveModel(M, 1, tspan);

RunNumber = 0;

RunNumber = RunNumber + 1;
SS_Run = RunNumber,
RunName = 'Approach to SS’;
ICfilename =";
PVfilename = "
M = InitializeModelRun(M, RunNumber, RunName, ICfilename, PVfilename, ...
ksyn_R1', ksyn_R1,...
'ksyn_Protease', ksyn_Protease, ...
’ksyn_Ligand', ksyn_Ligand,...
'EGF_BM', 0,...
'kaP' kaP(3),...
kpl' kpl(3),...
'X1_BM', 0);
M = SSReceptorGuesses(M, RunNumber);
tspan = [0:100000:1000000];
M= SolveModel{M, RunNumber, tspan);
toc;

174
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%

% % RUN 2: Control--no stimulus

% HMEC (number per cell)

ksyn_Ligand = 0; %this is an initial guess
ksyn_Protease = 5; %this is an initial guess
ksyn_R1=34;

% % convert synthesis rates to nM/sec:

ksyn_Ligand = ksyn_Ligand/PMCF*CPL;

ksyn_Protease = ksyn_Protease/PMCF*CPL;

ksyn_R1 = ksyn_R1/PMCF*CPL; % These are synthesis rates, now converted to nM/sec

RunNumber = RunNumber + 1;

RunName = 'Autocrine timecourse’,
M = InitializeModelRun{M, RunNumber, RunName, SS_Run, ...
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'ksyn_R1', ksyn_R1,...

'ksyn_Protease’, ksyn_Protease, ...

'ksyn_Ligand', ksyn_Ligand,...

'EGF_BM', EGF_doses(1),...

'kaP' kaP(3),...

kpl' kpI(3)....

'X1_BM', 0);
tspan = [0:1:300 330:30:1800 1920:120:7200]; % timepoints for simulation (This is in SECONDS!)
M = SolveModel(M, RunNumber, tspan);
toc;

[74
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% % RUN 3: vary ligand synthesis--low autocrine

% HMEC (number per cell)

ksyn_Ligand = 25; %this is an initial guess
ksyn_Protease = 5; %this is an initial guess
ksyn_R1 = 34,

% % convert synthesis rates to nM/sec:

ksyn_Ligand = ksyn_Ligand/PMCF*CPL;

ksyn_Protease = ksyn_Protease/PMCF*CPL;

ksyn_R1 = ksyn_R1/PMCF*CPL; % These are synthesis rates, now converted to nM/sec

RunNumber = RunNumber + 1;
RunName = 'Autccrine timecourse';
M = InitializeModelRun(M, RunNumber, RunName, SS_Run, ...
'ksyn_R1', ksyn_R1,...
'ksyn_Protease', ksyn_Protease, ...
‘ksyn_Ligand', ksyn_Ligand,...
'EGF_BM', EGF_doses(1),...
'kaP' kaP(3),...
‘kpl',kpl(3),...
'X1_BM', 0);
tspan = [0:1:300 330:30:1800 1920:120:7200]; % timepoints for simulation (This is in SECONDS!)
M = SolveModel(M, RunNumber, tspany);
toc;
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% % RUN 4: vary ligand synthesis--low autocrine +Ab

% HMEC (number per cell)

ksyn_Ligand = 25; %this is an initial guess
ksyn_Protease = 5; %this is an initial guess
ksyn_R1 = 34;

% % convert synthesis rates to nM/sec:

ksyn_Ligand = ksyn_Ligand/PMCF*CPL,;

ksyn_Protease = ksyn_Protease/PMCF*CPL;

ksyn_R1 = ksyn_R1/PMCF*CPL; % These are synthesis rates, now converted to nM/sec

RunNumber = RunNumber + 1;
RunName = 'Autocrine timecourse';
M = InitializeModelRun(M, RunNumber, RunName, SS_Run, ...
‘ksyn_R1', ksyn_R1,...
‘ksyn_Protease’, ksyn_Protease,...
'ksyn_Ligand', ksyn_Ligand,...
'EGF_BM', EGF_doses(1),...
'kaP',kaP(3),...
'kpl',kpl(3),...
'X1_BM', X1_dose);
tspan = [0:1:300 330:30:1800 1920:120:7200]; % timepoints for simulation (This is in SECONDS!)
M = SolveModel(M, RunNumber, tspan);
toc;

74
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% % RUN 5: vary ligand synthesis--high autocrine

% HMEC (number per cell)
ksyn_Ligand = 250; %this is an initial guess
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ksyn_Protease = 5; %this is an initial guess
ksyn_R1 = 34;

% % convert synthesis rates to nM/sec:

ksyn_Ligand = ksyn_Ligand/PMCF*CPL;

ksyn_Protease = ksyn_Protease/PMCF*CPL;

ksyn_R1 = ksyn_R1/PMCF*CPL; % These are synthesis rates, now converted to nM/sec

RunNumber = RunNumber + 1;
RunName ="Autocrine timecourse",
M = [nitializeModelRun(M, RunNumber, RunName, SS_Run, ...
ksyn_R1', ksyn_R1,...
'ksyn_Protease', ksyn_Protease,...
‘ksyn_Ligand', ksyn_Ligand,...
'EGF_BM', EGF_doses(1),...
'kaP' kaP(3),...
'kpt' kpl(3)....
'X1_BM’, 0);
tspan = [0:1:300 330:30:1800 1920:120:7200]; % timepoints for simulation (This is in SECONDS!)
M = SolveModel(M, RunNumber, tspan);
toc;

Of,

% % RUN 6: vary ligand synthesis--high autocrine + Ab

% HMEC (number per cell)

ksyn_Ligand = 250; %this is an initial guess
ksyn_Protease = 5, %this is an initial guess
ksyn_R1 = 34;

% % convert synthesis rates to nM/sec:

ksyn_Ligand = ksyn_Ligand/PMCF*CPL;

ksyn_Protease = ksyn_Protease/PMCF*CPL;

ksyn_R1 = ksyn_R1/PMCF*CPL; % These are synthesis rates, now converted to nM/sec

RunNumber = RunNumber + 1;
RunName = 'Autocrine timecourse’,
M = InitializeModelRun{M, RunNumber, RunName, SS_Run, ...
'ksyn_R1', ksyn R1,...
'ksyn_Protease’, ksyn_Protease, ...
'ksyn_Ligand', ksyn_Ligand,...
'EGF_BM', EGF_doses(1),...
‘kaP"' kaP(3),...
kpl' kpl(3)....
'X1_BM', X1_dose);
tspan = [0:1:300 330:30:1800 1920:120:7200]; % timepoints for simulation (This is in SECONDS!)
M = SolveModel(M, RunNumber, tspan);
toc;

0/,
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%%% Run 7: exogenous EGF

% HMEC (number per cell)

ksyn_Ligand = 0; %this is an initial guess
ksyn_Protease = 5; %this is an initial guess
ksyn_R1 =34,

% % convert synthesis rates to nM/sec:

ksyn_Ligand = ksyn_Ligand/PMCF*CPL;

ksyn_Protease = ksyn_Protease/PMCF*CPL;

ksyn_R1 = ksyn_R1/PMCF*CPL; % These are synthesis rates, now converted to nM/sec

RunNumber = RunNumber + 1;
RunName = 'Autocrine timecourse',
M = InitializeModelRun(M, RunNumber, RunName, SS_Run, ...
'ksyn_R1', ksyn_R1,...
'ksyn_Protease', ksyn_Protease, ...
'ksyn_Ligand', ksyn_Ligand,...
'EGF_BM', EGF_doses(2),...
'kaP' kaP(3),...
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*kpl' kpl(3),...

X1_BM', 0);
tspan = {0:1:300 330:30:1800 1920:120:7200]; % timepoints for simulation (This is in SECONDS!)
M = SolveModel(M, RunNumber, tspan);
toc;

%%% Run 8: exogenous EGF +Ab

% HMEC (number per cell)

ksyn_Ligand = 0; %this is an initial guess
ksyn_Protease = §; %this is an initial guess
ksyn_R1 = 34;

% % convert synthesis rates to nM/sec:

ksyn_Ligand = ksyn_Ligand/PMCF*CPL;

ksyn_Protease = ksyn_Protease/PMCF*CPL;

ksyn_R1 = ksyn_R1/PMCF*CPL; % These are synthesis rates, now converted to nM/sec

RunNumber = RunNumber + 1;
RunName = 'Autocrine timecourse';
M = InitializeModelRun(M, RunNumber, RunName, SS_Run, ...
'ksyn_R1', ksyn_R1,...
'ksyn_Protease’, ksyn_Protease,...
'ksyn_Ligand', ksyn_Ligand,...
'EGF_BM', EGF_doses(2),...
‘kaP’ kaP(3),...
'kp!',kpl(3),...
'X1_BM', X1_dose);
tspan = [0:1:300 330:30:1800 1920:120:7200]; % timepoints for simulation (This is in SECONDS!)
M = SolveModel(M, RunNumber, tspan);
toc;

VA
(4

%%% Run 9: exogenous EGF

% HMEC (number per cell)

ksyn_Ligand = 0; %this is an initial guess
ksyn_Protease = 5; %this is an initial guess
ksyn_R1 = 34,

% % convert synthesis rates to nM/sec:

ksyn_Ligand = ksyn_Ligand/PMCF*CPL,;

ksyn_Protease = ksyn_Protease/PMCF*CPL;

ksyn_R1 = ksyn_R1/PMCF*CPL; % These are synthesis rates, now converted to nM/sec

RunNumber = RunNumber + 1;
RunName = ‘Autocrine timecourse”;
M = InitializeModelRun(M, RunNumber, RunName, SS_Run, ...
'ksyn_R1', ksyn_R1,...
‘ksyn_Protease’, ksyn_Protease,...
‘ksyn_Ligand', ksyn_Ligand,...
'EGF_BM', EGF_doses(3),...
'kaP’ kaP(3),...
‘kpl',kpl(3)....
'X1_BM', 0);
tspan = [0:1:300 330:30:1800 1920:120:7200]; % timepoints for simulation (This is in SECONDS!)
M = SolveModel(M, RunNumber, tspan);
toc;

o/,
o

%%% Run 10: exogenous EGF +Ab

% HMEC (number per cell)

ksyn_Ligand = 0; %this is an initial guess
ksyn_Protease = 5; %this is an initial guess
ksyn_R1 = 34;

% % convert synthesis rates to nM/sec:
ksyn_Ligand = ksyn_Ligand/PMCF*CPL,
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ksyn_Protease = ksyn_Protease/PMCF*CPL,;
ksyn_R1 = ksyn_R1/PMCF*CPL; % These are synthesis rates, now converted to nM/sec

RunNumber = RunNumber + 1;
RunName = 'Autocrine timecourse',
M = InitializeModelRun(M, RunNumber, RunName, SS_Run, ...
'ksyn_R1', ksyn_R1,...
'ksyn_Protease’, ksyn_Protease, ...
'ksyn_Ligand', ksyn_Ligand,...
'EGF_BM’, EGF_doses(3),...
'kaP' kaP(3),...
'kpl',kpl(3)....
'X1_BM', X1_dose);
tspan = [0:1:300 330:30:1800 1920:120:7200]; % timepoints for simulation (This is in SECONDS!)
M = SolveModel(M, RunNumber, tspan);
toc;

save('Autocrine_050706_2', 'M', -compress');

Yo PLOTS

% % Protease unactive and active and mem bound ligand

% Plots_muilti(M,[2,3,4,5,6,7],[4,5,6], #/cell')

%

% % Receptors total and total #P

% Plots_multi(M,[2,3],[39,40,41,42,43,44] '#/cell’)

%

% % plots the number of total ErbB1 and the frxn #P for the [] run numbers
% PhosphoPlots_Lisa(M, [2,3])

%

% FrxnPlots(M, [2,3])

%

% % Soluble Ligand and Ab in the three compartments (bulk, media, endosomal
% % lumen)

% Plots_multi(M,[2,3],[1,2,3],'nM")%17,18,19],'nM")

input_legend=strvcat('No Stimulation','Low Autocrine’,'Low Autocrine +Ab','High Autocrine','High Autocrine +Ab','2nM

EGF','2nM EGF +Ab','25nM EGF','25nM EGF +Ab');

Plot_MOAOQutputs(M,[2,3 4,5,6,7,8,9,10], BulkMedVol,input_legend, [3,4,5,6])

input_legend2=strvcat('Low Autocrine’,'Low Autocrine +Ab','High Autocrine','High Autocrine +Ab','2nM EGF','2nM EGF

+Ab','25nM EGF','25nM EGF +Ab');
Plots_multi(M,[3,4,5,6,7,8,9,10],[93,94],'nM"), legend(input_legend2)

%

%

%

%%% VIEW EVERY SPECIES

% i=1;

% while i<length(M.Species)

% Plots_multi(M,[2,3,4,5,6,7,8,9,101,[i,i+1,i+2,i+3,i+4,i+5] 'nM")
% i=i+6;

% end

% %

% % % ERK plots
%Plots_multi(M,[2,3,4,5,6,7,8,9,10],[92,93,94],'nM"), legend(input_legend)
% %
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