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Abstract
Epidermal growth factor (EGF) family peptides are ligands for the EGF receptor (EGFR). Here,
we elucidate functional differences among EGFR ligands and mechanisms underlying these
distinctions. In 32D/EGFR myeloid and MCF10A breast cells, soluble amphiregulin (AR),
transforming growth factor alpha (TGFα), neuregulin 2 beta, and epigen stimulate greater EGFR
coupling to cell proliferation and DNA synthesis than do EGF, betacellulin, heparin-binding EGF-
like growth factor, and epiregulin. EGF competitively antagonizes AR, indicating that its
functional differences reflect dissimilar intrinsic activity at EGFR. EGF stimulates much greater
phosphorylation of EGFR Tyr1045 than does AR. Moreover, the EGFR Y1045F mutation and z-
cbl dominant-negative mutant of the c-cbl ubiquitin ligase potentiate the effect of EGF but not of
AR. Both EGF and AR stimulate phosphorylation of EGFR Tyr992. However, the EGFR Y992F
mutation and phospholipase C gamma inhibitor U73122 reduce the effect of AR much more than
that of EGF. Expression of TGFα in 32D/EGFR cells causes greater EGFR coupling to cell
proliferation than does expression of EGF. Moreover, expression of EGF in 32D/EGFR cells
causes these cells to be largely refractory to stimulation with soluble EGF. Thus, EGFR ligands
are functionally distinct in models of paracrine and autocrine signaling and EGFR coupling to
biological responses may be specified by competition among functionally distinct EGFR ligands.
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Introduction
The epidermal growth factor (EGF) receptor (EGFR/ErbB1) is a member of the ErbB family
of receptor tyrosine kinases, a family that also includes ErbB2/HER2/Neu, ErbB3/HER3,
and ErbB4/HER4 (Citri and Yarden 2006). EGFR ligands are members of the EGF family of
peptide growth factors and include amphiregulin (AR), epiregulin (EPR), transforming
growth factor alpha (TGFα), heparin-binding EGF-like growth factor (HB-EGF), epigen
(EPG), betacellulin (BTC), neuregulin 2 beta (NRG2β), and EGF (Wilson et al. 2009).

EGFR ligands can be functionally distinct (Wilson et al. 2009). For example, in MCF10A
human mammary epithelial cells, AR stimulates greater motility and invasiveness than does
EGF (Willmarth and Ethier 2006). EGFR expression in the interleukin 3 (IL3)-dependent
32D mouse myeloid cell line enables EGF to stimulate IL3-independent survival but enables
NRG2β to stimulate IL3-independent proliferation (Gilmore et al. 2006). Likewise, EGFR
ligands can stimulate distinct biological outcomes in mouse developmental model systems
(Wilson et al. 2009).

However, there are multiple hypotheses concerning the mechanism of these functional
distinctions among EGFR ligands. One hypothesis is that functional distinctions reflect
differences in ligand affinity and potency (Figure 1A, compare ligands X and Y). Functional
distinctions may also be independent of differences in ligand affinity or potency and may
instead reflect differences in ligand efficacy/intrinsic activity (Figure 1A, compare ligands X
and Z).

One potential mechanism for differences in the efficacy of EGFR agonists is differential
stimulation of EGFR coupling to ubiquitination via the ubiquitin ligase c-cbl and differential
EGFR signaling duration, trafficking, recycling, and turnover. These functional distinctions
may reflect differences in the capacity of EGFR agonists to stimulate phosphorylation of
EGFR Tyr1045, which couples EGFR to c-cbl (Baulida et al. 1996; Duan et al. 2003;
Roepstorff et al. 2009; Sorkin and Goh 2009; Foley et al. 2010; Eden et al. 2011). Here, we
use detailed pharmacological analyses to demonstrate that EGFR ligands display distinctions
in efficacy/intrinsic activity in both autocrine and paracrine model systems and to explore
whether differential EGFR tyrosine phosphorylation and coupling to c-cbl may underlie
these differences in efficacy/intrinsic activity.

Methods
Recombinant growth factors

We have previously described the preparation of recombinant NRG2β using S2 insect cells
and E. coli (Hobbs et al. 2004; Wilson et al. 2007). EGF (PeproTec: Rocky Hill, NJ, USA),
HB-EGF (Sigma: St. Louis, MO, USA), AR (R&D Systems: Minneapolis, MN, USA),
TGFα (PeproTec), BTC (PeproTec), EPG (R&D Systems), and EPR (PeproTec) were
handled according to vendor instructions.

Cell lines
The 32D/EGFR derivative of the 32D mouse myeloid cell line and MCF10A human
mammary epithelial cell line were maintained according to published procedures
(VanBrocklin et al. 2005; Gilmore et al. 2006).

IL3-independent assays
32D cells are dependent upon IL3 for survival and proliferation. However, in 32D cells
engineered to express EGFR (32D/EGFR), stimulation with an EGFR agonist induces IL3-
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independent survival and proliferation (Gilmore et al. 2006). Briefly, 32D cell lines were
seeded at a density of 105 cells/ml in medium devoid of IL3. Cells were treated with EGFR
ligands for 5–6 days, after which the viable cell density of each sample was determined. In
some cases, ligand potency (EC50) and efficacy (Emax) were calculated using Prism
(GraphPad Software) and values are provided. When appropriate, a two-way ANOVA with
a Bonferroni post-test or one-way ANOVA was used to evaluate statistical significance
(Prism).

DNA synthesis assays
MCF10A human mammary epithelial cells exhibit endogenous EGFR expression and
require EGF for proliferation in culture. We have established a procedure for assaying
agonist-induced EGFR coupling to DNA synthesis in these cells (VanBrocklin et al. 2005;
Wilson et al. 2009). Briefly, MCF10A cells were seeded in a 96-well plate and starved of
serum and growth factors for 24 h. Cells were treated with EGFR agonists for 16 h. DNA
synthesis was determined by assaying the incorporation of tritiated thymidine and is
expressed as a percentage of that stimulated by the positive control. Ligand potency (EC50)
and efficacy (Emax) were calculated using Prism (GraphPad Software, La Jolla, CA, USA).

Immunoblotting
32D/EGFR cells or derivatives were stimulated with an EGFR agonist or Phosphate-
buffered saline (PBS) (diluent control) and lysed. In 32D/EGFR/EGF mature, 32D/EGFR/
TGFα mature, and 32D/EGFR/TGFα precursor cell lines, EGFR was precipitated using
Concanavalin A Sepharose (Con A) as previously described (Gilmore et al. 2006). EGFR
expression and tyrosine phosphorylation were assayed as previously described (Gilmore et
al. 2006, 2008). Briefly, the cell lysate or precipitate was resolved by SDS–PAGE and
electroblotted onto polyvinylidene fluoride (PVDF). The blot was probed with anti-
phosphotyrosine antibody 4G10 (Millipore, Billerica, MA, USA) an anti-phospho Tyr992
EGFR rabbit polyclonal antibody (Cell Signaling Technologies, Boston, MA, USA) or an
anti-phospho Tyr1045 EGFR rabbit polyclonal antibody (Cell Signaling Technologies). In
some cases, a parallel blot was probed with an anti-EGFR sheep polyclonal antibody
(Capralogics, Gilbertville, MA, USA). When appropriate, EGFR tyrosine phosphorylation
was quantified and the potency of EGF expressed in the 32D/EGFR/EGF mature cell line
was determined using published methodologies (Gilmore et al. 2006).

EGFR mutants
The EGFR Y992F and Y1045F mutants were constructed by standard molecular biology
techniques, using the recombinant retroviral vector pLXSN-EGFR (Riese et al. 1995) as a
template. High-titer amphotropic recombinant retrovirus stocks were generated from these
constructs (Penington et al. 2002) and used to infect 32D cells (Gilmore et al. 2006) in order
to create stable cell lines for analysis.

Cbl mutants
Z-cbl was subcloned from pRVY-z-cbl (Walker-Daniels et al. 2002) via standard molecular
biology techniques into the recombinant retroviral vector pBabe-puro (Morgenstern and
Land 1990). High-titer amphotropic recombinant retrovirus stocks were generated from
these constructs (Penington et al. 2002) and used to infect 32D/EGFR cells in order to create
stable cell lines for analysis.

Growth factor expression
The region of the human EGF cDNA that encodes the soluble, mature form of EGF (amino
acid residues 969–1021 of the precursor protein) was subcloned from pCMV6/XL4/EGF
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(Origene, Rockville, MD, USA; SC127840) using standard molecular biology techniques
and the shuttle vector pENTR1A (Invitrogen, Grand Island, NY, USA) into the recombinant
lentiviral vector pLenti6/V5-DEST (Invitrogen). The regions of the human TGFα cDNA
that encodes the transmembrane, precursor form of TGFα (amino acid residues 1–160) or
the soluble, mature form of TGFα (amino acid residues 38–87 of the precursor protein) were
subcloned from pCMV5/XL5/TGFα (Origene SC125863) into pLenti6/V5-DEST in an
analogous manner. Recombinant lentivirus stocks were packaged according to vendor
recommendations and published studies (Mill et al. 2011) and were used to infect 32D/
EGFR cells in order to create stable cell lines for analysis.

Results
There have been numerous reports that the various EGF family peptide hormones stimulate
distinct effects via the EGFR. However, it has not been apparent that these distinctions are
independent of differences in ligand affinity for EGFR (Wilson et al. 2009). Here, we
demonstrate that saturating concentrations of TGFα, AR, NRG2β, and EPG stimulate
greater IL3 independence (as measured by cell density) in 32D/EGFR myeloid cells than do
saturating concentrations of EGF, BTC, and HB-EGF (Figure 1B,C and Table I). EPR
stimulates an intermediate response (Figure 1C and Table I). Similarly, saturating
concentrations of TGFα and AR stimulate greater DNA synthesis in MCF10A human
mammary epithelial cells than do saturating concentrations of EGF and HB-EGF (Figure 1D
and Table I). Thus, in models of paracrine growth regulation by ectopic and endogenous
EGFR signaling, TGFα and AR exhibit greater intrinsic activity than do EGF and HB-EGF.

Since EGF and AR share a common binding site on EGFR (Shoyab et al. 1989; Johnson et
al. 1993), we hypothesized that EGF would competitively antagonize stimulation by AR.
Indeed, EGF is a potent partial antagonist of AR (100 nM) stimulation of proliferation and
DNA synthesis, displaying an IC50 of 7 ± 2 and 3 ± 2 nM, respectively (Figure 2A,B). AR
potently stimulates proliferation, displaying an EC50 of 8.3 ± 0.8 nM. However, 0.3 nM
EGF reduces the potency (changes the EC50) of AR to 65 ± 18 nM, but does not affect the
response to a saturating concentration of AR. This rightward shift in the AR dose–response
curve in the presence of EGF indicates that EGF competitively antagonizes AR stimulation
of EGFR coupling to proliferation (Figure 2C).

We hypothesized that functionally different EGFR ligands stimulate EGFR phosphorylation
on distinct sets of tyrosine residues, resulting in ligand-specific effector binding to EGFR,
effector activity, and coupling to biological responses. Indeed, EGF stimulates EGFR
phosphorylation on Tyr1045 in 32D/EGFR cells, but AR does not (Figure 3A). At first
blush, it would appear that this result is inconsistent with our observation that AR possesses
greater intrinsic activity at EGFR than does EGF. However, phosphorylation of EGFR at
Tyr1045 enables the binding of the ubiquitin ligase c-cbl to EGFR, resulting in EGFR
ubiquitination and degradation (Levkowitz et al. 1999; Grovdal et al. 2004; Ravid et al.
2004). Moreover, EGF stimulates much greater EGFR ubiquitination and degradation than
does AR (Stern et al. 2008; Baldys et al. 2009; Roepstorff et al. 2009; Willmarth et al.
2009).

We and others have observed that EGF stimulates greater phosphorylation of Tyr1045 than
does AR (Figure 3A) (Gilmore et al. 2008; Willmarth et al. 2009). Consequently, we have
postulated that the difference in EGFR phosphorylation at Tyr1045 enables EGF to
stimulate EGFR coupling to a negative regulatory pathway to a greater extent than does AR
and is thereby responsible for the disparity in the intrinsic activities of EGF and AR. Indeed,
at a saturating concentration of EGF, mutation of EGFR Tyr1045 to phenylalanine
(Y1045F) allows EGF to stimulate a greater degree of cell proliferation. However, the
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Y1045F mutation has minimal effect on the activity of AR (Figure 3B), indicating that the
amount of EGFR Tyr1045 phosphorylation stimulated by AR is irrelevant to the activity of
AR. In fact, the EGFR Y1045F mutant permits EGF and AR to exhibit roughly equivalent
intrinsic activities (Figure 3B). Moreover, increasing concentrations of EGF do not permit
wild-type EGFR to exhibit the same degree of coupling to proliferation that the Y1045F
mutant displays (Figure 3C). Thus, mutation of EGFR Tyr1045 to phenylalanine abrogates
the disparity in the intrinsic activities of AR and EGF by increasing the intrinsic activity of
EGF.

Given the importance of EGFR Tyr1045 to specifying the difference in the intrinsic
activities of AR and EGF, we postulated that c-cbl may also play a critical role in specifying
the intrinsic activity of EGFR ligands. The z-cbl dominant-negative mutant of c-cbl permits
EGF to exhibit much greater intrinsic activity in 32D/EGFR cells, but has a minimal effect
on the intrinsic activity of AR (Figure 3D). Thus, z-cbl abrogates the disparity in the
intrinsic activities of AR and EGF. In summary, a difference in EGFR ubiquitination and
degradation via differential EGFR phosphorylation at Tyr1045 and differential EGFR
binding to c-cbl appears to underlie the disparity in the intrinsic activities of AR and EGF.

Both AR and EGF stimulate EGFR phosphorylation at Tyr992 (Figure 3A), one of the major
sites of EGFR phosphorylation following stimulation with AR (Gilmore et al. 2008). We
note that EGF stimulates greater EGFR phosphorylation at Tyr992 than does AR. Thus, we
used an EGFR mutant in which Tyr992 is changed to phenylalanine (Y992F) to evaluate
whether phosphorylation of EGFR Tyr992 is critical for AR stimulation of EGFR coupling
to cell proliferation. Upon stimulation with a saturating concentration of AR, the EGFR
Y992F mutant displays a lesser degree of coupling to cell proliferation than does wild-type
EGFR (Figure 3B). In contrast, the Y992F mutation has minimal effect on the activity of a
saturating concentration of EGF (Figure 3B), and increasing concentrations of EGF do not
cause a significant difference between the coupling of wild-type EGFR to cell proliferation
and the coupling of the EGFR Y992F mutant to cell proliferation (Figure 3C). Thus,
mutation of EGFR Tyr992 to phenylalanine abrogates the disparity in the intrinsic activities
of AR and EGF by decreasing the intrinsic activity of AR, despite the fact that EGF
stimulates greater phosphorylation at EGFR Tyr992 than does AR.

EGFR phosphorylation at Tyr992 enables phospholipase C gamma (PLCγ) binding to EGFR
(Rotin et al. 1992) and increased PLCγ enzymatic activity (Suh et al. 2008). We postulated
that the difference in the intrinsic activities of AR and EGF is due to differences in agonist-
induced EGFR coupling to PLCγ. The PLCγ inhibitor U73122 abolishes stimulation of cell
proliferation by IL3 (Figure 3E,F) and almost completely blocks stimulation of cell
proliferation by AR (Imax = 93%; Figure 3E,F). In contrast, U73122 blocks stimulation of
cell proliferation by EGF to a much lesser extent (Imax = 55%; Figure 3E,F), thereby causing
AR to display approximately the same intrinsic activity as EGF (Figure 3E). Consequently,
differential stimulation of EGFR coupling to PLCγ appears to underlie the disparity in the
intrinsic activities of EGF and AR.

Differential ligand depletion has also been proposed as a mechanism that underlies
functional distinctions among EGFR ligands (van de Poll et al. 2005). We have partially
addressed this issue by noting that a 1-h exposure to ErbB receptor ligands (and subsequent
rinsing of the cells) is sufficient to elicit differential stimulation of ErbB receptor coupling to
IL3 independence (data not shown). We have also addressed this issue by exploring whether
EGFR ligands are functionally distinct in an autocrine model of growth regulation by EGFR
signaling (in which differential ligand depletion would not occur). We expressed the mature
(soluble) form of EGF, the mature (soluble) form of TGFα, or the precursor
(transmembrane) form of TGFα in 32D/EGFR cells. Cells that express the precursor form of
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TGFα exhibit a marked increase in EGFR tyrosine phosphorylation, whereas cells that
express the mature form of EGF or the mature form of TGFα exhibit a more modest
increase in EGFR tyrosine phosphorylation (Figure 4A, upper panel). Thus, EGFR ligands
expressed in these cells bind EGFR and stimulate its phosphorylation. Expression of the
mature form of EGF causes a marked decrease in EGFR expression, but expression of either
form of TGFα does not (Figure 4A, lower panel).

Expression of either form of TGFα causes constitutive EGFR coupling to cell proliferation,
whereas expression of mature EGF does not (Figure 4B). The amount of EGFR
phosphorylation stimulated by expression of mature EGF is approximately 10% of that
stimulated by treatment with a saturating concentration of soluble EGF (Figure 4A, upper
panel). This modest amount of EGFR tyrosine phosphorylation in the 32D/EGFR/EGF
mature cell line may be the consequence of the dramatic decrease in steady-state EGFR
expression in that cell line (Figure 4A, lower panel), suggesting that mature EGF expressed
in the 32D/EGFR cell line is capable of stimulating EGFR phosphorylation and signaling.
The amount of EGFR phosphorylation stimulated by expression of mature EGF is roughly
equivalent to that stimulated by expression of mature TGFα (Figure 4A, upper panel).
Finally, the amount of EGFR phosphorylation stimulated by expression of mature EGF is
equivalent to that caused by stimulation with 31.6 ± 5.8 pM soluble EGF (Figure 4C), a
concentration that stimulates a modest level of cell proliferation (Figure 4D). These data
suggest that mature EGF expressed in the 32D/EGFR cell line exhibits less intrinsic activity
than do the mature and precursor forms of TGFα expressed in this same cell line.

An alternative interpretation of these data is that EGF is not expressed at a level sufficient to
stimulate EGFR coupling to cell proliferation in the 32D/EGFR cell line. We have addressed
this possibility by comparing the effects of soluble EGF in the 32D/EGFR/EGF mature cell
line to the effects of soluble EGF in the 32D/EGFR/pLenti6 vector control cell line. We
predicted that if the level of EGF expression in the 32D/EGFR/EGF mature cell line is
insufficient to stimulate EGFR coupling to cell proliferation, then the response of the 32D/
EGFR/EGF mature cell line to soluble EGF should be roughly equivalent to the response of
the 32D/EGFR/pLenti6 vector control cell line to soluble EGF.

Saturating concentrations of soluble EGF stimulate much greater cell proliferation in the
32D/EGFR/pLenti6 vector control cell line (EGF Emax of 88.5 ± 5.0 × 104 cells/ml) than in
the 32D/EGFR/EGF mature cell line (EGF Emax of 29.2 ± 3.8 × 104 cells/ml, Figure 4D and
Table II). In addition, the potency of soluble EGF in the 32D/EGFR/EGF mature cell line
(EGF EC50 of 5.5 ± 5.0 pM) is greater than the potency of soluble EGF in the 32D/EGFR/
pLenti6 vector control cell line (EGF EC50 of 73.4 ± 21.7 pM, Figure 4D and Table II).
Together, these data suggest that EGF expression in the 32D/EGFR/EGF mature cell line is
sufficient to stimulate EGFR phosphorylation and turnover; nonetheless, EGF exhibits less
intrinsic activity than do the mature or precursor forms of TGFα.

In fact, this reduced intrinsic activity in our model of growth regulation by autocrine EGFR
signaling is so profound that it renders the 32D/EGFR/EGF cells largely refractile to
stimulation of EGFR coupling to cell proliferation by soluble EGF. This reduced intrinsic
activity is likely to reflect the fact that EGF stimulates greater EGFR turnover and reduced
steady-state EGFR expression than does TGFα (Figure 4A, lower panel). Parenthetically,
the reduction in steady-state EGFR expression observed in the 32D/EGFR/EGF mature cell
line is also likely to account for the fact that soluble EGF is a more potent (but less
efficacious) EGFR agonist in this cell line than in the vector control 32D/EGFR/pLenti6 cell
line (Figure 4D and Table II).
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Discussion
The EGFR Y992F mutation reduces the efficacy of AR, causing EGF and AR to display
equivalent efficacy at the EGFR. These data suggest that phosphorylation at EGFR Tyr992
is critical for specifying the efficacy of EGFR ligands. Although both AR and EGF stimulate
EGFR phosphorylation at Tyr992, we and others have observed that EGF stimulates greater
EGFR phosphorylation at Tyr992 than does AR (Gilmore et al. 2008). We propose to
resolve this apparent paradox by postulating that these differences in the amount of ligand-
stimulated phosphorylation at EGFR Tyr992 are not relevant. Instead, we postulate that
differences in the duration of ligand-stimulated EGFR phosphorylation of Tyr992 and
coupling to PLCγ specify EGFR coupling to biological responses and underlie the disparity
in the intrinsic activities of AR and EGF. Definitive testing of this hypothesis awaits a
comparison of the duration of EGFR/PLCγ complex formation or a comparison of the
duration of PLCγ signaling following stimulation with AR or EGF. Such experiments lie
outside of the work at hand. Nonetheless, this hypothesis is supported by our observation
that EGF stimulates much greater phosphorylation of EGFR Tyr1045 than does AR.
Moreover, the EGFR Y1045F mutant and z-cbl, both of which presumably increase the
duration of EGF-induced EGFR signaling, increase the intrinsic activity of EGF but not of
AR. Finally, this hypothesis is consistent with the observation that an increase in the
duration of EGFR coupling to Extracellular-signal-related kinase (Erk) is associated with
greater cell migration (Joslin et al. 2007).

The mechanism underlying the difference in the ability of EGF and AR to stimulate EGFR
phosphorylation at Tyr1045 remains unknown. We postulate that different EGFR ligands
stabilize the EGFR extracellular regions in subtly distinct conformations. This could alter
the juxtapositioning of the intracellular domains of the receptors in the observed asymmetric
receptor dimer, in turn influencing which cytoplasmic tyrosine residues of one receptor
monomer are most efficiently phosphorylated by the kinase domain of the other monomer
(Wilson et al. 2009). Evidence for ligand-specific receptor conformations can be seen in a
comparison of the structure of the EGFR extracellular region when bound to EGF or TGFα.
The conformation of EGFR extracellular subdomain II (a site for receptor–receptor
interactions within a receptor dimer) appears to be subtly different in the EGFR–EGF and
EGFR–TGFα complexes and these differences may alter EGFR dimer geometry and sites of
EGFR tyrosine phosphorylation (Wilson et al. 2009).

The data presented here indicate that EGFR ligands display differences in intrinsic activity
in both paracrine and autocrine models of growth regulation by EGFR signaling. It will be
interesting to see whether the mechanisms underlying the functional differences among
EGFR ligands in autocrine models of growth regulation are identical to the mechanisms that
underlie the functional differences in paracrine models. Comparisons of EGFR cell surface
expression, recycling kinetics, and subcellular localization will help address this question,
but lie outside of the descriptive comparison of autocrine growth regulation by EGFR
ligands at hand here.

Nonetheless, the data presented here are consistent with the observation that EGF expression
in breast tumor samples is associated with a more favorable prognosis, whereas TGFα
expression is associated with more aggressive tumors (Revillion et al. 2008). In non-small-
cell lung carcinoma (NSCLC) patients, TGFα and AR serum concentrations positively
correlate with tumor aggressiveness, but the serum concentration of EGF does not. Indeed,
the serum concentration of EGF is higher in healthy individuals (Lemos-Gonzalez et al.
2007). Finally, NSCLC and head and neck squamous cell carcinoma cell lines that
overexpress AR are more sensitive to the EGFR tyrosine kinase inhibitor gefitinib and the
EGFR-specific monoclonal antibody cetuximab than are cells with lower levels of AR
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expression. This suggests that AR contributes to the malignant phenotypes of these cells
(Yonesaka et al. 2008). These data and ours suggest that TGFα and AR stimulate EGFR
coupling to tumor cell aggressiveness and chemoresistance, whereas EGF does so to a much
lesser extent and may antagonize stimulation of pathogenic EGFR signaling by TGFα and
AR. Consequently, the assumption that all agonists for a given receptor tyrosine kinase are
functionally equivalent should be applied with great care, particularly when predicting or
considering the consequences of agonist-induced receptor signaling on tumor behavior.
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Figure 1.
EGFR agonists differentially stimulate EGFR coupling in 32D/EGFR cells and MCF10A
cells. Data in panels B, C, and D are compiled from at least three independent assays. Error
bars indicate the standard error of the means. (A) The simulated agonist dose–response
curves depicted here illustrate fundamental principals of pharmacology. Saturating
concentrations of agonists X and Y yield the same degree of biological response (Emax).
Thus, the concentration- and affinity-independent activities (efficacies or intrinsic activities)
of these ligands are identical. Note that the efficacy/intrinsic activity of Z is lower than the
efficacies/intrinsic activities of X and Y. The concentration of an agonist that is required to
elicit a half-maximal biological response to that agonist (50% of Emax) is termed the EC50.
Therefore, the EC50 of X is less than the EC50 of Y and X is a more potent agonist than Y. If
X and Y share the same receptor, in many cases X possesses higher affinity for the receptor
than does Y. Despite the fact that X possesses greater efficacy/intrinsic activity than does Z,
these two agonists possess identical potencies. (B and C) 32D/EGFR cells were treated with
increasing concentrations of the indicated EGFR agonists. IL3 independence was evaluated;
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ligand potency (EC50) and efficacy (Emax) are provided in Table I. (D) DNA synthesis in
MCF10A cells was determined following treatment with increasing concentrations of the
indicated EGFR agonists. DNA synthesis is expressed as a percentage of that stimulated by
complete medium. Ligand potency (EC50) and efficacy (Emax) are provided in Table I.
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Figure 2.
EGF competitively antagonizes AR stimulation of EGFR coupling to cell proliferation and
DNA synthesis. Each data point represents the mean value calculated from at least three
independent experiments. Error bars represent the standard error of these means. (A) 32D/
EGFR cells were treated with 100 nM AR and/or increasing concentrations of EGF. IL3
independence was determined and is expressed as a percentage of the response to 100 nM
AR. (B) DNA synthesis in MCF10A cells was determined following treatment with 100 nM
AR and/or increasing concentrations of EGF. DNA synthesis is expressed as a percentage of
that stimulated by 100 nM AR. (C) 32D/EGFR cells were treated with increasing
concentrations of AR in the presence or absence of 0.3 nM EGF. As a control, cells were
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treated with 0.3 nM EGF alone. IL3 independence was determined and is expressed as a
percentage of the maximal response to AR.
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Figure 3.
Phosphorylation of EGFR Tyr992 and Tyr1045 specifies EGFR coupling in response to
stimulation with EGF or AR. (A) 32D/EGFR cells were stimulated with 10 nM EGF, 100
nM AR, or PBS (diluent control). Immunoblotting was used to assess phosphorylation
atTyr992 of EGFR (upper left panel), phosphorylation atTyr1045 of EGFR (upper right
panel), and EGFR expression (lower panels). The position of phospho-EGFR (pEGFR) or
EGFR on the blots is indicated. Blots are representative of three independent experiments.
(B and C) IL3 independence in 32D/LXSN (vector control), 32D/LXSN-EGFR, 32D/
LXSN-EGFR/Y992F, and 32D/LXSN-EGFR/Y1045F cells was determined following the
treatments described below. (B) Cells were treated with 100 nM AR or 10 nM EGF. Data
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are averages of at least three independent experiments. Error bars indicate the standard error
of the means. A two-way ANOVA with a Bonferroni post-test was used to evaluate
statistical significance (p value is indicated) or insignificance (NS). (C) Cells were treated
with increasing concentrations of EGF. Data points are averaged from multiple independent
experiments. Error bars indicate the standard error of the means. (D) IL3 independence in
32D/LXSN-EGFR/pBabe (vector control) and 32D/LXSN-EGFR/pBabe-z-cbl cells was
determined following treatment with 100 nM AR or 10 nM EGF. Data are averages of at
least three independent experiments. Error bars indicate the standard error of the means. A
two-way ANOVA with a Bonferroni post-test was used to evaluate statistical significance (p
value is indicated) or insignificance (NS). (E and F) 32D/EGFR cells were treated with IL3,
10 nM EGF, or 100 nM AR. In addition, cells were treated with increasing concentrations of
the PLCγ inhibitor U73122 (Tocris) or DMSO (vehicle control). Data points are averaged
from at least three independent experiments. Error bars indicate the standard error of the
means. (E) Cell density is plotted as a function of U73122 concentration. (F) Data from the
preceding panel are used to plot percent inhibition (relative to maximal stimulation) as a
function of U73122 concentration.
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Figure 4.
Autocrine expression of EGF and TGFα differentially stimulates EGFR coupling. (A)
EGFR was precipitated from 32D/EGFR/EGF mature, 32D/EGFR/TGFα mature, and 32D/
EGFR/TGFα precursor cell lines. Immunoblotting was used to assess tyrosine
phosphorylation (upper panel) and EGFR expression (lower panel). The position of pEGFR
or EGFR on the blots is indicated. Increasing amounts of an EGFR precipitate generated
from the 32D/EGFR/pLenti6/V5-DEST vector control cell line following stimulation with
30 nM EGF were used to compare EGFR expression and phosphorylation in the
experimental cell lines. The figure shown is representative of four independent trials. (B)
IL3 independence of 32D/EGFR/EGF mature, 32D/EGFR/TGFα mature, and/or 32D/
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EGFR/TGFα precursor cell lines was determined. The 32D/EGFR/pLenti6/V5-DEST vector
control cell line treated with 30 nM EGF served as the positive control. IL3 independence is
expressed as a percentage of this control. The data are averages of at least seven independent
experiments; error bars indicate the standard error of the means. A one-way ANOVA was
used to evaluate whether differences in viable cell density are statistically significant (p
value is indicated) or insignificant (NS). (C) The 32D/EGFR/EGF mature cell line was
mock stimulated using diluent (PBS). As a control, the 32D/EGFR/pLenti6/V5-DEST vector
control cell line was treated with increasing concentrations of EGF as indicated. EGFR
tyrosine phosphorylation was assessed by immunoblotting. The figure shown is
representative of five independent experiments. (D) IL3 independence in 32D/EGFR/EGF
mature and 32D/EGFR/pLenti6/V5-DEST vector control cell lines was determined
following treatment with increasing concentrations of EGF. The data are compiled from
seven independent experiments. For each data point, the error bar indicates the standard
error of the mean value. EGF potency (EC50) and efficacy (Emax) in each cell line are
provided in Table II.
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Table II

Expression of EGF markedly reduces stimulation of cell proliferation by subsequent treatment with soluble
EGF.

Cell line EGF EC50 (pM) EGF Emax (cell density × 104) N

32D/EGFR/pLenti6/V5-DEST 73.4 ± 21.7 88.5 ± 5.0 7

32D/EGFR/EGF mature 5.5 ± 5.0 29.2 ± 3.8 7
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