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Background: The EGF receptor has multiple ligands that can induce different biological effects.

Results: EGF and TGFe, but not BTC or AREG, bias the EGF receptor toward heterodimer formation with ErbB2. AREG
induces dimerization with different kinetics than the other ligands.

Conclusion: EGFR ligands differentially induce receptor dimerization.

Significance: This contributes to the biological differences elicited by different ligands.

The EGF receptor has seven different cognate ligands. Previ-
ous work has shown that these different ligands are capable of
inducing different biological effects, even in the same cell. To
begin to understand the molecular basis for this variation, we
used luciferase fragment complementation to measure ligand-
induced dimer formation and radioligand binding to study the
effect of the ligands on subunit-subunit interactions in EGF
receptor (EGFR) homodimers and EGFR/ErbB2 heterodimers.
In luciferase fragment complementation imaging studies,
amphiregulin (AREG) functioned as a partial agonist, inducing
only about half as much total dimerization as the other three
ligands. However, unlike the other ligands, AREG showed
biphasic kinetics for dimer formation, suggesting that its path
for EGF receptor activation involves binding to both monomers
and preformed dimers. EGF, TGFa, and betacellulin (BTC)
appear to mainly stimulate receptor activation through binding
to and dimerization of receptor monomers. In radioligand bind-
ing assays, EGF and TGFa« exhibited increased affinity for
EGFR/ErbB2 heterodimers compared with EGFR homodimers.
By contrast, BTC and AREG showed a similar affinity for both
dimers. Thus, EGF and TGF« are biased agonists, whereas BTC
and AREG are balanced agonists with respect to selectivity of
dimer formation. These data suggest that the differences in bio-
logical response to different EGF receptor ligands may result
from partial agonism for dimer formation, differences in the
kinetic pathway utilized to generate activated receptor dimers,
and biases in the formation of heterodimers versus homodimers.

The EGF receptor tyrosine kinase is a classic receptor tyro-
sine kinase that mediates cell proliferation in response to a vari-
ety of different ligands. Structurally, the receptor possesses an
extracellular ligand binding domain and an intracellular tyro-
sine kinase domain (1). In its inactive state, the receptor appears
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to exist primarily as a monomer (2). However, upon binding
ligand, the receptor undergoes a substantial conformational
change that allows it to dimerize, in a back-to-back orientation,
with a second EGF receptor (3, 4).

Dimerization of the extracellular domains leads to dimeriza-
tion and activation of the intracellular kinase domain (5). The
active kinase phosphorylates a number of different tyrosine res-
idues in the C-terminal tail of its partner subunit (6 —8). This
permits the binding of SH2 and PTB domain-containing pro-
teins to the phosphorylated receptor and initiates intracellular
signaling events (9-11).

Although this basic pattern of EGF receptor activation is rel-
atively straightforward, a number of variations serve to make
the system significantly more complex. The EGF receptor is a
member of the ErbB family of homologous receptors that also
includes ErbB2, ErbB3, and ErbB4 (12). The ErbB receptors are
structurally similar and exhibit comparable mechanisms of
activation (5, 13, 14). As a result of these similarities, the ErbB
receptors can interact with each other to form heterodimers.
Although most combinations of ErbB receptors can form, in
general, it appears that ErbB2 is the preferred heterodimeriza-
tion partner (15—17). This is noteworthy because ErbB2 is the
only ErbB receptor that does not appear to bind a ligand (18,
19).

In addition to the variation in dimerization partners, the EGF
receptor also possesses seven different cognate ligands (for a
review, see Ref. 20), including EGF, TGFq, betacellulin (BTC),?
heparin-binding EGF, amphiregulin (AREG), epiregulin, and
epigen. Of these EGFs, TGFa, AREG, and epigen bind only to
the EGF receptor, whereas BTC, heparin-binding EGF, and epi-
regulin also bind to ErbB4 (20). These seven ligands can also be
subdivided on the basis of their affinity for the EGF receptor.
EGF, TGFa, BTC, and heparin-binding EGF exhibit affinities of
0.1-1 nM for the EGF receptor, whereas AREG, epiregulin, and
epigen exhibit affinities 10- to 100-fold lower than this (20, 21).
Therefore, there is variation in both receptor specificity and
receptor affinity.

2 The abbreviations used are: BTC, betacellulin; AREG, amphiregulin.
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Despite the fact that the seven EGF receptor ligands all bind
to and activate the same EGF receptor, they are capable of
inducing different biological effects, even within the same cell
(for a review, see Ref. 20). For example, in 32D cells expressing
the EGF receptor, TGFa and AREG stimulate higher levels of
cell proliferation than EGF and heparin-binding EGF (22). In
human fibroblasts, EGF stimulates cell migration through a
mechanism involving p705°%, whereas TGFa stimulates migra-
tion via phospholipase C (23). In B-HC9 cells, EGF stimulates
MAP kinase activation via ras, whereas BTC-stimulated MAP
kinase activation occurs independently of ras (24), and AREG,
but not EGF, activates NF-kB in SUM149 cells (25). In some
cases, these differences in biological effects have been corre-
lated with differences in the phosphorylation of specific sites on
the C-terminal tail of the EGF receptor (22, 24). However,
the molecular basis for these differences remains largely
unexplored.

In this work, we use luciferase fragment complementation
imaging and radioligand binding to probe the interaction of the
EGF receptor and ErbB2 subunits after stimulation with EGF,
TGFa, BTC, and AREG. The results suggest that differences in
ligand-induced receptor-receptor interactions, along with vari-
ations in dimerization kinetics, likely contribute to the different
biological effects induced by the binding of different growth
factors to the EGF receptor.

EXPERIMENTAL PROCEDURES

Materials—EGF was purchased from Biomedical Technolo-
gies. TGFa was from Leinco. Human BTC was from Prospec,
and AREG was from Leinco. Antibodies to the EGF receptor,
pTyr-845, pTyr-992, pTyr-1045, pTyr-1068, and pTyr-1221
were from Cell Signaling Technology. The antibody against
pTyr-1173 was from Thermo Scientific. Antibodies against
ErbB2 were from Millipore. FetalPlex was from Gemini Bio-
Products. Na'*’I was from PerkinElmer Life Sciences. '*’I-EGF
was synthesized using the method of Doran and Spar (26).

DNA Constructs—The ¢’698-EGF receptor fused to the
N-terminal half of firefly luciferase (NLuc) or the C-terminal
half of luciferase (CLuc) was generated by introducing a BsiW1
site into the EGF receptor after Ala-698 in pcDNA3.1 Zeo. The
Nhel to BsiWI fragment was then isolated and ligated into the
pBI Tet vector or pcDNA3.1 Zeo vector cut with BsiWi and
Nhel and encoding the NLuc or CLuc fragments, respectively.
The ¢’709-ErbB2-NLuc construct was generated in a similar
fashion by introducing a BsiWI site into ErbB2 after Ala-709
and ligating an Nhel to BsiWI fragment into the pBI Tet vector
containing the NLuc fragment.

Cell Lines and Cell Culture—The generation of CHO cells
constitutively expressing C-terminally truncated forms of the
EGF receptor (after residue 645) or ErbB2 (truncated after
residue 678) and fused to the NLuc or CLuc fragments on a
Tet-inducible plasmid has been described previously (27). The
construction of the kinase-dead K721A-EGFR-NLuc and
K721A-EGFR-CLuc cell lines has also been described previ-
ously (28). Cells were grown in Dulbecco’s modified Eagle’s
medium supplemented with 10% FetalPlex and maintained in
an incubator at 37 °C in 5% CO,,
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Luciferase Assays—CHO cells were plated into 96-well black-
walled dishes 2 days prior to use. Immediately before the assay,
cells were transferred to Dulbecco’s modified Eagle’s medium
without phenol red but with 1 mg/ml bovine serum albumin
and 50 mMm Hepes (pH 7.4). Cells were then incubated with 0.6
mg/ml D-luciferin for 20 min at 37 °C prior to the addition of
growth factor and the start of imaging. Cell radiance (photons/
second/centimeter squared/Steradian) was measured every
30 s for 25 min using a cooled charge-coupled device camera
and the IVIS50 imaging system. Assays were performed in
quintuplicate. Data were fit to single or double exponential
model curves using GraphPad Prism 6.

Ligand Binding Studies—Cells constitutively expressing
~300,000 EGF receptors/cell with ErbB2 on a Tet-inducible
promoter were plated onto 6-well dishes 48 h prior to use (27).
Cells were grown in Dulbecco’s modified Eagle’s medium in
the absence or presence of 1 ug/ml doxycycline to induce
the expression of ErbB2. This concentration of doxycycline
induced the expression of approximately ~1.5 X 10° ErbB2
molecules/cell. Before use, cells were washed in chilled phos-
phate-buffered saline and cooled to 4 °C prior to the addition of
30 pm '*°I-EGF in Ham’s F12 medium containing 50 mm Hepes
(pH 7.2) and 5 mg/ml bovine serum albumin. Increasing con-
centrations of unlabeled EGF, TGFa, BTC, or AREG were
added to the wells in triplicate. After incubation overnight at
4 °C, plates were washed three times in cold phosphate-buff-
ered saline. Monolayers were dissolved in 1 ml 1 N NaOH and
counted in a Beckman y counter. Assays were done in triplicate.
Data were fit to the equation for log(inhibitor) versus response
(variable slope) using GraphPad Prism 6. The significance of
the differences between the EC,, values in the absence and
presence of ErbB2 was based on the p value assigned to those
differences by Prism 6.

Receptor Phosphorylation—CHO cells constitutively expressing
the EGF receptor and stably transfected with ErbB2 on a Tet-
inducible plasmid were plated in 6-well dishes and grown for 2
days before use. When desired, 50 ng/ml doxycycline was added
to the growth medium. Immediately before the assay, cells were
transferred into warmed Ham’s F12 medium containing 25 mm
Hepes (pH 7.2) and 1 mg/ml bovine serum albumin and stim-
ulated with growth factor for the indicated time. Plates were
incubated at 37 °C, and the assay was stopped by washing in
ice-cold phosphate-buffered saline followed by the addition of
radioimmune precipitation assay buffer. Monolayers were
scraped into the radioimmunoprecipitation assay buffer, and
cells were solubilized by passage through a fine-gauge needle.
After pelleting unsolubilized material, equal amounts of pro-
tein were analyzed on SDS-polyacrylamide gels, and proteins
were identified by Western blotting. Results were quantitated
using Image] software.

RESULTS

Receptor Phosphorylation Studies—We first compared the
biological effects of EGF, TGFa, BTC, and AREG in CHO cells
that constitutively expressed ~300,000 EGF receptors/cell and
contained ErbB2 on a tetracycline-inducible promoter. This
allowed us to determine the effect of the four different growth
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FIGURE 1. Ligand-stimulated phosphorylation of the EGF receptor and ErbB2. CHO cells expressing EGF receptors alone (A) or EGF receptors plus ErbB2 (B)
were treated with 10 nM EGF, 10 nm TGF«, 10 nm BTC, or 300 nm AREG for the indicated times. RIPA lysates were prepared and analyzed by Western blotting with
antibodies against the EGF receptor, ErbB2, and phosphotyrosine. Quantitation of the blots is shown in the right panels. C, control; E, EGF; T, TGFo; B, BTC; A,
AREG. C, samples of the lysates from the 2-min time point were blotted with site-specific antibodies for the EGF receptor (pTyr-845, pTyr-992, pTyr-1045, pTyr

1068, and pTyr-1173) or ErbB2 (pTyr-1221).

factors in cells containing only EGF receptors or in cells con-
taining both the EGF receptor and ErbB2.

To compare the biological effects of these four growth fac-
tors, CHO cells grown in the absence or presence of doxycy-
cline were stimulated with a saturating concentration of EGF,
TGFa, BTC, or AREG and assayed by Western blotting for
phosphorylation of the EGF receptor and ErbB2. The Western
blot analyses are shown in Fig. 1, A and B, left panels, and are
quantitated in the right panels. As can be seen in Fig. 14, in cells
expressing only the EGF receptor, all four ligands stimulated
maximal tyrosine phosphorylation of the EGF receptor within 2
min. However, EGF, TGFa, and BTC each stimulated about
twice as much phosphorylation as AREG. This phosphorylation
was transient because it had declined by 5 min after growth
factor treatment. The effects of AREG appeared to decline
somewhat more slowly than those of the other three growth
factors.
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A similar phenomenon was seen in cells expressing both the
EGF receptor and ErbB2 (Fig. 1B). Again, phosphorylation was
maximal by 2 min, and EGF, TGFa, and BTC stimulated about
twice as much phosphorylation of both the EGF receptor and
ErbB2 as AREG. Therefore, AREG is a partial agonist for the
phosphorylation of both EGFR homodimers and EGFR/ErbB2
heterodimers.

Replicate lysates at the 2-min time point in Fig. 1, A and B,
were subjected to Western blotting with phosphosite-specific
antibodies to determine whether there was differential phos-
phorylation of sites by the different growth factors. As shown in
Fig. 1C, AREG stimulated less phosphorylation than EGF,
TGFea, or BTC at essentially all sites on the EGF receptor,
except for pTyr-1173. At this site, AREG-stimulated phos-
phorylation was comparable or higher in EGF receptor
homodimers but less in heterodimers compared with the other
three growth factors. AREG also stimulated less phosphoryla-
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FIGURE 2. Down-regulation of cell surface EGF receptors by the four
ligands. CHO cells expressing EGF receptor alone (A) or EGF receptors plus
ErbB2 (B) were treated for 30 min at 37 °C with 30 nm EGF, 30 nm TGFe, 30 nm
BTC, or 1 um AREG for the indicated times. The medium was removed, and
cells were washed once with cold phosphate-buffered saline and twice with
an acid wash (36). Following an additional wash with cold phosphate-buff-
ered saline, cells were incubated with 200 nm '?°I-EGF, and residual cell sur-
face EGF receptor binding was measured as described under “Experimental
Procedures.”
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tion of ErbB2 at pTyr-1221. These data demonstrate that AREG
ultimately induces a quantitatively different biological response
than EGF, TGFa, and BTC in these cells.

It is possible that this difference in phosphorylation was due
to differences in down-regulation of the EGF receptor by the
four growth factors. Therefore, we examined the ability of the
four different ligands to induce down-regulation of the EGF
receptor. Cells were incubated for the indicated times with a
saturating dose of the growth factor and then washed with
low-pH buffer to remove surface-bound ligand. Residual cell
surface EGF receptors were then detected via '**I-EGF binding.
As shown in Fig. 24, in cells expressing only the EGF receptor,
all four ligands induced a similar, ~65% decrease in cell surface
EGF receptors over the time course of our assay.

Expression of ErbB2 is known to reduce the ligand-stimu-
lated internalization of the EGF receptor (29, 30). This was
apparent in cells expressing both the EGF receptor and ErbB2
(Fig. 2B), where each ligand induced only an ~30% decrease in
cell surface EGF receptors. Because all four ligands appear to
induce the same extent of down-regulation in both cell lines,
the differences observed in our phosphorylation assays do not
appear to be associated with differences in ligand-induced
internalization of the EGF receptor.

Luciferase Fragment Complementation Studies—One possi-
ble explanation for the partial agonism of AREG in the phos-
phorylation assay is that it is less effective than the other growth
factors at inducing the formation of EGF receptor dimers. We
have previously used luciferase fragment complementation
assays to measure the formation of EGF receptor homodimers
and EGFR/ErbB2 heterodimers (31, 32). Therefore, we used
this method to compare dimer formation induced by the four
different ligands.
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FIGURE 3. Luciferase complementation in CHO cells stably expressing AC-EGFR-CLuc and inducible AC-EGFR-NLuc. CHO cells were plated into 96-well
dishes and treated with doxycycline to induce the expression of the AC-EGFR-NLuc. Cells were treated with the indicated concentrations of EGF (A), TGF« (B),
BTC (C), or AREG (D) and assayed for luciferase fragment complementation as described under “Experimental Procedures.”
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FIGURE 4. Luciferase complementation in CHO cells stably expressing AC-EGFR-CLuc and inducible AC-ErbB2-NLuc. CHO cells were plated into 96-well
dishes and treated with doxycycline to induce the expression of the AC-ErbB2-NLuc. Cells were treated with the indicated concentrations of EGF (A), TGF« (B),
BTC (C), or AREG (D) and assayed for luciferase fragment complementation as described under “Experimental Procedures.”

Initially, we performed luciferase fragment complementa-
tion imaging using EGF receptors and ErbB2 that had been
C-terminally truncated at the end of the transmembrane
domain and thus lacked the entire intracellular domain (31, 32).
Therefore, in these truncated constructs, dimerization was
mediated only by interactions between the extracellular and/or
transmembrane domains of the receptor subunits.

For these experiments, the N-terminal half (NLuc) or C-ter-
minal half (CLuc) of firefly luciferase was fused to the C termi-
nus of the truncated EGFR (AC-EGFR) or the truncated ErbB2
(AC-ErbB2). A flexible linker was added between the truncated
receptor and the NLuc or CLuc fragments to facilitate comple-
mentation. The appropriate pairs of receptors were then stably
expressed in CHO cells.

We first determined the dose response to all four ligands for
complementation between AC-EGFR-NLuc and AC-EGFR-
CLuc (Fig. 3). In this system, each ligand stimulated an initial
rapid increase in light production, which then slowed toward a
plateau after 10—15 min. A similar pattern was observed for
complementation between AC-ErbB2-NLuc and AC-EGFR-
CLuc (Fig. 4).

On the basis of these dose-response curves, the concentra-
tion of each growth factor that gave the highest level of com-
plementation was selected and compared directly with the oth-
ers in a luciferase complementation assay in cells coexpressing
AC-EGFR-NLuc and AC-EGFR-CLuc (Fig. 54) or AC-ErbB2-
NLuc and AC-EGFR-CLuc (Fig. 5B).

In both the homodimer (Fig. 54) and the heterodimer (Fig. 5B),
stimulation with EGF, TGFq, and BTC induced approximately
twice as much complementation as the optimal dose of AREG.
This is consistent with the results of the receptor autophosphory-
lation assays and suggests that the smaller biological effect of
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FIGURE 5. Comparison of the effect of saturating doses of the four ligands on
luciferase fragment complementation in cells expressing truncated recep-
tors. A, CHO cells expressing AC-EGFR-NLuc and AC-EGFR-CLuc were stimulated
with 10 nm EGF, 10 nm TGFq, 10 nm BTC, or 100 nm AREG, and luciferase comple-
mentation was measured. B, CHO cells expressing AC-ErbB2-NLuc and AC-EGFR-
CLuc were stimulated with 10 nm EGF, 10 nm TGFe, 10 nm BTC, or 100 nm AREG,
and luciferase complementation was measured.
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FIGURE 6. Luciferase complementation in cells expressing mutant EGF receptors and ErbB2. CHO cells were transiently transfected with constructs
encoding c'698-EGFR-NLuc and c’698-EGFR-Cluc (A), ¢'709-ErbB2-NLuc and ¢'698-EGFR-Cluc (B), K721A-EGFR-NLuc and K721A-EGFR-Cluc (C), or K721A-EGFR-
CLuc and ErbB2-Nluc (D). Cultures were stimulated with 10 nm EGF, 10 nm TGFa, 10 nm BTC, or 100 nm AREG, and luciferase complementation was measured.

AREG may be due to a decreased ability to generate dimerized
receptors compared with the other three growth factors.

The lower level of dimerization induced by AREG is not sim-
ply due to the truncated nature of the receptor in which these
assays were done. As shown in Fig. 6, A and B, AREG also stim-
ulated lower levels of complementation in homodimers and
heterodimers composed of receptors that were truncated after
the intracellular juxtamembrane domain of the receptors
(c’698-EGFR and ¢’709-ErbB2), known to form an antiparallel
helical dimer (33). Furthermore, the same pattern was observed
when the full-length, kinase-dead version of the EGF receptor
was used (Fig. 6, C and D). Therefore, AREG appears to func-
tion as a partial agonist with respect to the induction of dimer
formation, regardless of receptor structure.

Kinetics of Receptor Dimerization—As is apparent from the
dose-response curves of AREG in Figs. 3 and 4, at very high
doses, the luciferase activity exhibits an unusual rapid rise and
fall, followed by a slow rise. This suggests that receptor
dimerization involves a multistep process. In fact, all of the
curves for the different AREG doses (except for 1 um, which
cannot be fit) are better fit using a double exponential model
than a single exponential model (p < 0.0001). This contrasts
with the situation for EGF, TGFq, and BTC, in which all curves
could be well fit by a single exponential. To further examine this
unusual kinetic behavior, secondary plots were constructed
from the data in Fig. 3, in which the observed rate constants for
the fast component and the slow component were plotted
against the [AREG]. The results are shown in Fig. 7.

The plot of &, (fast) versus [AREG] (Fig. 7A) is linear with
respect to ligand concentration. This suggests that this compo-
nent reflects a simple ligand binding event. By contrast, the plot
of k,..(slow) versus [AREG] is saturable with respect to [AREG]
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(Fig. 7B), consistent with the conclusion that this component
represents a change in conformation or, possibly, a dimeriza-
tion event. As shown in Fig. 7C, the fraction of the luciferase
signal attributable to the fast component increases with
increasing [AREG] but, ultimately, plateaus at about 0.5.
Therefore, at high concentrations of AREG, the two phases
contribute equally to the signal. For the other three growth
factors, the plots of k., versus [growth factor] (Fig. 7D) show
hyperbolic behavior, and the values are in the same range as
those of the slow phase of the AREG curves. Therefore, it
would appear that the four growth factors share the slow
phase and that AREG exhibits an additional fast phase of
complementation.

Fig. 7E shows the current model for dimerization of the EGF
receptor in which there is a pre-existing equilibrium between
unoccupied EGF receptor monomers and dimers (34). Ligand
can bind to either the monomer, which subsequently dimerizes,
or to the dimer. Either pathway leads to activation of the tyro-
sine kinase activity of the receptor.

On the basis of the kinetic data, we hypothesize that the com-
plementation we observed between EGF receptor subunits can
be described by a combination of two kinetic pathways. In the
first, ligand binds to the pre-existing, unoccupied EGF receptor
dimers. This ligand binding event occurs rapidly and induces an
intramolecular conformational change that produces enhanced
complementation in the luciferase assay,

R:R+L=R*R*— L (Eg. 1)
where R and R* represent the basal and activated forms of the
receptor and L is the ligand. This represents the fast phase of the
kinetics seen in AREG-treated cells.
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FIGURE 7. Secondary plots from luciferase complementation in cells expressing AC-EGFR-NLuc and AC-EGFR-CLuc. The curves for luciferase comple-
mentation for the four ligands shown in Fig. 7 were fit to either single (EGF, TGFe, and BTC) or double (AREG) exponential models (see text). The resulting kq,,
was plotted against the concentration of growth factor. A, k., for the fast phase of the AREG curves plotted against [AREG]. B, k. for the slow phase of the
AREG curves plotted against [AREG]. C, fraction of the total signal attributable to the fast phase plotted against [AREG]. D, k., for the curves for EGF, TGF«, and
BTC plotted against the concentration of that growth factor. £, model for dimerization of the EGF receptor.

In a second pathway, ligand binds to the receptor monomer.
This binding event would be silent in our assay because it does
not involve the interaction of two EGF receptor subunits. Sub-
sequently, however, this liganded receptor slowly dimerizes
with another receptor, producing a homodimer and generating
a signal in the luciferase assay.

R+R*—L=2R*R*—-1L (Eq.2)

This represents the slow phase of complementation in AREG-
treated cells as well as the single phase in cells treated with the
other three growth factors.

For the two kinetic pathways, we have assigned the fast
and slow phases on the basis of the likely relative rates of an
intramolecular conformational change (fast) versus an inter-
molecular dimerization reaction (slow). If these assignments
are correct, our data would suggest that EGF, TGFa, and
BTC almost exclusively utilize the pathway in which the
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growth factor first binds to a monomer that subsequently
dimerizes (Fig. 7E, bottom pathway). At low doses, AREG
also follows the monomer binding pathway. However, at
high doses of AREG, binding to pre-existing dimers
increases (Fig. 7E, top pathway) and, ultimately, accounts for
half of the signal generated.

This interpretation of our data requires the presence of pre-
dimers of the truncated receptor constructs. To assess this pos-
sibility, cells expressing AC-EGFR-NLuc and AC-EGFR-CLuc
or AC-ErbB2-NLuc and AC-EGFR-CLuc were pretreated with
either cetuximab or pertuzumab or both and then stimulated
with AREG. Cetuximab is an antibody directed against the EGF
receptor that inhibits ligand binding and, hence, agonist-stim-
ulated events. Pertuzumab targets the dimerization arm of
ErbB2, blocking the formation of back-to-back dimers of ErbB2
and other ErbB receptor family members. The results of this
experiment are shown in Fig. 8.
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FIGURE 8. Effects of therapeutic antibodies on complementation in cells
expressing truncated EGF receptors and ErbB2. A, CHO cells expressing
AC-EGFR-NLuc and AC-EGFR-CLuc were treated with 5 pg/ml of cetuximab,
pertuzumab, or both for 20 min. Cultures were stimulated with 10 nm EGF, and
luciferase complementation was measured. B, CHO cells expressing
AC-EGFR-CLuc and AC-ErbB2-NLuc were treated with 5 ug/ml of cetuximab,
pertuzumab, or both for 20 min. Cultures were stimulated with 10 nm EGF, and
luciferase complementation was measured.

Stimulation of either AC-EGFR homodimers (Fig. 84) or
AC-EGFR/AC-ErbB2 heterodimers (Fig. 8B) with EGF resulted
in the expected exponential increase in luciferase activity. Pre-
treatment of either cell line with cetuximab resulted in a nearly
complete inhibition of this effect. As expected, pretreatment of
the line expressing only AC-EGF receptors with pertuzumab
did not significantly alter the response to EGF because there are
no ErbB2 subunits in these cells. However, pretreatment of the
cells expressing AC-ErbB2-NLuc and AC-EGFR-CLuc het-
erodimers with pertuzumab resulted in an EGF-stimulated
decrease in luciferase complementation. Treatment with both
cetuximab and pertuzumab blocked the ability of EGF to pro-
mote dimerization and also blocked the decrease in luciferase
activity following stimulation with this growth factor. This lat-
ter finding indicates that it is not simply the binding of pertu-
zumab that leads to the loss of the complementation signal but,
rather, the binding of EGF that promotes the disruption of the
predimers.

These data suggest that there are indeed predimers of
AC-ErbB2-NLuc and AC-EGFR-CLuc. The addition of EGF
apparently disrupts these predimers, leading to a loss of signal
when stable back-to-back dimers cannot form because of the
presence of pertuzumab. Presumably, AC-EGF receptors can
also form predimers with other AC-EGF receptors. The fact
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that predimers form in the absence of the intracellular domains
suggests that the extracellular domain and/or the transmem-
brane domains mediate the formation of these predimers.

Radioligand Binding Studies—Another way to probe sub-
unit-subunit interactions within a receptor dimer is through
direct radioligand binding experiments. Therefore, we com-
pared the ability of these four growth factors to interact with
EGFR homodimers and EGFR/ErbB2 heterodimers in compe-
tition binding studies using '*’I-EGF as the radioligand and
EGF, TGFa, BTC, or AREG as the unlabeled competitor. In
these studies, we used CHO cells that stably express the wild-
type EGF receptor but express ErbB2 from a Tet-inducible pro-
moter. Therefore, by growing the cells in the absence and pres-
ence of doxycycline, we could compare the binding of these
hormones to cells containing only EGFR homodimers with
their binding to cells containing EGFR homodimers and EGFR/
ErbB2 heterodimers. The results are shown in Fig. 9.

The open circles and dashed lines show the competition bind-
ing curves for cells containing only EGFR homodimers. The
filled circles and solid lines denote the competition binding
curves for cells containing both the EGF receptor and ErbB2. As
can be seen from the dashed lines in Fig. 9, in cells that
expressed only the EGF receptor, BTC showed the highest
affinity for the EGF receptor, with an IC,, of 1.3 X 10~ '°. EGF
was the next most potent, followed by TGFa and, finally,
AREG, which exhibited an IC,, of 2.4 X 10 %, two orders of
magnitude lower than that exhibited by BTC.

We have shown previously that expression of ErbB2 induces
asignificant increase in the affinity of the EGF receptor for EGF.
This appears to be due to EGF having a higher affinity for the
EGFR/ErbB2 heterodimer than for the EGFR/EGFR homo-
dimer (27). To determine whether expression of ErbB2 also
affects the affinity of the EGF receptor for its other ligands, we
repeated the competition binding experiments in the same
CHO cell line after treatment with 1 ug/ml doxycycline to
induce the expression of ErbB2.

As expected, the expression of ErbB2 enhanced the affinity of
the EGF receptor for EGF (p < 0.001), as evidenced by a 3-fold
shift to the left in the competition binding curve for EGF (Fig.
9A). Similarly, expression of ErbB2 increased the affinity of the
EGF receptor for TGFa (7 < 0.001), indicated by the ~2-fold
shift in the competition binding curve (Fig. 9B). By contrast,
neither BTC nor AREG showed a substantial increase in bind-
ing affinity upon expression of ErbB2. These data suggest that
EGF and TGFa have a higher affinity for EGFR/ErbB2 het-
erodimers than EGFR homodimers and are, therefore, biased
agonists with respect to heterodimer formation. BTC and
AREG, which show little preference for binding to homodimers
versus heterodimers, would be considered to be balanced ago-
nists with respect to dimer formation.

DISCUSSION

The EGF receptor binds seven different ligands, of which
roughly half are high-affinity binders (~ 1 nm K;) and half are
low-affinity binders (~ 30 nM K,). A number of studies have
suggested that, although they bind to the same receptor, the
different ligands induce different biological effects, even in
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FIGURE 9. Competition binding dose-response curves in CHO cells expressing EGF receptors alone or in the presence of ErbB2. CHO cells were plated
in the absence (dashed line) or presence (solid line) of 1 wg/ml doxycycline to induce the expression of ErbB2. Cells were cooled to 4 °C, and '*°I-EGF was added
to each well along with increasing concentrations of EGF (A), TGFa (B), BTC (C), or AREG (D). Plates were processed as described under “Experimental

Procedures.” Points represent the mean =+ S.D. of triplicate determinations.

the same cell type. The experiments we report here begin to
explain the molecular basis for these differences.

There were distinct differences among the four growth fac-
tors when they were assayed for their ability to stimulate recep-
tor tyrosine phosphorylation in our CHO cells. Specifically,
AREG stimulated only half as much phosphorylation of either
the EGF receptor or ErbB2 as EGF, TGFq, or BTC. Therefore,
AREG appears to be a partial agonist in this system.

In parallel with its reduced ability to stimulate receptor phos-
phorylation, AREG also showed a decreased capacity to induce
the formation of EGFR homodimers or EGFR/ErbB2 het-
erodimers, as assessed in our luciferase complementation assay.
The most straightforward interpretation of these data is that
AREG is a partial agonist in the phosphorylation assay because
it induces only partial dimerization of the EGF receptor.

It is possible that the partial agonist behavior of AREG is
related to its low affinity for the EGF receptor. The EGF recep-
tor exhibits negative cooperativity so that EGF binds with
10-fold lower affinity to the second site on a singly occupied
dimer than to the first site on the dimer (34). Because AREG
already exhibits a ~100-fold lower affinity for the EGF receptor
than EGF, binding to the second site on the dimer may
be exceedingly difficult. Therefore, AREG may be largely
restricted to forming only occupied monomers and singly occu-
pied dimers (see the model in Fig. 7E). As a result, it would form
fewer dimeric receptors overall. However, if singly occupied
dimers are active, this would be sufficient to induce at least a
partial phosphorylation response. Some biological responses,
such as the activation of MAP kinase, can be fully induced at
very low concentrations EGF, suggesting that they are mediated
largely through the formation of singly occupied dimers.
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Therefore, it is possible that AREG may be a full agonist for
such responses and a partial agonist for others. This would
clearly lead to a different overall cellular response to AREG
compared with EGF, TGFq, and BTC.

In addition to being a partial agonist, AREG exhibited
unusual behavior at high doses of the growth factor in the lucif-
erase assays that used the C-terminally truncated forms of the
receptors (AC-EGFR and AC-ErbB2). At the higher doses, there
was rapid stimulation of complementation, followed by a loss of
signal and then a slow rise. Unlike the family of curves gener-
ated for the dose responses to EGF, TGFa, or BTC, the AREG
curves were best fit by a double exponential model, indicating
the presence of at least two separable kinetic pathways. We
hypothesize that these two pathways may be: (i) binding to
monomer with subsequent slow dimerization; and (ii) rapid
binding to predimers followed by an intramolecular conforma-
tional change that leads to enhanced complementation. All four
growth factors utilize the first pathway, but, at high concentra-
tions, AREG also increasingly uses the second pathway.

In this scenario, high doses of AREG rapidly induce the for-
mation of a stabilized, ligand-occupied dimer by binding to pre-
dimerized receptors. However, the level of activated dimers
generated during this rapid binding reaction is higher than the
level of this species that can be maintained at equilibrium at the
given ligand and receptor concentrations. Therefore, there is
dissociation of the dimer and loss of signal as the system relaxes
down to equilibrium.

This difference between the kinetics of dimer formation and
the equilibrium level of dimers maintained could again yield a
distinctive biological response to AREG compared with the
three other ligands. The ability of AREG to transiently generate
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high levels of activated receptor dimers could allow it to rapidly
and strongly trigger early biological responses. The drop to
lower equilibrium levels of dimer formation over time could
limit the activation of pathways that require longer term recep-
tor activation and, in particular, those that negatively regulate
EGF receptor function. Indeed, AREG induces lower levels of
ubiquitination and recruitment of Cbl to the EGF receptor than
EGF (35). Therefore, a different response would be elicited by
each growth factor because there would be a different ratio of
early versus late responses.

We have shown previously through ligand binding studies
that, in cells, there is a pre-existing equilibrium of EGF receptor
monomers and dimers. EGF can bind to the monomer, the first
site on the dimer, or the second site on the dimer. Each of these
species exhibits a different affinity for EGF. Consequently, the
binding curves for EGF reflect this heterogeneity in binding
affinities, and the binding isotherms shift right or left, depen-
ding on the concentration of EGF receptors in the cell (34).
We have also shown that EGF binds with higher affinity to
the EGFR/ErbB2 heterodimer than to the EGF receptor
homodimer (27). As a result, EGF binding isotherms shift left-
ward when ErbB2 is expressed in the presence of the EGF
receptor (27). The size of this shift is a rough indication of the
extent of the preference of EGF for binding to the heterodimer
as opposed to the homodimer.

Our radioligand binding experiments on full-length EGF
receptors reported here demonstrate that the competition
binding curves for EGF and TGFa both shift significantly left-
ward upon expression of ErbB2. This suggests that EGF and
TGFa induce a different conformation of the EGF receptor
than BTC and AREG. The conformation induced by EGF or
TGFa is better stabilized when the EGFR is part of an EGFR/
ErbB2 heterodimer than when it is in an EGFR homodimer. By
contrast, the conformation induced by BTC or AREG is equally
stable in the homodimer and the heterodimer.

This difference in conformation is not simply due to affin-
ity differences among these ligands because BTC is a high-
affinity ligand, like EGF and TGFa, whereas AREG is a low-
affinity ligand. More likely, it reflects a difference in the way
in which BTC and AREG interact with the EGF receptor. Itis
possible that, because BTC binds to both the EGF receptor
and ErbB4, its broader specificity limits the nature of the
contacts it is able to make with either receptor. Likewise, the
low affinity of AREG implies a relatively limited suite of
interactions with the EGF receptor that may be insufficient
to induce a conformation of the receptor that can distinguish
between dimerization partners.

CONCLUSIONS

Our findings suggest several molecular mechanisms that
may contribute to the different biological responses induced by
the binding of different growth factors to the EGF receptor.
First, different growth factors may exhibit differences in their
ability to induce dimer formation. AREG is clearly a partial
agonist in this regard, and this is reflected in the lower level of
receptor phosphorylation induced by this growth factor com-
pared with EGF, TGFw, and BTC. The decreased signaling
SASBMB
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potential would clearly affect the net output signal induced by
AREG.

Second, the ligands may differ with respect to the kinetic
pathways through which they induce dimer formation. EGF,
TGFa, and BTC induced a slower rate of dimerization than
AREG, but, ultimately, they maintained a higher level of dimers
than AREG. AREG generated high levels of dimer formation
initially but could only maintain a lower level of dimers at equi-
librium. Therefore, the relative ratio of rapid versus persistent
signaling will vary among the growth factors, again yielding an
overall biological signal that is unique to each growth factor.

Finally, different ligands appear to bias the system toward
one type of dimer over another (e.¢ EGFR/ErbB2 heterodimers
versus EGFR homodimers). Given the differences in the sites of
phosphorylation available on these two ErbB subunits as well as
the differences in their internalization and trafficking (29, 30),
such a preference could easily alter the signal produced.
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