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The number of distinct signaling pathways that can transac-
tivate the epidermal growth factor receptor (EGFR) in a single
cell type is unclear. Using a single strain of human mammary
epithelial cells, we found that a wide variety of agonists, such as
lysophosphatidic acid (LPA), uridine triphosphate, growth hor-
mone, vascular endothelial growth factor, insulin-like growth
factor-1 (IGF-1), and tumor necrosis factor-e, require EGFR
activity to induce ERK phosphorylation. In contrast, hepatocyte
growth factor can stimulate ERK phosphorylation independent
of the EGFR. EGFR transactivation also correlated with an
increase in cell proliferation and could be inhibited with metal-
loprotease inhibitors. However, there were significant differ-
ences with respect to transactivation kinetics and sensitivity to
different inhibitors. In particular, IGF-1 displayed relatively
slow transactivation kinetics and was resistant to inhibition by
the selective ADAM-17 inhibitor WAY-022 compared with
LPA-induced transactivation. Studies using anti-ligand anti-
bodies showed that IGF-1 transactivation required amphiregu-
lin production, whereas LPA was dependent on multiple
ligands. Direct measurement of ligand shedding confirmed that
LPA treatment stimulated shedding of multiple EGFR ligands,
but paradoxically, IGF-1 had little effect on the shedding rate of
any ligand, including amphiregulin. Instead, IGF-1 appeared to
work by enhancing EGFR activation of Ras in response to con-
stitutively produced amphiregulin. This enhancement of EGFR
signaling was independent of both receptor phosphorylation
and PI-3-kinase activity, suggestive of a novel mechanism. Our
studies demonstrate that within a single cell type, the EGFR
autocrine system can couple multiple signaling pathways to
ERK activation and that this modulation of EGFR autocrine sig-
naling can be accomplished at multiple regulatory steps.
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The extracellular milieu is a rich mixture of small molecules,
each conveying a particular type of information. Endocrine
hormones integrate organ functions across the organism; cyto-
kines and growth factors reflect the inflammatory or prolifera-
tive status of a tissue; matrix molecules convey information
about location; and other small molecules, such as amino acids,
sugars, lipids, and electrolytes, can reflect the activities of
neighboring cells. Any given cell must integrate all of these
various sources of information to make the appropriate deci-
sion to proliferate, die, or remain quiescent. Failure of a cell to
appropriately interpret and respond to its informational con-
text can contribute to many aspects of cancer, from hyperpro-
liferation to inappropriate motility to resistance to apoptosis.
Thus, it is important to not only study the activity of individual
signaling pathways but also to investigate the mechanisms by
which they are integrated to give rise to final cellular outcomes.

An important example of information integration is the abil-
ity of multiple stimuli to activate the ERK pathway indirectly by
stimulating epidermal growth factor receptor (EGFR)? signal-
ing, a process known as transactivation (1). For example, acti-
vation of G-protein-coupled receptors (GPCRs), such as the
endothelin, lysophosphatidic acid (LPA), and calcium recep-
tors (1-4, 6 —8), can result in autophosphorylation of the EGFR
and subsequent activation of the MAPK cascade. Similar results
have been reported following activation of the tumor necrosis
factor receptor system (9) and insulin-like growth factor recep-
tor (IGFR) systems (10). EGFR transactivation has been pro-
posed to be mediated by the activation of metalloproteases that
release EGFR ligands proteolytically (4). Although the general
features of transactivation have been described for numerous
cell and receptor types, the molecular mechanisms responsible

2 The abbreviations used are: EGFR, epidermal growth factor receptor; GPCR,
G-protein-coupled receptor; RTK, receptor tyrosine kinase; ADAM, a disin-
tegrin and metalloprotease; IGF-1, insulin-like growth factor 1; IGFR, insu-
lin-like growth factor receptor; LPA, lysophosphatidic acid; HMEC, human
mammary epithelial cell(s); TGFe, transforming growth factor «; EGF, epi-
dermal growth factor; HB-EGF, heparin-binding EGF-like growth factor; AR,
amphiregulin; EPR, epiregulin; VEGF, vascular endothelial cell-derived
growth factor; HGF, hepatocyte growth factor/scatter factor; GH, growth
hormone; mAb, monoclonal antibody; MAPK, mitogen-activated protein
kinase; ERK, extracellular signal-regulated kinase; MMP, matrix metallopro-
tease; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide;
BisTris, 2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol;
ELISA, enzyme-linked immunosorbent assay; PI3K, phosphatidylinositol
3-kinase.
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for activation of ligand shedding are still unclear. Nevertheless,
the process is critically important in the action of many hor-
mones. For example, vascular smooth muscle cell hypertrophy
induced by angiotensin II is mediated through EGFR transacti-
vation (11), as is the motility and proliferation of multiple types
of cancer cells (12).

Despite the importance of EGFR transactivation in patholog-
ical processes, very little is known about its role in normal cell
physiology. The complexity of the EGER system is a significant
barrier to this understanding, because it obscures the mecha-
nisms by which a transactivating factor might act. For example,
normal human mammary epithelial cells (HMEC) express four
different EGFR autocrine ligands: transforming growth fac-
tor-a (TGF-a), heparin-binding EGF-like growth factor (HB-
EGF), amphiregulin (AR), and epiregulin (EPR) (13). These cells
also express HER2 and HER3 that can form heterodimers,
depending on the activating ligand (14-16). Understanding
transactivation in this context requires an understanding of the
cell type, the levels of the different receptors, and how the dif-
ferent ligands are regulated. Because few experimental systems
are amenable to this level of analysis, most of our knowledge of
transactivation is restricted to specific combinations of cell type
and transactivating ligand without integration across receptor
classes and signaling mechanisms. One consequence of this
complexity is uncertainty as to whether multiple mechanisms
of transactivation can function in concert in the same cell.

Over the last decade, we have been building a systems-level
model of the EGFR system in HMEC (17). Using this model cell
system, we and our collaborators have built mathematical mod-
els of EGFR dynamics and shown their utility in predicting the
effect of perturbations, such as HER2 overexpression (18, 19).
Proteome analysis of these cells has been performed to define
the repertoire of receptors and signaling molecules that they
express (20) as well as the pattern of proteins that are phospho-
rylated in response to EGF (21). We have also investigated the
regulation of ligand processing and activation in these cells (22,
23). However, we still know little about how ligand processing is
regulated and how different ligands participate in EGFR trans-
activation. Therefore, we designed a systematic study to define
the range of signals that can induce EGFR transactivation and
the role it might play in regulating these cells.

In this investigation, we have used a wide variety of hor-
mones and stimuli known to activate the ERK pathway and have
determined whether they operate by transactivating EGFR.
Surprisingly, we found that this was the case for the majority of
inputs. These signals include GPCRs, receptor tyrosine kinases
(RTKs), and cytokine receptors. However, the mechanisms by
which different receptors transactivate EGFR are distinct with
respect to metalloprotease utilization, ligand targeting, and
kinetics. We additionally uncovered a novel mechanism of
apparent transactivation by IGF-1 acting through its own
receptor, in which there is no increase in ligand shedding but
rather a sensitization of the EGFR to constitutively released
amphiregulin. The end result is still modulation of autocrine
signaling through the EGFR. These results suggest that EGFR
autocrine signaling integrates signals from a surprising diver-
sity of different receptors within a single cell type and that there
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are multiple points in the pathway at which signal integration
can occur.

EXPERIMENTAL PROCEDURES

Antibodies and Materials—Rabbit polyclonal anti-EGFR
(1005) was obtained from Santa Cruz Biotechnology. Anti-
AKT (Pan), anti-phospho-AKT (Ser*”?), anti-ERK, and anti-
phospho-p44/42 MAPK (Thr*°?/Tyr***) (E10) antibodies were
obtained from Cell Signaling Technology. Goat anti-rabbit and
goat anti-mouse horseradish peroxidase-conjugated antibodies
were obtained from Jackson Immunoresearch Laboratories.
Vascular endothelial cell-derived growth factor (VEGF) was
obtained from R & D Systems. LPA and LY294002 were pur-
chased from BIOMOL Research Laboratories Inc. Hepatocyte
growth factor/scatter factor (HGF), AG 1517, and GM6001
(Galardin/Ilomastat) were purchased from Calbiochem. Insu-
lin and insulin-like growth factor 1 (IGF-1) were from Sigma.
Human EGF was obtained from Peprotech, Inc. All capture
antibodies, biotinylated detection antibodies, and antigens for
the sandwich ELISAs were purchased from R&D Systems (Min-
neapolis, MN) and suspended in water to 500 ug of protein/ml,
aliquoted, and lyophilized. Anti-ligand antibodies against
TGEF-q, epiregulin, and amphiregulin were obtained from R&D
Systems. CRM197 was purchased from EMD Biosciences (San
Diego, CA). Monoclonal antibody 13A9 was a generous gift
from Genentech, Inc. (San Francisco, CA).

Batimastat (BB-94; (4-(N-hydroxyamino)-(2R)-isobutyl-
(3S)-(thienylthiomethyl)succinyl)-L-phenylalanine-N-methyl-
amide) was custom-synthesized by Kimia Corp. (Santa Clara,
CA). WAY-022 was a generous gift from Jay Gibbons (Wyeth
Ayerst, Pearl River, NY) to Bob Coffey. Galardin (GM6001) and
Batimastat have similarly broad activities against multiple
matrix metalloproteases (MMPs) as well as ADAM family pro-
teases but differ in potency, with Galardin being more potent by
a factor of 10 (24, 25).

Cell Culture and Treatment—HMEC 184A1-1 were main-
tained at 37 °C in 95% air, 5% CO, in DFCI-1 medium as previ-
ously described (26). New cultures were started from stocks
approximately every 12 weeks. Overnight incubation in low
serum (0.1%) medium, either Ham’s F-12 medium (0.3 mm
Ca*>") or DFCI-1 (0.8 mm Ca*>"), was used to serum-deplete
cells. Serum-deprived HMEC 184A1-1 monolayers were incu-
bated with protease or kinase inhibitors for 0.5 h or with block-
ing antibodies for 2—18 h prior to the indicated treatments.

Proliferation Assays—HMEC 184A1-1 cells in 12-well plates
were seeded at 1.0 X 10° cells/well in DFCI-1 medium contain-
ing 1% fetal bovine serum, allowed to attach for 4 h, and serum-
deprived for 18 —24 h in F-12 minimal medium. Cell prolifera-
tion was determined by direct cell counts using a Coulter
counter at 24-h intervals. In addition, MTT assays were con-
ducted once a day for 3 days. MTT (Sigma) was added to a final
concentration of 0.5 ug/ml. Following 4 h of incubation at 37 °C
in the dark, the MTT crystals were solubilized in 100 ul of
acid-isopropyl alcohol (0.04 N HCI in isopropyl alcohol), and
quadruplicates of 100 ul were collected and clarified by high
speed centrifugation. The supernatants were subjected to opti-
cal density analysis. Approximately 100 ul of solution were
added to a 96-well microplate and read at 570 nm with back-
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ground subtraction at 630 nm. In parallel experiments, cell
number was determined directly by a Coulter counter, yielding
very similar results.

Immunoblot Analysis of p42/44 ERK and AKT Phos-
phorylation—HMEC 184A1-1 cells were seeded into 100-mm
dishes in DFCI-1 medium, cultured to ~80% confluence, and
serum-deprived for 18 h. Cells were pretreated with inhibitors
for the time periods indicated in each figure legend and then
stimulated with agonists for 15 min. After stimulation, cultures
were washed twice with ice-cold phosphate-buffered saline and
lysed in MT-G buffer (20 mm HEPES, pH 8.0, 1% Triton X-100,
10% glycerol, 150 mm NaCl, 2 mm Na;OV,, 1 mm phenylmeth-
ylsulfonyl fluoride, 1% aprotinin, protease inhibitor mixture),
and cell lysates were then cleared by centrifugation. Approxi-
mately 20 ug of total protein of each sample was loaded onto a
10% BisTris gel, transferred to polyvinylidene difluoride mem-
brane, and probed for phospho-ERK. p42/44 ERK phosphoryl-
ation was detected by immunoblotting with a 1:2,000 dilution
of mouse monoclonal phosphospecific p42/44 ERK antibody.
AKT phosphorylation was determined using an anti-phospho-
AKT antibody purchased from Cell Signaling Technology that
was used at a 1:1000 dilution. Horseradish peroxidase-conju-
gated goat anti-mouse secondary antibody was used at a 1:5,000
dilution. Quantification of bands was performed using a Roche
Applied Science Lumilmager and associated image analysis
software. After quantification, membranes were stripped and
reprobed using rabbit anti-total p42/44 ERK antibody or rabbit
anti-total AKT antibody to confirm equal protein loading.

Phosphoprotein and Ligand ELISAs—Phosphorylated ERK1
was measured in cell lysates using phospho-ERK1 (Thr*°%/
Tyr***) and phospho-AKT (Pan) (Ser*”?) sandwich ELISA kits
from R&D Systems in a 96-well format with slight modifica-
tions. Briefly, protein was isolated from HMEC using MTG lysis
buffer. Approximately 40 ug of total protein was diluted to a 1:1
ratio with a lysis buffer supplemented with 8 m urea. The lysate
samples were vortexed and incubated at room temperature for
1 h and then centrifuged at 2,000 X g for 5 min, and the super-
natant was collected in a fresh tube. The samples were diluted
to a final urea concentration of 1 M. The same samples were
used to evaluate the levels of phosphorylated EGFR using the
STAR phospho-EGER ELISA kit from Millipore. For determi-
nation of AR levels, medium was collected from each dish and
then analyzed directly for AR using the AR ELISA kit from R&D
Systems.

The levels of activated Ras were determined by using a pull-
down assay kit based on the Raf-RBD-glutathione S-transferase
fusion protein (Cytoskeleton, Inc.). In brief, cells were rinsed
and lysed in detergent solution containing a protease inhibitor
mixture (provided with kit). A cell scraper was used to transfer
the cells to a microcentrifuge tube, and the lysate was clarified
by centrifugation. Approximately 500 ug of total protein was
incubated with 15 ug of Rafl-RBD beads for 1 h at 4°C on a
rotator. The beads were rinsed with a wash buffer twice, sus-
pended in SDS sample buffer, heated to 95 °C for 5 min, and
then run on a 12% SDS gel and transferred to polyvinylidene
difluoride membrane and probed with an anti-Ras antibody.
Horseradish peroxidase-conjugated goat anti-mouse second-
ary antibody was used at a 1:5,000 dilution. Quantification of
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bands was performed using a Roche Applied Science Lumi-
Imager and associated image analysis software.

Quantitative ELISA Microarrays—ELISA microarray chips
were prepared and processed essentially as described previ-
ously (1, 2). To facilitate sample throughput and reproducibil-
ity, 16 identical chips were printed on each slide, using a hydro-
phobic barrier to separate the samples, as described previously
(3). Each of the capture antibodies was printed four times on
each chip, along with Cy3-labeled protein that served as an
orientation marker. All antigen standards were combined prior
to serially diluting 3-fold in 0.1% casein to create 11 standards
that spanned a 2,187-fold concentration range. Prior to analy-
sis, conditioned medium was diluted 10% and 21-fold and ana-
lyzed in duplicate. To avoid any potential slide-related bias in
signal intensity, duplicates were placed in different positions on
different slides. Sample positioning was also blocked based on
treatment group so that typically no more than two samples of
the same treatment group were located on a single slide.

The biotin signal was amplified using the biotinyltyramide
amplification procedure followed by incubation with streptavi-
din conjugated to Cy3 (1). The fluorescent images for the slides
were obtained using a ScanArray Express HT laser scanner, and
the spot intensity was quantified using ScanArray Express
(PerkinElmer Life Sciences). Standard curves were generated,
and sample antigen concentrations were calculated using the
Protein Microarray Analysis Tool (ProMAT), a custom free-
ware program developed specifically for this use (available on
the World Wide Web) (1, 4). Statistical differences between all
treatment groups were initially determined by analysis of vari-
ance and then delineated using Fisher’s protected least signifi-
cant difference test using StatView 5.0.1 software (SAS Insti-
tute). A significance level of 0.05 was used in all cases.

RESULTS

Activation of the MAPK Pathway—Proximal signaling
through the EGFR involves activation of EGER tyrosine kinase
and the resultant activation of the Ras-Raf-MEK-MAPK path-
way via scaffolding intermediates, such as Grb-Sos (for a review,
see Ref. 27). Transactivation of the EGFR is defined operation-
ally as phosphorylation of p42/44 ERK in response to an unre-
lated agonist that requires EGFR kinase activity and the proteo-
lytic release of EGFR ligands. To characterize the range of
transactivating signals operative in HMEC, we selected a panel
of agonists that have previously been shown to induce EGFR
transactivation in other cell types. These agonists include insu-
lin/IGF-1, HGF, TNF«, VEGF, LPA, GH, sorbitol, and aniso-
mycin; activated RTKs (including IGFR, c-Met, Flt, and GH
receptor); GPCRs (Edg/LPAR); and stress response pathways
(TNFq, sorbitol, and anisomycin). As shown in Fig. 1, treating
HMEC with this panel of agonists induces phosphorylation of
ERK. The ligands EGF, insulin, sorbitol, anisomycin, and HGF
each produced a strong increase in ERK1/2 phosphorylation
within 15 min of treatment, as detected by anti-phospho-ERK
antibodies. Identical results were obtained with 10 nm IGF-1
and 100 nMm insulin (data not shown), implicating the IGFR
rather than the insulin receptor. The GPCR ligand LPA and
VEGF, GH, and TNFa also stimulated ERK phosphorylation
but to a lesser and more variable extent. Pretreatment of HMEC
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FIGURE 1. Dependence of EGFR activity and proteolytic activity for acti-
vation of ERK by multiple stimuli. HMEC 184A1-1 cells were treated with
the indicated agonists for 15 min: TNFa (10 ng/ml), EGF (1 ng/ml), CaCl, (2.0
mm), insulin (10 nm), sorbitol (Srbtol) (0.5 m), anisomycin (50 ng/ml), VEGF (100
ng/ml), LPA (20 um), HGF (20 ng/ml), and GH (500 ng/ml) in the absence or
presence of inhibitors, as indicated below. Cell lysates (normalized to 20 g of
protein) were separated by SDS-PAGE, transferred to polyvinylidene difluo-
ride membranes, and phosphorylated ERK visualized using anti-phospho-
ERK1/2 antibodies, as described under “Experimental Procedures.” Top, effect
of the EGFR kinase inhibitor AG1517. Cells were pretreated with the specific
EGFRinhibitor AG1517 ata concentration of 500 nmfor 15 min prior to agonist
addition. The concentration of AG1517 was based on preliminary experi-
ments showing it to be the minimum concentration that completely
blocked EGF-induced EGFR phosphorylation (data not shown). Results are
typical of triplicate samples from three independent experiments. Bottom,
effect of the metalloprotease inhibitor Galardin (also known as llomastat
or GM6001). The inhibitor was added at a final concentration of 10 um 15
min prior to the agonist addition. Results are typical of triplicate samples
from three independent experiments.

with the highly specific and potent EGFR kinase inhibitor AG
1517 (28) completely blocked the increase in ERK phosphoryl-
ation in response to EGF, insulin/IGF, anisomycin, VEGF, LPA,
GH, and TNFa, whereas sorbitol-induced ERK phosphoryla-
tion was only partially inhibited (Fig. 14). The same results
were also obtained using the EGFR kinase inhibitor AG 1478
(data not shown). HGF was not significantly affected by either
of the EGFR kinase inhibitors, demonstrating that the loss of
ERK activation was not caused by a nonspecific effect of the
inhibitors.

The most frequently implicated mechanism for transactiva-
tion of the EGER is the cleavage and release of EGF family
ligands from the cell surface by activation of cell surface metal-
loproteases (2, 29—31). This general mechanism was tested by
using the metalloprotease inhibitor Galardin (32) to inhibit
proteolytic cleavage of membrane-bound EGEF-like ligands.
Using a concentration of Galardin that has previously been
shown to block shedding-mediated transactivation (31), we
observed a significant decrease in ERK phosphorylation in
response to GPCR agonists (LPA) and RTK agonists (insulin/
IGF-1) but no significant effect on EGF- or HGF-induced ERK
activation. Galardin also substantially inhibited ERK phospho-
rylation in response to VEGF, GH, and anisomycin. In contrast,
ERK phosphorylation in response to the osmotic stressor sor-
bitol was only partially inhibited by Galardin, implicating both
EGFR-dependent and EGFR-independent mechanisms in the
osmotic stress response.

Kinetics of Induction—In addition to indirect activation of
ERK through the EGFR axis, several of the receptors studied
have been implicated in the direct activation of the Ras-Raf-
MEK-MAPK pathways (25, 30). Because the kinetics of ERK
activation could potentially differentiate between direct and
indirect agonists, we used a quantitative ELISA to measure the
total increase in ERK phosphorylation over time, with time
points ranging from 1.5 to 30 min after agonist addition. As
shown in Fig. 24, a marked increase in ERK phosphorylation
was observed as early as 1.5 min after the addition of IGF-1,
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FIGURE 2. Kinetics of ERK phosphorylation in response to multiple ago-
nists. A, cells were serum-deprived for 18 h and then treated with the indi-
cated agonists: control (DMSO alone; O), IGF-1 (1 nm; H), LPA (20 um; A) UTP
(100 wm; ), EGF (1 ng/ml; @), and HGF (20 ng/ml; A). Cell lysates were har-
vested on ice at the indicated times after agonist addition. Changes in the
level of ERK phosphorylation were quantified by ELISA as described under
“Experimental Procedures.” Results are presented as ng/ml pERK/40 ug of
total protein = S.D. (n = 3). B, same as A, with the addition of the tyrosine
kinase inhibitor, AG 1517, at 500 nm for 1 h prior to the addition of agonists.

LPA, UTP (which activates purinergic GPCRs), EGF, or HGF.
The UTP-mediated ERK activation appeared to peak by 1.5
min, with no further increase and a gradual return to basal
levels by 30 min. ERK phosphorylation in response to IGF-1,
LPA, EGF, and HGF appeared to peak at 5 min, followed by a
gradual decline, but remained substantially above control levels
at 30 min. Interestingly, AG 1517 completely inhibited ERK
activation at all time points after either EGF or IGF-1 treatment
(Fig. 2B) but was only partially effective at the 1.5-min time
point for UTP and LPA. This suggests that ERK phosphoryla-
tion in response to these two GPCR agonists may have an initial,
transient direct component, followed by a subsequent compo-
nent dependent on EGFR transactivation. HGF-induced ERK
phosphorylation was insensitive to AG 1517 treatment at all
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FIGURE 3. HMEC proliferation in response to multiple agonists is depend-
enton EGFR kinase activity. HVIEC were plated at 30% confluence in serum-
free DFCl medium supplemented with the indicated agonists or 0.1% DMSO
(control), in the absence (light gray bars) or presence (dark gray bars) of the
EGFR inhibitor AG1517. Cell number was estimated by MTT assay on day 1
and 3 after stimulation, as described under “Experimental Procedures.”
Results are presented as the ratio of MTT absorbance on day 3/day 1 (mean =
S.D., n = 3). Vertical lines indicate the values of control cells as a basis for
comparisons.

time points, consistent with an EGFR-independent mode of
action.

Coupling of Proliferation to EGFR Transactivation—Since
EGER activation is required for the proliferation of the 184A1
and 184A1-1 HMEC lines (33, 34), we investigated whether
those extracellular stimuli that transactivate the EGFR in
HMEC could induce a proliferative response in the absence of
exogenous EGF and, if so, whether this response was dependent
on EGFR kinase activity. We rendered the HMEC cell line
184A1-1 quiescent by overnight culture in serum-free medium
and then treated cells with either 100 ng/ml EGF, 20 um LPA, 1
nMIGF-1,100 um UTP, 10 ng/ml TNFe, 100 ng/ml VEGF, or 20
ng/ml HGF. Proliferation was determined by direct cell count
at 24-h intervals for 3 days after agonist addition.

As shown in Fig. 3, EGF, HGF, and TNFa stimulated HMEC
proliferation by 2.3—2.5-fold. The GPCR-coupled agonists LPA
and UTP stimulated a statistically significant 1.4-1.7-fold
increase in proliferation over the 3-day period (p = 0.01), as did
also stimulation with IGF-1. VEGF had little effect on prolifer-
ation (1.2-fold increase, p = 0.06). The proliferative responses
to EGF, UTP, LPA, IGF-1, and TNFa were dependent on EGFR
kinase activity, as shown by the significant inhibition observed
with the EGFR kinase inhibitor AG1517. AG1517 did reduce
proliferation of control cells by about 50%, but this effect can be
attributed to inhibition of the basal levels of EGER activation
seen in the presence of constitutive ligand shedding (see below).
Proliferation in response to HGF was resistant to AG1517, with
a >3-fold increase in cell proliferation in response to HGF plus
A@G1517, demonstrating that HGF exerts its effects independ-
ent of the EGFR and that the effects of AG1517 are relatively
specific.
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Differential Protease Specificity—The protease inhibitor
Galardin (GM6001) used in Fig. 1 is a relatively broad-spectrum
metalloprotease inhibitor with activity against both MMPs and
members of the ADAM family (25, 32). The ADAM proteases
have been implicated as the primary effectors of regulated pro-
teolysis in numerous systems (2, 29, 35, 36), and proteomic
analysis of HMEC indicates that these cells express both
ADAM 17 and ADAM 10 (13). To determine which of these
ADAMs was most likely responsible for ligand release in HMEC
cells, we compared the effects of various protease inhibitors on
ERK activation. Although Galardin was effective against IGF-1-
induced ERK phosphorylation (Fig. 1), Batimastat, a chemically
unrelated inhibitor of MMPs and ADAM family metallopro-
teases (24), was ineffective against IGF-1 when used at a con-
centration that we have previously shown to completely block
ligand shedding (37) (Fig. 44). However, Batimastat substan-
tially blocked ERK phosphorylation in response to LPA or UTP.
Since neither Batimastat nor Galardin can distinguish between
MMPs and ADAM family proteases, we tested the effects of
WAY-022, a selective inhibitor of ADAM 17 (38). WAY-022
was highly effective in blocking ERK activation in response to
either LPA or UTP-induced transactivation of the EGFR, impli-
cating ADAM 17 as the metalloprotease responsible for regu-
lated proteolysis in response to these GPCR agonists. In con-
trast, WAY-022 was as ineffective at blocking IGF-1-induced
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ERK phosphorylation as Batimastat (Fig. 44). Kinetic experi-
ments showed that metalloprotease inhibitors were effective at
even the earliest time points of stimulation (1.5 min; data not
shown). These results suggest that GPCRs work through ligand
shedding via an ADAM 17-mediated pathway, whereas IGFR-
mediated transactivation uses a different mechanism.

Identification of Potential Ligands Involved in EGFR
Transactivation—Proteomic analyses of HMEC indicate that
they produce the EGFR ligands HB-EGF, AR, TGFq, and EPR
(13), of which any one singly or in combination could poten-
tially mediate EGFR transactivation in these cells. We used
CRM-197, an antagonist of HB-EGF (39), to determine whether
HB-EGF was an important mediator of LPA- or IGF-1-medi-
ated transactivation. CRM-197 at the concentration used (10
pg/ml) binds specifically to membrane-anchored HB-EGF and
blocks all of its biological activity (39). However, this inhibitor
had no effect on ERK phosphorylation in response to any of the
agonists tested (Fig. 54), suggesting that HB-EGF is not a rele-
vant shed ligand with the tested stimuli.

To determine which of the other EGFR ligands might be
contributing to EGFR transactivation, we measured ERK phos-
phorylation in the presence of a series of anti-ligand antibodies.
As shown in Fig. 54, the anti-EGFR antibody mAb 13A9, which
blocks TGFa and AR-mediated activation of the EGFR but not
EGF or HB-EGF binding (43, 44), was generally as effective as
mAb 225 in blocking EGFR transactivation by either LPA, UTP,
or IGF-1. This finding provides further evidence that HB-EGF
is not the transactivating ligand in HMEC, in concordance with
the ineffectiveness of CRM-197. Anti-EPR antibody had no
effect on either LPA- or UTP-mediated transactivation but did
produce a slight decrease in ERK phosphorylation in response
to IGF-1. The anti-TGFa antibody had a modest, statistically
significant inhibitory effect against LPA and UTP (but not IGE-
1). However, the extent of inhibition in the presence of anti-
TGFa antibodies was insufficient to account entirely for the
inhibitory effects of mAb 13A9.

We tested combinations of the individual antibodies against
AR, EPR, and TGFq, as shown in Fig. 5B. The anti-AR antibody
produced a very significant decrease in ERK phosphorylation in
response to IGF-1, whereas neither anti-EPR nor anti-TGFa
had a statistically significant effect. In contrast, no single anti-
body, not even the anti-AR antibody, produced a major
decrease in LPA-induced ERK phosphorylation; rather, each
individual antibody produced a partial reduction in ERK phos-
phorylation. Combining anti-AR and anti-TGFa produced a
significant inhibition of ERK phosphorylation in response to
LPA, suggesting that both ligands contribute to LPA-mediated
transactivation. UTP-mediated ERK phosphorylation showed a
statistically significant decrease in response to either anti-AR,
anti-TGFa, or anti-EPR antibodies, although the anti-AR anti-
body was clearly the most effective whether used singly or in
combination (Fig. 5B). The maximum inhibition of the UTP
response by combined anti-TGF« and anti-AR antibodies was
to 25% of controls, compared with inhibition to 11% of the
control value by anti-AR in IGF-1-stimulated cells.

These results implicate AR as the major ligand responsible
for transactivating the EGER in response to IGF-1 treatment,
whereas the LPA and UTP receptors appear to act through
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FIGURE 5. Effect of antagonistic antibodies against either the EGFR or its
ligands on stimulation of ERK phosphorylation. A, following overnight
incubation in serum-free medium, HMEC were pretreated with the following
inhibitors at a concentration of 10 wg/ml for 1 h: anti-EGFR mAb 225 (which
blocks all ligand binding); anti-EGFR mAb 13A9 (which blocks TGF« and AR
but not EGF or HB-EGF); CRM-197 (a specific inhibitor of HB-EGF binding), and
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then stimulated with IGF-1 (1 nm), LPA (20 um), UTP (100 um), or EGF (1 ng/ml)
for 5 min. ELISAs were used to quantify ERK phosphorylation, as described
under “Experimental Procedures.” Values are mean = S.D. (n = 3). The aster-
isks denote statistically significant differences between control and inhibitor
treatment within each agonist group, as determined by one-tailed Student’s
t test. ¥, p =< 0.05; **, p =< 0.01. B, combinations of neutralizing antibodies to
AR, TGFe, and EPR were used, each at a concentration of 10 wg/ml. All other
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multiple ligands. Interestingly, both GPCRs maintain a sub-
stantial level of ERK phosphorylation activity even in the pres-
ence of combined anti-ligand antibodies, suggesting that there
may be additional ligand-independent effects of GPCR
activation.

Ligand Production in Response to Stimulation—To verify
that the EGFR ligands implicated in the specific antibody exper-
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TABLE 1

Quantitative ELISA Microarray to Measure Basal and Induced Levels
of AR, HB-EGF, and TGFa

Cells were maintained overnight in basal medium and then incubated for 1 h in fresh
basal medium plus 10 ug/ml 225 mAb prior to the addition of the indicated stimu-
lus. After a 3-h incubation, the medium was removed and assayed for the levels of
the indicated growth factor using the protein microarray described under “Experi-
mental Procedures.” Results are expressed = S.D.

Stimulus AR HB-EGF TGFa
pg/ml pg/ml pg/ml
None 1180 = 470 11£8 110 =5
IGF-1 (1 nm) 1190 = 510 102 117 £ 16
LPA (20 um) 1410 = 610 57 + 11 180 = 18~
UTP (100 um) 1290 *+ 600 11£3 100 *= 16
HGF (0.3 nm) 1260 = 470 67 = 8¢ 145 £ 17

“ Significantly different by both analysis of variance and Fisher’s protected least
significant difference analysis.

iments were actually produced by HMEC cells and responsive
to agonist stimulation, we used a quantitative ELISA microar-
ray to measure basal and induced levels of AR, HB-EGF, and
TGFa in conditioned medium from HMEC cells stimulated
with either IGF-1, LPA, UTP, or HGF (Table 1). The available
antibodies against EPR are not suitable for use in an ELISA.? In
concordance with the metalloprotease inhibitor studies, LPA
treatment induced a 5- and 1.6-fold increase in HB-EGF and
TGFa production and a minor (1.3-fold) increase in AR release.
HGF also significantly increased HB-EGF and TGFa produc-
tion, although it does not use the EGER pathway for ERK acti-
vation. UTP, despite being a GPCR agonist like LPA, stimulated
a minor increase in AR production but not HB-EGF or TGF«
release. Surprisingly, IGF-1 had no significant effect on the
release of any ligand. Of particular note are the absolute levels
of AR, HB-EGF, and TGFa under both basal and stimulated
conditions. AR is obviously the dominant EGFR ligand in
HMEC with levels 10 —-100-fold higher than TGFa or HB-EGF.
The constitutive levels of AR production are higher than the
stimulated levels of TGFa and HB-EGF combined.

To verify the lack of increased AR production in response to
IGF-1, we used an ELISA in a 96-well format. Cells were pro-
vided fresh medium together with different agonists for 2 h,
followed by the analysis of the culture medium for AR levels. In
the case of the untreated cells, the amount of AR in the medium
had already reached a substantial level by 2 h (Fig. 6A4). The
addition of PMA, which is known to elicit a strong shedding
response in HMEC (40), stimulated more than a 3-fold increase
in AR levels in the medium, whereas LPA and HGF induced an
~2- and 1.5-fold increase, respectively (Fig. 64). UTP and
IGF-1 had no apparent effect on AR production, consistent
with the results obtained from the micro-ELISA assay. When
we used increasing doses of IGF-1, we did see a small effect on
AR production after 2 h (Fig. 6B). However, the maximum
increase was only about 25% at 5 nm IGF-1, which is far less than
the severalfold increase observed in the case of LPA or PMA.

Because the increase in AR production following IGF-1 stim-
ulation is small relative to the magnitude of ERK activation, it
seemed likely that a mechanism other than induced ligand
shedding must be involved. However, any alternate mechanism
must explain why ERK activation by IGF-1 is dependent on

3 R. Zangar, unpublished observations.
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FIGURE 6. Stimulation of amphiregulin release from HMEC by different
agonists. A, cells were seeded at ~300,000 cells/35-mm dish and then
serum-deprived the following day. Following an 18-h incubation in low
serum medium, the cells were treated with IGF-1, LPA, UTP, HGF, or PMA for
2 h. Medium was collected from each dish and then analyzed for amphiregu-
lin release by ELISA. B, HMEC were incubated overnight in serum-free
medium and then changed to fresh medium containing IGF-1 at concentra-
tions ranging from 0 to 10 nm for 2 h. The conditioned medium was collected
and analyzed for amphiregulin release using an ELISA, as described under
“Experimental Procedures.” C, HMEC were incubated overnight in serum-free
medium before adding IGF-1 (10 nm), LPA (20 um), or EGF (10 ng/ml) for 5 min
(white bars). Alternately, the medium was changed before agonist addition
for 1 h (gray bar) or 2 h (dark gray bar). The results are means from three
samples = S.D.

both the presence of AR and EGER activity. One possibility is
that IGF-1 binding to its receptor could amplify EGFR signaling
arising from constitutively released AR.

Our normal experimental protocol is to change cells to fresh
medium the evening before an experiment and then add stim-
ulants in a small aliquot. This protocol would allow AR to accu-
mulate in the medium before the cells were stimulated. If IGF-1
is sensitizing the EGFR to constitutively produced AR, then we
should see a reduction in its effect if we changed cells to fresh
medium shortly before adding IGF-1. To test this idea, we grew
cells at low density and either stimulated them with IGF-1,
LPA, or EGF using our normal protocol or changed them to
fresh medium for 1 or 2 h to allow any prebound ligand to
dissociate. As shown in Fig. 6C, changing the medium had little
or no effect on cells treated with either LPA or EGF. In the case
of IGF-1-treated cells, however, changing the medium signifi-
cantly reduced the level of ERK phosphorylation, consistent
with the hypothesis that IGF-1 works by increasing cell sensi-
tivity to constitutively produced AR.

Enhancement of EGFR Signaling by IGF-1—To critically test
the hypothesis that IGF-1 treatment increases the sensitivity of
cells to EGFR ligands, we measured EGFR phosphorylation, Ras
activity, and ERK phosphorylation simultaneously as a function
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FIGURE 7. Sensitization of the response of HMEC to EGFR activation by
treatment with IGF-1. HMEC were incubated overnight in serum-free
medium and treated with (closed circle) or without (open circle) IGF-1 (10 nm)
and EGF at the indicated final concentration, and cells were harvested 5 min
later. ELISA assays were used to quantify EGFR phosphorylation (top) or ERK
phosphorylation (bottom) as described under “Experimental Procedures.”
Alternately, cells were lysed, and activated Ras was isolated using RBD-gluta-
thione S-transferase bead affinity isolation. The amount of isolated Ras was
then quantified by Western blot analysis, followed by densitometry. The
amount of Ras from each sample is expressed in arbitrary densitometry units.

of EGF dose in the presence or absence of IGF-1. We measured
EGFR and ERK phosphorylation directly using specific ELISAs,
whereas Ras activity was measured by affinity isolation using an
RBD-glutathione S-transferase fusion protein (41). It is known
that ligand binding activates ERK by first inducing EGFR phos-
phorylation and then Ras activation, which controls the Raf-
MEK-ERK cascade (42). By examining the effect of IGF-1 treat-
ment at three different levels of the EGFR signaling pathway, we
should see the level at which IGF-1 exerts its effects.

As shown in Fig. 7 (bottom), the addition of EGF alone had
little effect on ERK phosphorylation below a concentration of 3
ng/ml. In the presence of 10 nM IGF-1, however, an increase was
observed at 0.03 ng/ml, an ~30-fold increase in sensitivity. Sim-
ilar results were obtained using AR as an agonist rather than
EGF (data not shown). An enhancement was also seen when
Ras activation was evaluated as well (Fig. 7, middle). In the
absence of IGF-1, there was little activity below 1 ng/ml EGF. In
the presence of IGF-1, however, there was an increase of Ras
activity at 0.03 ng/ml EGF. The increase in both Ras and ERK
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activity seen by the addition of IGF-1 alone required constitu-
tive autocrine signaling, since it could be completely blocked
with EGFR-blocking antibodies (data not shown; also see
below).

To determine whether the IGF-1-induced sensitization of
signaling was at the level of EGFR activity, we measured the
levels of EGER tyrosine phosphorylation as a function of EGF
concentration in the presence and absence of IGF-1. The level
of receptor phosphorylation remained minimal below an EGF
concentration of 3 ng/ml, above which it increased sharply (Fig.
7, bottom). This corresponds approximately to the dose
required for induction of ERK phosphorylation in the absence
of IGF-1. However, there was no significant dose-dependent
change in EGER phosphotyrosine levels when IGF-1 was added.
The small difference that was observed at 3 ng/ml EGF was not
reproducible in replicate experiments (data not shown). These
data suggest that IGF-1 exerts its mechanism of action down-
stream of the EGFR but upstream of Ras.

Activation of PI3K Is Not Involved in the Sensitization Activity
of IGF-1—One potential mechanism by which the IGF-1 could
enhance the activity of the EGFR is by stimulating the PI3K
pathway. It has been shown recently that activation of PI3K can
greatly stimulate EGFR signaling at low ligand concentrations
by recruiting the adaptor protein Gabl to the plasma mem-
brane (43). To determine whether IGF-1 could be affecting this
mechanism, we first determined whether IGF-1 treatment
could activate PI3K using phosphorylation of AKT as a surro-
gate end point. As shown in Fig. 84, IGF-1 is capable of stimu-
lating AKT phosphorylation equivalently in the presence or
absence of 0.1 ng/ml EGF, and furthermore, the presence of
mAb 225 has no effect on the level of AKT phosphorylation in
response to IGF-1. As expected, treatment with LY294002 sub-
stantially inhibited AKT phosphorylation in response to IGF-1.
These results clearly indicate that IGF-1 treatment can activate
the PI3K-AKT pathway independent of the EGFR.

We next examined whether activation of PI3K was required
for the increase in ERK phosphorylation observed in response
to IGF-1. As seen in Fig. 8B, the PI3K inhibitor LY294002 had
only a minor effect on ERK phosphorylation in response to
IGF-1 alone. The addition of IGF1 greatly enhanced ERK phos-
phorylation stimulated by 0.1 ng/ml EGF, but although this
response was completely blocked by mAb 225, LY294002 had
little effect. This was true over a wide range of LY294002 con-
centrations, as shown by the results of a quantitative phospho-
ERK ELISA (Fig. 8C). Essentially identical results were obtained
using wortmannin as a PI3K inhibitor (data not shown). These
results suggest that IGF-1 enhances EGFR signaling independ-
ent of PI3K activity.

DISCUSSION

In this study, we have demonstrated that activation of the
ERK pathway in HMEC by a large variety of distinct ligand-
receptor pairs was mediated through transactivation of the
EGEFR. Factors that could transactivate the EGFR acted through
both GPCR and RTKs as well as through general cell stressors,
such as osmotic shock (sorbitol) and inhibition of protein syn-
thesis (anisomycin). Transactivation of the EGFR has been well
documented for several GPCRs, most notably endothelin, LPA,
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FIGURE 8. Sensitization of the EGFR response by IGF-1 is independent of
PI3K activity. A, HMEC were pretreated with LY294002 (30 um) or mAb 225
(10 wg/ml) or vehicle (DMSO) for 1 h and then stimulated with or without 0.1
ng/ml of EGF for 10 min in either the absence (left) or presence (right) of 10 nm
IGF-1.The cells were then solubilized, and the extract was evaluated by West-
ern blot (WB) analysis using antibodies against AKT or phospho-AKT as indi-
cated. B, same as A, except the antibodies used were specific for ERK and
phospho-ERK. C, HMEC were treated with the indicated concentrations of
LY294002 for 1 h prior to stimulation with the indicated concentration of EGF
for 5 min in the presence or absence of IGF-1. Cells were then extracted, and
the levels of phospho-ERK were quantified by ELISA. Shown are averages of
duplicate samples.

and B-adrenergic receptors (2, 7, 8, 44, 45) as well as for IGF
receptors (10, 46), but this is the first report demonstrating that
such a breadth of transactivation mechanisms can operate
simultaneously in a single cell type. The general paradigm for
GPCR-induced transactivation involves the activation of mem-
brane-associated metalloproteases of either the ADAM or
MMP families. The metalloproteases then cleave membrane-
tethered ligands of the EGF family, such as TGF«, HB-EGF, or
AR. The newly soluble ligands then bind to receptors of the
EGFR family, inducing ligand-dependent dimerization and
activation (1, 4, 12). Downstream signaling from the activated
EGEFR receptors is presumed to be the same from this point as it
is after adding exogenous ligands.

To determine how such a wide range of different agonists
could stimulate the same pathway, we focused on two that
could stimulate GPCRs (LPA and UTP) and one that activated
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an RTK (IGF-1). We found that LPA, UTP, and IGF-1 induction
of ERK phosphorylation or cell proliferation was inhibited by
EGEFR kinase inhibitors or ligand-blocking antibodies, implicat-
ing ligand-dependent EGFR activation in the action of these
agents. Activation of c-Met by HGF provided a useful contrast,
since neither HGF-induced proliferation nor ERK phosphoryl-
ation was affected by inhibiting the EGFR, indicating that c-Met
activates the MAPK cascade by an independent mechanism.

Although there was a general correspondence between the
ability of various agonists to induce ERK phosphorylation and
the ability of the same agonists to stimulate a proliferative
response (e.g. EGF and HGF were potent as both mitogens and
activators of the MAPK pathway), there were some notable
exceptions. For example, sorbitol induced rapid phosphoryla-
tion of ERK but was antiproliferative, and TNF« induced a
strong mitogenic response without producing a robust activa-
tion of MAPK. Clearly, ERK activation alone is insufficient to
drive a full mitogenic response, and coordinated activation of
other pathways, such as the PI3K pathway, may substantially
modify the proliferative response.

The mechanisms of EGFR transactivation in HMEC appear
to diverge at the level of regulated proteolysis, in that three
different metalloprotease inhibitors with differing specificities
produced different results. For example, the induction of ERK
phosphorylation in response to LPA, IGF-1, TNF«a, VEGF, and
GH were all significantly inhibited by Galardin, whereas Bati-
mastat, which appears to be less potent, proved ineffective
against IGF-1 but highly effective against LPA- and UTP-in-
duced ERK phosphorylation. This distinction held when WAY-
022, a selective inhibitor of ADAM 17 with minimal activity
against ADAM 10, was used. WAY-022 was highly effective at
inhibiting the LPA and UTP responses but ineffective against
IGEF-1.

These results indicate that the two GPCR agonists rely on
activation of ADAM 17 to induce proteolytic release of EGFR
ligand, whereas IGF-1 relies predominantly on an alternate
mechanism of transactivation that is dependent on other met-
alloproteases. Ligand antibody studies supported this notion,
with AR antibodies being potent inhibitors of IGF-1-induced
transactivation, whereas combinations of TGF« and EPR anti-
bodies were the most effective inhibitors of GPCR-induced
transactivation.

It should be noted that antibodies against high affinity
ligands, such as TGFa, are poorly effective in blocking auto-
crine signaling. As we have previously shown, micromolar con-
centrations of anti-TGFa antibodies would be required to
effectively block autocrine signaling mediated by this ligand,
because it never enters the bulk medium prior to being cap-
tured by the EGFR (47). Thus, the significant inhibition we
observe in LPA-mediated transactivation in response to the
addition of relatively low concentrations of anti-TGF« antibod-
ies (10 pg/ml) is quite striking. In contrast, low affinity ligands,
such as AR, can be blocked much more effectively by antibod-
ies, because they enter the bulk medium, where they can be
captured (48). Inhibitors that bind to membrane-anchored pro-
teins, such as mAb 225, against the EGFR or CRM197 against
HB-EGF are also very effective, because they can persistently
accumulate on the cell surface during the entire incubation
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period. The ability of anti-AR antibodies alone to completely
inhibit IGF-1 transactivation of the EGFR strongly suggests that
AR is the only ligand involved in this process.

The simplest explanation for the differences between IGF-1
and the other agonists would have been that it specifically
induced the shedding of AR. However, direct measurements of
ligand release did not support this idea. Instead, it appears that
IGE-1 has little effect on the rate of AR shedding, suggesting
that it operates through an alternate mechanism.

In contrast to the weak effect of IGF-1 on ligand shedding,
LPA had a pronounced effect on the shedding rate of all three
ligands that we could measure. Our antibodies against EPR
were unsuitable for use in an ELISA, so we cannot evaluate the
level at which HMEC produce this ligand. Based on the
observed inhibitory effect of anti-EPR antibodies on GPCR-
mediated transactivation, we suspect that it is an important
ligand in the biology of these cells. UTP did not induce a signif-
icant release of any ligand, but it is a very labile agonist and
probably could not persist during the time required for our
ligand-shedding assays (2—4 h). Although HGF did not trans-
activate the EGFR, it was a surprisingly effective inducer of
ligand shedding, probably because of its ability to directly stim-
ulate ERK activation. It has been shown previously that EGFR
ligand shedding is coupled to ERK activation (49). Conversely,
although IGF-1is a good transactivation agent, it has little if any
ability to stimulate ligand shedding. These results directly dem-
onstrate that ligand shedding is not necessarily coupled to
EGER transactivation but is at variance with a previous report
that IGF-1 is a strong stimulator of HB-EGF shedding in HEK-
293 and MEF cells (46). Our finding on the lack of IGF-1-in-
duced shedding might be explained by differences in cell types
(epithelial cells in our studies versus mesenchymal HEK-293
and MEF cells in Ref. 46). Alternately, it could be because IGF-1
can induce a robust ERK response in HEK-293 or MEF cells
independently of the EGFR and thus could act in a similar fash-
ion as HGF.

The inability of IGF-1 treatment to stimulate a significant
increase in AR release was initially puzzling. However, we
noticed that the constitutive level of AR shedding in HMEC was
~400 pg/h/10° cells. This is 10- and 100-fold higher than the
basal level of TGFa and HB-EGF production, respectively.
Despite the high rate of constitutive AR release, there was little
indication that the EGFR system was constitutively active; thus,
we reasoned that some process must be inhibiting AR activity.
IfIGF-1 treatment released this inhibitory mechanism, then the
constitutively released AR would be able to activate the ERK
pathway. Importantly, this “sensitization” mechanism would
appear similar to a ligand-shedding mechanism with respect to
its dependence on both metalloprotease and EGFR activity.

Sensitization of cells to constitutively produced AR could
occur by an increase in ligand accessibility to the receptor or by
increasing the amount of signal produced by each occupied
receptor. Our data were consistent with the latter hypothesis.
In the presence of IGF-1, small amounts of EGF caused a very
large increase in ERK phosphorylation. The sensitization
occurred downstream of the EGFR itself but upstream of Ras
activation, because IGF-1 did not change the degree of EGFR
self-phosphorylation in response to EGF but did enhance the
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ability of the EGFR to activate Ras. In the absence of added EGF,
IGF-1 appears to require the presence of accumulated AR,
because changing to fresh extracellular medium or adding
anti-AR antibodies significantly reduced the ability of IGF-1 to
stimulate ERK phosphorylation. This demonstrates that IGF-1
induces “transactivation” of the EGFR by enhancing constitu-
tive autocrine signaling by a postreceptor mechanism.

An attractive candidate mechanism for IGF-1 action was
activation of the PI3K pathway. It is known that stimulation of
the IGFR can induce strong activation of the PI3K pathway (10)
and that PI3K activity enhances signaling through the EGFR at
low ligand concentrations (43). However, blocking PI3K activ-
ity by either LY294002 or wortmannin had no effect on the
ability of IGF-1 to enhance signaling through the EGEFR,
although it did block its ability to stimulate AKT phosphoryla-
tion. The actual mechanism by which IGF-1 acts to increase
EGER activity is unknown, but it could involve an increase in
substrate availability for receptor phosphorylation or binding
or suppression of an inhibitory mechanism. Studies are cur-
rently in progress to explore these possibilities.

In contrast to IGF-1, LPA appeared to activate the EGFR by
stimulating the shedding of multiple ligands. Although the
induction of HB-EGF shedding by LPA was very substantial,
blocking HB-EGF availability had little effect on cellular
responses. This is probably because of the very small amounts
of HB-EGF produced by these cells relative to other ligands,
such as TGFa. The actual mechanism by which the LPA recep-
tor and other membrane receptors activate ADAMs and MMPs
is currently unclear, although there is evidence in the literature
for both PKC-dependent (50, 51) and c-Src-dependent (5,
52-54) pathways. We found that inhibitors of PKC, such as
staurosporine, had no effect on LPA-induced ligand shedding
or ERK activation, but the Src family kinase inhibitor PP2 inhib-
ited both IGF-1- and LPA-induced ERK phosphorylation.*
These data implicate Src family kinases as mediators of ligand
shedding in HMEC.

The results presented here suggest that a broad variety of
different receptor types and stressors activate the ERK pathway
in mammary epithelial cells through transactivation of the
EGFR. This transactivation requires shedding of autocrine
ligands that activate the EGFR, but different receptor types
appear to stimulate transactivation at different points in the
EGER signaling pathway (see Fig. 9). A unique finding in our
study was that IGF-1 appears to transactivate the EGFR by
increasing its sensitivity to constitutively produced AR rather
than by stimulating ligand shedding. This leads to a different
perspective on EGFR transactivation itself. Instead of consider-
ingita “stimulus-response” process in which stimulation of one
signaling pathway simply activates the EGFR, transactivation is
better regarded as a perturbation of a steady-state autocrine
circuit. In this model, autocrine signaling occurs at a low, con-
tinuous level under normal conditions because of the balance
between constitutive ligand production (positive) and receptor
desensitization (negative). The addition of a transactivating
agonist alters the steady state balance between the positive and

“K. Rodland, unpublished observations.
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FIGURE 9. Summary of the multiple pathways for EGFR transactivation
and ERK activation in HMEC. Modulators of G-protein-coupled receptors,
such as LPA, stimulate the shedding of EGFR ligands, such as AR or TGFq,
which in turn activate the EGFR. Alternately, IGF1 working through its recep-
tor stimulates the activity of the EGFR through an unknown mechanism
upstream of Ras. HGF operating through its own receptor can activate Ras
and ERK independently of the EGFR.

negative aspects of the autocrine circuit, resulting in a change in
ERK activity. Seen in this way, transactivation can be consid-
ered as a perturbation in “signaling homeostasis” of the EGFR
autocrine system. It is known that the EGFR is a central regu-
lator of epithelial cell proliferation and differentiation. Its abil-
ity to serve as a broad-spectrum integrator of multiple cellular
stimuli could explain its importance in epithelial cell biology.
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