Lawrence Berkeley National Laboratory
Lawrence Berkeley National Laboratory
Title
Identification and targeting of a TACE-dependent autocrine loop which predicts poor
prognosis in breast cancer

Permalink
https://escholarship.org/uc/item/43f8v81f

Authors
Kenny, Paraic A.
Bissell, Mina J.

Publication Date
2005-06-15

eScholarship.org

Powered by the California Digital Library
University of California

* Manuscript
Kenny & Bissell; Targeting TACE-dependent growth factor shedding in breast cancer

Identification and targeting of a TACE-dependent autocrine loop which
predicts poor prognosis in breast cancer

Paraic A. Kenny and Mina J. Bissell*

Life Sciences Division, Lawrence Berkeley National Laboratory, 1 Cyclotron Rd.
MS977-225A, University of California, Berkeley, CA 94720.

*Corresponding author: mjbissell@lbl.gov

1

Kenny & Bissell; Targeting TACE-dependent growth factor shedding in breast cancer

Summary
The ability to proliferate independently of signals from other cell types is a fundamental
characteristic of tumor cells. Using a 3D culture model of human breast cancer
progression, we have delineated a protease-dependent autocrine loop which provides an
oncogenic stimulus in the absence of proto-oncogene mutation. Inhibition of this
protease, TACE/ADAM17, reverts the malignant phenotype by preventing mobilization
of two crucial growth factors, Amphiregulin and TGFα. We show further that the
efficacy of EGFR inhibitors is overcome by physiological levels of growth factors and
that successful EGFR inhibition is dependent on reducing ligand bioavailability. Using
existing patient outcome data, we demonstrate a strong correlation between TACE and
TGFα expression in human breast cancers that is predictive of poor prognosis.
Significance
Tumors resulting from inappropriate activation of the EGFR are common in multiple
tissues and are, for the most part, refractory to current targeted therapies. The data
presented here delineate the molecular mechanism by which constitutive EGFR activity
may be achieved in tumor progression without mutation of the EGFR or downstream
pathway components. These data implicate TACE as a therapeutically tractable enzyme,
the inhibition of which effectively blocks EGFR signaling by preventing mobilization of
ligands for this receptor. The data provide mechanistic insight into the insensitivity of
EGFR-overexpressing tumors to anilinoquinazoline inhibitors and suggest that coordinate inhibition of TACE might augment the activity of EGFR inhibitors in a clinical
setting.
Introduction
Whether achieved by gene overexpression, mutation, or amplification, the ability
to grow independently of signals from other cell types is a central feature of
tumorigenesis, and the acquisition of self-sufficiency for growth signals is a critical ratelimiting transition in the evolution of a tumor cell (Hanahan and Weinberg, 2000).
Pathways downstream of the Epidermal Growth Factor Receptor (EGFR) play essential
roles in cell proliferation. Genetic ablation of this receptor or of certain ligands impairs
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mammary gland development (Luetteke et al., 1999; Wiesen et al., 1999), while
deregulated ErbB pathway signaling contributes to a significant proportion of human
cancer cases, both in the breast and in other tissues (Downward, 2003). Thus, appropriate
spatial and temporal regulation of EGFR signaling is crucial for correct mammary gland
development and for the maintenance of mammary epithelial organization.
We have used three-dimensional (3D) culture models of breast epithelial cells to
investigate the molecular determinants of constitutive growth factor receptor signaling
and to evaluate the phenotypic consequences of targeting these processes. The HMT3522
breast cancer progression series originated from purified human breast epithelial cells
derived from reduction mammoplasty (Briand et al., 1987). Early passages (S1) are
spontaneously immortalized, non-malignant cells which require exogenous EGF for
proliferation (Briand et al., 1987) and retain the capacity to differentiate into growtharrested, polarized acinar structures with central lumina when cultured in 3D gels of
extracellular matrix (Petersen et al., 1992). Later passages (T4-2) grow independently of
exogenous EGF and are tumorigenic in vivo (Briand et al., 1996). They fail to arrest
growth in the 3D assay and form large, continuously proliferating apolar colonies. As
these cells are ERα-negative and EGFR/ERBB2-positive, they are representative of a
class of breast tumors with poor prognosis (Slamon et al., 1987; Sommer and Fuqua,
2001). Treatment of T4-2 cells in 3D culture with inhibitors of components of the EGFR
pathway elicits a striking morphological reversion of this malignant behavior and the
assumption of an organized, growth-arrested, polarized acinar structure (Wang et al.,
1998).
Here, we use this model to investigate the mechanisms by which non-malignant
breast epithelial cells may escape dependence on exogenous EGF. A dissection of the
EGFR pathway in T4-2 cells revealed that these cells lack mutations in common protooncogenes (H-Ras, K-Ras, N-Ras and B-Raf) but express two EGFR ligands not present
in S1 cells, Amphiregulin (AREG) and TGFα. A metalloproteinase activity,
TACE/ADAM17, implicated by others in processing of these ligands (Borrell-Pages et
al., 2003; Gschwind et al., 2003; Sahin et al., 2004), is expressed in T4-2 cells and is
necessary for AREG and TGFα function. We show that inhibition of TACE is sufficient
to block EGFR signaling and to revert the malignant phenotype in T4-2 cells and that this
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is a direct consequence of attenuation of growth factor ectodomain shedding. Analysis of
a published microarray dataset encompassing 295 primary breast tumors and associated
clinical data (van de Vijver et al., 2002) revealed that TACE and TGFα expression are
highly correlated and predictive of a poor prognosis.
These data provide further insight into this fundamental feature of tumorigenesis
in the breast and other epithelial tissues and suggest that targeting this ADAM-dependent
autocrine loop may prove an entirely new therapeutic strategy for EGFR-dependent
tumors. In this regard, we have recognized the lack of success of EGFR inhibitors in
recent phase III clinical trials (Giaccone et al., 2004; Herbst et al., 2004) and have
hypothesized that availability of ligands may counter the efficacy of these drugs. We
show that the reversion of malignancy induced by EGFR inhibition is overcome by low
picomolar quantities of EGFR ligands – concentrations within the normal physiological
range of these proteins. These data suggest that approaches which limit EGFR ligand
bioavailability (such as TACE inhibition) might augment the effect of EGFR inhibitors in
a clinical setting.
Results
Amphiregulin and TGFα
α are upregulated in T4-2 cells
S1 non-malignant human breast epithelial cells require exogenous EGF for
proliferation (Figure 1B,C), while their malignant derivatives, T4-2, have acquired selfsufficiency for this signal. The sensitivity of T4-2 cells to inhibition of EGFR (Wang et
al., 1998) implies that EGFR and the downstream components of the pathway are not
mutationally activated. Using direct sequencing, we showed that these cells have not
sustained activating mutations in H-Ras, K-Ras, N-Ras or B-Raf (data not shown). Thus,
we hypothesized that T4-2 cells escaped dependence on exogenous EGF by
transcriptionally upregulating one or more ErbB ligands. We tested expression of
Amphiregulin, Betacellulin, Cripto, EGF, Epiregulin, HB-EGF, NRG1, NRG2 and
TGFα by RT-PCR. Amphiregulin and TGFα were expressed at high levels in T4-2 cells
(Figure

1A).

Experiments

using

concentrations

of

recombinant

AREG

or

TGFα equimolar to that of EGF (860 pM) show that these ligands can substitute for EGF
to promote proliferation of the non-malignant cells (Figure 1D-F).
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By the time an incipient cancer cell has become malignant, it is characterized by
multiple genomic mutations, chromosomal amplifications and deletions, and aneuploidy
(Albertson et al., 2003; Rajagopalan et al., 2003). In such a chaotic background, it is
often difficult to distinguish between causative changes, correlative changes and changes
of little consequence. If the changes we have observed in expression of these genes in
malignant T4-2 cells are indeed important, one might expect that some of them would be
detected at earlier stages of progression. On the continuum between S1 and T4-2 cells, a
subline was established which, like S1 cells, is non-malignant but which grows
independently of EGF and has lost the ability to form growth-arrested polarized acinar
structures in 3D lrECM culture. This subline, S2 cells, was derived from S1 cells by EGF
withdrawal after 118 passages (Briand et al., 1996). Analysis of the expression of AREG
and TGFα in S2 cells (Figure 1G) demonstrates that both of these factors were
upregulated during the transition from S1 to S2, the earliest stage of progression toward
malignancy in this series.
A metalloproteinase activity is critically required for mobilization of growth factors
Several growth factors, including AREG and TGFα, are synthesized as
transmembrane precursors and members of the ADAM family of transmembrane
proteases have been implicated in the processing of these ligands (Borrell-Pages et al.,
2003; Gschwind et al., 2003; Sahin et al., 2004). Culture of T4-2 cells in 3D extracellular
matrix results in the formation of disorganized, apolar, continuously proliferating
colonies (Figure 2A), a phenotype we have shown to be highly correlated with, and
reflective of, cancer cell malignancy (Petersen et al., 1992; Wang et al., 2002). Incubation
with TAPI-2, a broad-spectrum inhibitor of MMPs and ADAMs, resulted in a reversion
of the malignant phenotype (Figure 2C) similar to that elicited using the EGFR inhibitor
AG1478 (Figure 2B), suggesting that a metalloproteinase activity is required for the
proliferative phenotype of T4-2 cells. This treatment also resulted in the restoration of
epithelial polarity. Vehicle-treated cells remained disorganized (Figure 2D) while TAPI-2
treated cells assumed a polar organization similar to that of a breast acinus, here indicated
by basal localization of α6-integrin (Figure 2E). The colonies formed by AG1478 or
TAPI-2 treated T4-2 cells were similar in size to non-malignant mammary acini and were
significantly smaller than those formed by cells treated with vehicle alone (Figure 2F).
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T4-2 cells exhibit a basal level of activity of signaling kinases downstream of the
EGFR (Figure 2G, lane 1) which is consistent with a response to the ongoing production
of an EGFR ligand by these cells. The basal activities were significantly suppressed by
addition of TAPI-2 (Figure 2G, lane 3) but the cells remained competent to respond to
addition of exogenous EGF (Figure 2G, lane 4). Furthermore, TAPI-2 caused a dosedependent decrease in proliferation of T4-2 cells in 2D cultures, which was overcome by
addition of exogenous EGF (Figure 2H). This compound was not cytotoxic at the
concentration used, nor did it interfere with the ability of S1 cells to execute normal
acinar morphogenesis in the presence of soluble EGF (data not shown). Thus, the
proliferative block and concomitant reversion resulting from metalloproteinase inhibition
appears to result, at least in part, from a defect in growth factor mobilization, suggesting
that either an MMP or ADAM family member plays a crucial role in the regulation of
EGFR signaling in this transition to growth factor autonomy.
TACE/ADAM17 cleaves both AREG and TGFα
α in cultured mammary epithelial
cells
Several lines of genetic and biochemical evidence suggest that TACE/ADAM17
is a key regulator of cleavage of both AREG and TGFα (Borrell-Pages et al., 2003;
Gschwind et al., 2003; Sahin et al., 2004). TACE is expressed in both S1 and T4-2 cells
(Figure 3A). To test whether TACE could cleave endogenously produced growth factors
in mammary epithelial cells, we cloned and overexpressed the transmembrane precursors
of Amphiregulin and TGFα in S1 cells. Acute stimulation of these cells with recombinant
TACE was sufficient to mobilize the growth factors to activate receptor tyrosine kinase
signaling (Figure 3B), a response not elicited in the vector control cells. Introduction of
siRNAs against TACE significantly suppressed T4-2 cell proliferation compared to both
GFP-transfected and random siRNA-transfected controls (Figure 3C). Thus it appears
that TACE, and not another TAPI-2-sensitive protease, is the primary growth factor
sheddase in T4-2 cells.
AREG and TGFα
α are the key substrates of TACE in T4-2 cells
In addition to shedding growth factors, TACE has been implicated in the shedding
of several cell surface molecules, inhibition of which might also contribute to the
observed reversion of the T4-2 cell phenotype. Characterized substrates of TACE include
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TNFα (Black et al., 1997; Moss et al., 1997), L-Selectin and TNFRII (Peschon et al.,
1998), β-APP (Buxbaum et al., 1998), collagen XVII (Franzke et al., 2002), growth
hormone receptor (Zhang et al., 2000), TrkA (Diaz-Rodriguez et al., 2002), ErbB4 (Rio
et al., 2000) and GPIbα (Bergmeier et al., 2004). To test whether modulation of growth
factor cleavage is the key role of TACE here, we generated soluble secreted mutants of
both AREG and TGFα which lack both the transmembrane and cytosolic domains
(Figure 4A). and sought to determine whether their overexpression might lead to a
genetic rescue of the TAPI-2-imposed reversion.
Each stably transfected T4-2 cell line was susceptible to reversion by EGFR
inhibition (Figure 4B). Those cells which produced soluble growth factors were
completely resistant to TAPI-2 (Figure 4B). Thus, despite the number of TACE
substrates expressed by these cells, it is the suppression of growth factor mobilization
which results in the reversion of the malignant phenotype.
EGFR ligand bioavailability antagonizes inhibitor efficacy
Small molecule inhibitors of the EGFR have thus far proven disappointing in
phase III clinical trials. Like AG1478, Gefitinib (Iressa, ZD1839) and Erlotinib (Tarceva,
OSI-774) are reversible anilinoquinazoline-derivatives. In two large trials of non-small
cell lung cancer (NSCLC) patients, Chemotherapy with Gefitinib performed no better
than chemotherapy alone in terms of survival (Giaccone et al., 2004; Herbst et al., 2004).
Although Erlotinib did provide a statistically significant survival benefit in patients with
advanced pancreatic adenocarcinoma, it is important to note that the median extension in
progression-free survival was a mere six days, while the median increase in overall
survival was 14 days (Moore, M.J. et al. Erlotinib improves survival when added to
gemcitabine in patients with advanced pancreatic cancer. A phase III trial of the National
Cancer Institute of Canada Clinical Trials Group [NCIC-CTG]. ASCO Gastrointestinal
Cancers Symposium (2005) Abstract 77). In a recent trial using Erlotinib as a single agent
in NSCLC, median progression-free survival time was increased by almost two weeks in
the treated population, while median overall survival was increased by two months
(Shepherd et al., 2005).
Despite the fact that T4-2 cells expressing soluble AREG or TGFα still formed
small rounded colonies in the presence of the EGFR inhibitor, these colonies were
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consistently larger than those formed by cells infected with either empty vector or with
the membrane-tethered pro-forms of AREG and TGFα (Figure 4B). The difference was
statistically significant (median cross-sectional area of AG1478-treated proAREG v
AREG∆TM colonies, P < 0.0001; proTGFα v TGFα∆TM, P <0.05). We postulated that
successful inhibition of the EGFR by anilinoquinazoline inhibitors might be a function of
the availability of circulating ligand and tested this hypothesis in a quantitative fashion in
T4-2 cells (Figure 4C). The malignant phenotype of T4-2 cells (typically cultured in the
absence of EGF) may be reverted using AG1478. Increasing the amount of soluble EGF
allowed the T4-2 cells to escape from the AG1478-imposed reversion (Figure 4C).
Similar observations were made with both recombinant Amphiregulin and TGFα (data
not shown). Thus it seems that there is a transition point of ligand concentration above
which EGFR inhibitors lack efficacy. In the 3D culture assay, this transition occurred
between 0.1 and 1 ng/ml. Reported levels of EGF and TGFα (both circulating and in
tumor and tissue homogenates) are within or exceed this range (Messa et al., 1998; Reeka
et al., 1998; Sotnikova et al., 2001).
TACE and TGFα
α predict poor prognosis in human breast cancer patients
Having thus established that TACE-dependent growth factor shedding plays a role
that is both critically important and therapeutically tractable in this model of breast
cancer progression, we sought to determine the extent to which these factors play a role
in human breast cancer. We interrogated a comprehensive microarray dataset of 295
primary human breast tumors which was prepared by Marc van de Vijver and colleagues,
who used it to identify gene expression signatures predictive of outcome. The detailed
clinical characteristics of these tumors have been reported (van de Vijver et al., 2002).
Briefly, all were either stage I or II and less than 5 cm diameter at excision, and derived
from 295 consecutively treated patients less than 53 years old. Approximately three
quarters of the tumors were ERα positive, and half were associated with positive lymph
nodes. The median time for which follow-up information is available is 6.7 years (range
0.05 – 18.3 years).
Our analysis of this publicly available dataset revealed a statistically significant
positive correlation between expression levels of TGFα and TACE (Table 1, P < 0.001).
EGFR expression also tended to correlate with both TGFα and TACE, although not quite
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reaching the level of statistical significance (P = 0.053 and P = 0.061, respectively).
Interestingly, Amphiregulin expression in this patient population was inversely correlated
with expression of EGFR and TGFα (P < 0.05 and P < 0.001, respectively).
Amphiregulin and TACE levels tended to be anti-correlated, although not quite reaching
statistical significance (P = 0.053). While these three markers were co-expressed in our
progression model, these data suggest that TACE and TGFα may be the more important
protease/growth factor pair for EGFR activation in human breast tumors. Tumors positive
for TGFα, ADAM17 and EGFR tended to be ERα negative (P < 0.0001, P < 0.005, P <
0.0001 respectively). Conversely, ERα positive tumors tended to have higher levels of
Amphiregulin (P < 0.0001).
To analyze the contribution of AREG, TGFα, and TACE expression to survival,
tumors were divided in quartiles by expression level of each marker and survival curves
were computed for the upper and lower quartiles (74 samples each) and the interquartile
range (147 samples). High levels of TACE expression were associated with a poor
survival (Figure 5A, P < 0.05, high v. low expression). Tumors with the highest levels of
TGFα expression also tended to have a poorer outcome, although statistically this was
borderline (Figure 5B, P < 0.06). Tumors which express high levels of Amphiregulin had
a significantly better outcome than tumors expressing lower levels (Figure 5C, P < 0.001)
as expected from the high correlation between Amphiregulin and ERα expression levels,
positivity for the latter being a strong predictor of survival (Figure 5D, P < 0.001).
These data illuminate the necessary steps, at a molecular level, by which tumor
cells may become independent of extrinsic proliferative signals and suggest that ADAM
family members may prove important additional therapeutic targets in EGFR-dependent
malignancies of the breast and other tissues.
Discussion
In this study, we show that activation of EGFR signaling in the T4-2 cells of the
HMT3522 breast cancer progression series is driven by a TACE-dependent growth factor
autocrine loop not present in the non-malignant S1 cells. Inhibition of TACE attenuated
the growth of T4-2 cells in 3D ECM culture and reverted their morphology to
approximate that of non-malignant cells. This reversion was overcome by overexpression
of soluble “pre-cleaved” mutants of either AREG or TGFα but not by pro-AREG or pro9
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TGFα, definitively demonstrating the importance of growth factor precursor cleavage for
ErbB function. We further show that expression of TACE and TGFα is highly correlated
in human breast cancer samples and is predictive of poor prognosis. Lastly, we
demonstrate that ligand bioavailability, which can be modulated by TACE inhibition, is
an important determinant of EGFR inhibitor efficacy.
Despite the development of potent, specific EGFR inhibitors, EGFR-dependent
tumors of several tissues remain a substantial clinical problem. Some patients who do
respond to therapy have tumors bearing EGFR mutations (Lynch et al., 2004; Paez et al.,
2004), but this explained only a proportion of responses in these studies, and the
association has not been reproduced in another large study (Tsao et al., 2005). Our data
demonstrate that the utility of an EGFR inhibitor may be a function of the abundance of
ligand and that low picomolar levels of these growth factors can overcome the efficacy of
the inhibitor. If so, physiological levels of EGFR ligands may antagonize the action of
EGFR inhibitors in vivo. Among the small proportion of patients whose tumors respond
to small molecule EGFR inhibitors, there is frequent and pronounced adverse systemic
reactions to the drug, including skin rash and diarrhea. Intriguingly, these systemic
responses predict response to Gefitinib (Chiu et al., 2005; Mohamed et al., 2005; PerezSoler et al., 2004). The fact that systemic toxicity predicts response is consistent with the
hypothesis that circulating and locally produced EGFR ligands antagonize Gefitinib
efficacy in both the tumor and in other organs: Those patients with circulating ligands
above a threshold would experience neither skin rashes nor tumor regression in response
to Gefitinib. This hypothesis is supported by our demonstration in 3D cultures that EGFR
inhibitor efficacy is critically dependent on the bioavailability of EGFR ligands, and that
ligand concentrations within the normal circulating range (Messa et al., 1998; Reeka et
al., 1998; Sotnikova et al., 2001) confer resistance to the inhibitor. Interestingly,
Amphiregulin overexpression predicts non-responsiveness to Gefitinib in ERRB2positive non-small cell lung cancer tumors (Kakiuchi et al., 2004). Undoubtedly in some
cases Gefitinib resistance is acquired in a cell-autonomous fashion by tumor cells, by loss
of PTEN (She et al., 2003), by acquisition of mutation in EGFR (Pao et al., 2005), or
perhaps by switching dependence to other ErbB family members. However, it is difficult
to understand how such changes within the primary tumor could ameliorate the systemic
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toxicity. Thus we believe that systemic resistance to EGFR inhibitors, resulting from an
excess of circulating EGFR ligands, may be an important predictive determinant for
anilinoquinazoline efficacy and that reduction of the levels of circulating growth factors
by inhibiting growth factor shedding may improve the efficacy of these compounds.
The demonstration of an absolute requirement for an ADAM-like proteolytic
activity for proliferation in a physiologically relevant model of human breast cancer
progression suggests another avenue to be explored therapeutically. MMPs and ADAMs
have been studied intensively and many small molecule inhibitors have been
characterized in both cell culture and animal models, primarily to inhibit MMPdependent tumor cell invasion. Despite the relative success of pre-clinical studies, the
results of many clinical trials of MMP inhibitors in cancer have been disappointing,
perhaps due to what retrospectively appears to be flawed design of the Phase III studies
(Coussens et al., 2002). It has become clear that metalloproteinases play more complex
and diverse roles in tumor progression (Egeblad and Werb, 2002) than was appreciated
during the design of these earlier clinical studies. It remains possible that these
compounds may prove efficacious in selected subsets of patients, one such cohort being
those who depend on TACE-dependent autocrine stimulation of EGFR/ErbB2. Specific
and orally active TACE inhibitors have been developed by Roche (Beck et al., 2002) and
Wyeth (Zhang et al., 2004) for treatment of arthritis; our data suggest that their efficacy
should be evaluated in a pre-clinical models of EGFR ligand-dependent tumorigenesis.
Our data delineate a mechanism by which breast epithelial cells may escape
dependence on extrinsic proliferative signals, a transition necessary in the evolution of all
cancers. The essential role of TACE in this phenotype, and the demonstration that
inhibition of this protease blocks EGFR signaling and reverts the malignant phenotype
suggests that interruption of such an autocrine loop might prove an effective therapy for
tumors dependent on EGFR ligand expression, alone or in combination with existing
EGFR inhibitors.
Experimental Procedures
Cell culture All reagents were purchased from SIGMA (St. Louis, MO) except
where otherwise noted. HMT3522 cells were cultivated on 2D and 3D substrata in H14
medium, a 50:50 mix of DMEM/F12 (UCSF Cell culture Facility, San Francisco, CA)
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supplemented with 5 µg/ml prolactin, 250 ng/ml insulin, 1.4 x 10-6 M hydrocortisone, 1010

M β-estradiol, 2.6 ng/ml sodium selenite and 10 µg/ml transferrin. S1 cells were

additionally supplemented with 10 ng/ml EGF. In various experiments, cells were
supplemented with AREG, TACE, TGFα. In all cases, AREG and TGFα were used at
the same molar concentration as EGF (860 pM).
For 3D lrECM culture, T4-2 cells were seeded at 21000 cells per cm2 on top of
Matrigel, overlaid with H14 medium containing 5% Matrigel (BD Biosciences, San Jose,
CA), and treated with 80 nM AG1478, 20 µM TAPI-2 or the relevant vehicle controls.
Amphotropic retroviruses were generated by transfection (Lipofectamine;
Invitrogen, Carlsbad, CA) of the Phoenix packaging cell line (a gift of Dr. Gary Nolan,
Stanford) with pBM-IRES-Puro or derivatives containing the AREG or TGFα open
reading frames. Two million phoenix cells per 6 cm dish were plated the day prior to
transfection and transfected with 2 µg of the appropriate retroviral construct. Retroviruscontaining culture medium was harvested after 48 hrs, supplemented with polybrene to
5µg/ml and added to HMT3522 cells at 30-50% confluence. Pools of stable infectants
were selected in 1 µg/ml puromycin.
SilencerTM siRNAs against TACE (Ambion, Austin, TX) were co-transfected with
pEGFP-C1 (BD Biosciences). T4-2 cells were trypsinized post-transfection and plated at
low density. Proliferation was assessed by counting the transfected (green) cells per
colony after four days. Random siRNA sequence was used as a negative control.
Indirect immunofluorescence. Colonies were solubilized from matrigel culture
by shaking in PBS/0.05M EDTA on ice for 30 mins, fixed in 4% paraformaldehyde,
permeabilized,

stained

with

anti-α6-integrin

(Chemicon,

Temecula,

CA)

and

counterstained with DAPI.
Western blotting. Cells were lysed in 50 mM Tris.HCl pH 7.5, 150 mM NaCl,
0.5% NP40 supplemented with protease and phosphatase inhibitors (Calbiochem, San
Diego, CA) and clarified by centrifugation. 50 µg of each sample was fractionated by
SDS-PAGE, transferred to nitrocellulose membranes and probed with antibodies against
the following proteins: phospho-MAPK, Total MAPK, phospho-p70S6-Kinase, (Cell
Signaling Technology, MA). E-cadherin (BD Biosciences, CA) was used as a loading
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control. Blots were developed using Supersignal West Femto (Pierce, Rockland, IL).
Images were captured using a FluorChem 8900 imager (Alpha Innotech, San Leandro,
CA).
Cloning of pro-AREG and pro-TGFα
α . The open reading frames of these genes
were amplified by PCR from T4-2 cDNA. Amplification products were cloned, sequence
verified, and subcloned into the retroviral expression vector, pBM-IRES-Puro (Garton et
al., 2002). The primers used were: AREG: 5’-GACCTCAATGACACCTACTCTGG-3’,
5’-GAAATATTCTTGCTGACATTTGC-3’

;

TGFα:

5’-

ATGGTCCCCTCGGCTGGACAGCTC-3’,

5’-

TCATAGATCTTCTTCTGATATAAGCTTTTGTTCGACCACTGTTTCTGAGTGGC3’. The ∆TM mutants of AREG and TGFα were generated from the using the pBMIRES-puro specific primer 5’-TGGAAAGGACCTTACACAGTCC-3’ and either 5’AAAAGGATCCTCATTTTGATAAACTACTGTCAATC-3’

(AREG∆TM)

or

5’-

AAAAGGATCCTCAGGCCTGCTTCTTCTGGCTGGC-3’ (TGFα∆TM) and cloned
into pBM-IRES-Puro.
Proliferation assays. HMT3522 cells were seeded in 96 well plates and treated
(in triplicate) as described in the figure legends. To determine relative growth, 0.1
volumes of WST cell proliferation analysis reagent (Roche, Indianapolis, IN) was added
to the medium and its formazan metabolite was measured by absorbance at 460 nm.
RTPCR. DNase-treated total RNA was isolated using the RNEasy kit (Qiagen,
Valencia, CA). 5 µg of total RNA in a final volume of 40 µl was used for oligo dT
primed cDNA synthesis (First Strand cDNA synthesis kit, Invitrogen, Carlsbad, CA). 1
µl of cDNA was added to a 60 µl PCR reaction. 15 µl aliquots were withdrawn after 25,
30 and 35 cycles and analyzed by agarose gel electrophoresis. Primers used were as
follows:

AREG:

5’-GACCTCAATGACACCTACTCTGG-3’,

GAAATATTCTTGCTGACATTTGC-3’

;

GAPDH:

CCCCTGGCCAAGGTCATCCATGAC-3’,

TGFα:

5’5’-

CATACCAGGAAATGAGCTTGACAAAG-3’
CAGCACAGCTGCCAAGTCATT-3’,

5’-

;

TACE:

5’-

5’-CCAGCATCTGCTAAGTCACTTCC-3’;

5’-CACACTCAGTTCTGCTTCCA-3’,

4’-

TCAGACCACTGTTTCTGAGTGGC-3’.
13
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Statistical Analyses. All data analysis was performed using Graphpad Prism. Bar
graphs represent mean ± standard error of mean. Significance was determined using
ANOVA. In scatter plots, the horizontal bar represents the median of each dataset.
Significance was determined using Kruskal-Wallis test (with Dunn’s Test to correct for
multiple comparisons).
A database consisting of the microarray profiles of 295 human breast tumors with
the associated clinical data (van de Vijver et al., 2002) was obtained from Rosetta
Inpharmatics. Pearson’s correlation coefficient was used to determine whether
statistically significant associations existed between the relative expression levels of each
of the markers. For survival analysis, patients were stratified into quartiles for expression
of each marker, and survival curves computed using the method of Kaplan and Meier.
Statistical significance was determined using the log-rank test.
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Table 1 Pearson’s correlation analysis of markers in 295 primary human breast tumors

ERα
TGFα
ADAM17
EGFR
ERBB2

AREG
r
0.4177
-0.2155
-0.1126
-0.1416
0.1897

p
<0.0001
0.0002
0.0534
0.0150
0.0011

ERα
r

p

TGFα
r

p

-0.3851
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FIGURE LEGENDS
Figure 1. Amphiregulin and TGFα are upregulated in T4-2 cells and can substitute for
EGF to promote proliferation of S1 cells
A: RT-PCR analysis shows that both Amphiregulin and TGFα are transcriptionally
upregulated in T4-2 relative to S1 cells.
B: S1 cells cultured for six days in the absence of EGF do not proliferate.
C-E: S1 cells proliferate in the presence of equimolar (860 pM) of each EGFR ligand.
F: S1 cell proliferation in the presence of each ligand is significantly different from
control.
G: RT-PCR analysis shows that both Amphiregulin and TGFα are upregulated in nonmalignant S2 cells.
Figure 2. Inhibition of sheddase activity reverts the malignant phenotype of T4-2 cells by
suppressing mobilization of growth factors and downregulating EGFR pathway activity
A: T4-2 cells grown in 3D lrECM culture form continuously proliferating, disorganized,
and apolar colonies.
B: T4-2 cells treated with EGFR inhibitor (80 nM AG1478) undergo morphological
reversion, forming small, smooth, spherical, growth-arrested colonies.
C: T4-2 cells treated with a broad-spectrum MMP/ADAM inhibitor (20 µM TAPI-2)
undergo a morphological reversion similar to that of EGFR inhibitor-treated cells. Bar =
100 µm.
D: α6-integrin staining of T4-2 cells indicates absence of tissue polarity.
E: α6-integrin staining of T4-2 cells shows restoration of tissue polarity in TAPI-2
treated cells. Bar = 10 µm.
F: Analysis of cross-sectional area of T4-2 cells treated with vehicle, AG1478 or TAPI-2
for four days. Both AG1478 and TAPI-2 treated colonies were significantly different
from controls (p < 0.001).
G: TAPI-2 treatment (24 hours) reduces the basal activity of kinases downstream of
EGFR, but cells remain competent to respond to exogenous EGF (860 pM, 5 minute
stimulation).
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H: TAPI-2 treatment results in a dose-dependent reduction in T4-2 cell proliferation that
is completely overcome by addition of soluble EGF.
Figure 3. TACE/ADAM17 cleaves both Amphiregulin and TGFα, and promotes T4-2
cell proliferation
A: RTPCR analysis showing TACE expression in both S1 and T4-2 cells.
B: Stimulation with recombinant TACE (5 mins) activated EGFR signaling in S1 cells
overexpressing full-length Amphiregulin or TGFα, but not in vector-transfected cells.
C: Suppression of TACE expression reduced T4-2 cell proliferation.
Figure 4. TAPI-2 induced reversion of T4-2 cells is a direct result of inhibition of growth
factor ectodomain shedding
A: Schematic representation of full-length and deletion mutants of Amphiregulin and
TGFα. ∆TM mutants lack both the transmembrane and cytoplasmic domain and are thus
secreted without requiring TACE activity.
B: T4-2 cells overexpressing both full-length and deletion growth factor constructs are
susceptible to reversion induced by the EGFR inhibitor, but those cells expressing either
soluble Amphiregulin or TGFα escape the TAPI-2-imposed reversion. Bar = 100 µm.
C: Reversion of T4-2 cells by EGFR inhibition is overcome by the presence of picomolar
amounts of EGFR ligand. Cells were cultured for four days in 80 nM AG1478 and
various amounts of EGF. Above a threshold EGF concentration between 0.1 - 1 ng/ml
(8.6 - 86 pM), the EGFR inhibitor can no longer revert the malignant phenotype. Bar =
100 µm.
Figure 5. Kaplan-Meier survival analysis of 295 human breast tumors stratified by
marker expression level
High levels of (A) TACE and (B) TGFα predict poor survival. High levels of (C)
Amphiregulin or (D) ERα are predictive of survival. P values represent the log-rank
comparison between the upper and lower quartiles of marker expression.

17

Kenny & Bissell; Targeting TACE-dependent growth factor shedding in breast cancer

References
Albertson, D. G., Collins, C., McCormick, F., and Gray, J. W. (2003). Chromosome
aberrations in solid tumors. Nat Genet 34, 369-376.
Beck, G., Bottomley, G., Bradshaw, D., Brewster, M., Broadhurst, M., Devos, R., Hill,
C., Johnson, W., Kim, H. J., Kirtland, S., et al. (2002). (E)-2(R)-[1(S)(Hydroxycarbamoyl)-4-phenyl-3-butenyl]-2'-isobutyl-2'-(meth anesulfonyl)-4methylvalerohydrazide (Ro 32-7315), a selective and orally active inhibitor of tumor
necrosis factor-alpha convertase. J Pharmacol Exp Ther 302, 390-396.
Bergmeier, W., Piffath, C. L., Cheng, G., Dole, V. S., Zhang, Y., von Andrian, U. H., and
Wagner, D. D. (2004). Tumor necrosis factor-alpha-converting enzyme (ADAM17)
mediates GPIbalpha shedding from platelets in vitro and in vivo. Circ Res 95, 677-683.
Black, R. A., Rauch, C. T., Kozlosky, C. J., Peschon, J. J., Slack, J. L., Wolfson, M. F.,
Castner, B. J., Stocking, K. L., Reddy, P., Srinivasan, S., et al. (1997). A
metalloproteinase disintegrin that releases tumour-necrosis factor-alpha from cells.
Nature 385, 729-733.
Borrell-Pages, M., Rojo, F., Albanell, J., Baselga, J., and Arribas, J. (2003). TACE is
required for the activation of the EGFR by TGF-alpha in tumors. EMBO J 22, 11141124.
Briand, P., Nielsen, K. V., Madsen, M. W., and Petersen, O. W. (1996). Trisomy 7p and
malignant transformation of human breast epithelial cells following epidermal growth
factor withdrawal. Cancer Res 56, 2039-2044.
Briand, P., Petersen, O. W., and Van Deurs, B. (1987). A new diploid nontumorigenic
human breast epithelial cell line isolated and propagated in chemically defined medium.
In Vitro Cell Dev Biol 23, 181-188.
Buxbaum, J. D., Liu, K. N., Luo, Y., Slack, J. L., Stocking, K. L., Peschon, J. J., Johnson,
R. S., Castner, B. J., Cerretti, D. P., and Black, R. A. (1998). Evidence that tumor
necrosis factor alpha converting enzyme is involved in regulated alpha-secretase cleavage
of the Alzheimer amyloid protein precursor. J Biol Chem 273, 27765-27767.
Chiu, C. H., Tsai, C. M., Chen, Y. M., Chiang, S. C., Liou, J. L., and Perng, R. P. (2005).
Gefitinib is active in patients with brain metastases from non-small cell lung cancer and
response is related to skin toxicity. Lung Cancer 47, 129-138.
Coussens, L. M., Fingleton, B., and Matrisian, L. M. (2002). Matrix metalloproteinase
inhibitors and cancer: trials and tribulations. Science 295, 2387-2392.
Diaz-Rodriguez, E., Montero, J. C., Esparis-Ogando, A., Yuste, L., and Pandiella, A.
(2002). Extracellular signal-regulated kinase phosphorylates tumor necrosis factor alphaconverting enzyme at threonine 735: a potential role in regulated shedding. Mol Biol Cell
13, 2031-2044.
Downward, J. (2003). Targeting RAS signalling pathways in cancer therapy. Nat Rev
Cancer 3, 11-22.
Egeblad, M., and Werb, Z. (2002). New functions for the matrix metalloproteinases in
cancer progression. Nat Rev Cancer 2, 161-174.
Franzke, C. W., Tasanen, K., Schacke, H., Zhou, Z., Tryggvason, K., Mauch, C., Zigrino,
P., Sunnarborg, S., Lee, D. C., Fahrenholz, F., and Bruckner-Tuderman, L. (2002).
Transmembrane collagen XVII, an epithelial adhesion protein, is shed from the cell
surface by ADAMs. EMBO J 21, 5026-5035.

18

Kenny & Bissell; Targeting TACE-dependent growth factor shedding in breast cancer

Garton, K. J., Ferri, N., and Raines, E. W. (2002). Efficient expression of exogenous
genes in primary vascular cells using IRES-based retroviral vectors. Biotechniques 32,
830, 832, 834 passim.
Giaccone, G., Herbst, R. S., Manegold, C., Scagliotti, G., Rosell, R., Miller, V., Natale,
R. B., Schiller, J. H., Von Pawel, J., Pluzanska, A., et al. (2004). Gefitinib in combination
with gemcitabine and cisplatin in advanced non-small-cell lung cancer: a phase III trial-INTACT 1. J Clin Oncol 22, 777-784.
Gschwind, A., Hart, S., Fischer, O. M., and Ullrich, A. (2003). TACE cleavage of
proamphiregulin regulates GPCR-induced proliferation and motility of cancer cells.
EMBO J 22, 2411-2421.
Hanahan, D., and Weinberg, R. A. (2000). The hallmarks of cancer. Cell 100, 57-70.
Herbst, R. S., Giaccone, G., Schiller, J. H., Natale, R. B., Miller, V., Manegold, C.,
Scagliotti, G., Rosell, R., Oliff, I., Reeves, J. A., et al. (2004). Gefitinib in combination
with paclitaxel and carboplatin in advanced non-small-cell lung cancer: a phase III trial-INTACT 2. J Clin Oncol 22, 785-794.
Kakiuchi, S., Daigo, Y., Ishikawa, N., Furukawa, C., Tsunoda, T., Yano, S., Nakagawa,
K., Tsuruo, T., Kohno, N., Fukuoka, M., et al. (2004). Prediction of sensitivity of
advanced non-small cell lung cancers to gefitinib (Iressa, ZD1839). Hum Mol Genet.
Luetteke, N. C., Qiu, T. H., Fenton, S. E., Troyer, K. L., Riedel, R. F., Chang, A., and
Lee, D. C. (1999). Targeted inactivation of the EGF and amphiregulin genes reveals
distinct roles for EGF receptor ligands in mouse mammary gland development.
Development 126, 2739-2750.
Lynch, T. J., Bell, D. W., Sordella, R., Gurubhagavatula, S., Okimoto, R. A., Brannigan,
B. W., Harris, P. L., Haserlat, S. M., Supko, J. G., Haluska, F. G., et al. (2004).
Activating mutations in the epidermal growth factor receptor underlying responsiveness
of non-small-cell lung cancer to gefitinib. N Engl J Med 350, 2129-2139.
Messa, C., Russo, F., Caruso, M. G., and Di Leo, A. (1998). EGF, TGF-alpha, and EGFR in human colorectal adenocarcinoma. Acta Oncol 37, 285-289.
Mohamed, M. K., Ramalingam, S., Lin, Y., Gooding, W., and Belani, C. P. (2005). Skin
rash and good performance status predict improved survival with gefitinib in patients
with advanced non-small cell lung cancer. Ann Oncol 16, 780-785.
Moss, M. L., Jin, S. L., Milla, M. E., Bickett, D. M., Burkhart, W., Carter, H. L., Chen,
W. J., Clay, W. C., Didsbury, J. R., Hassler, D., et al. (1997). Cloning of a disintegrin
metalloproteinase that processes precursor tumour-necrosis factor-alpha. Nature 385,
733-736.
Paez, J. G., Janne, P. A., Lee, J. C., Tracy, S., Greulich, H., Gabriel, S., Herman, P.,
Kaye, F. J., Lindeman, N., Boggon, T. J., et al. (2004). EGFR mutations in lung cancer:
correlation with clinical response to gefitinib therapy. Science 304, 1497-1500.
Pao, W., Miller, V. A., Politi, K. A., Riely, G. J., Somwar, R., Zakowski, M. F., Kris, M.
G., and Varmus, H. (2005). Acquired Resistance of Lung Adenocarcinomas to Gefitinib
or Erlotinib Is Associated with a Second Mutation in the EGFR Kinase Domain. PLoS
Med 2, e73.
Perez-Soler, R., Chachoua, A., Hammond, L. A., Rowinsky, E. K., Huberman, M., Karp,
D., Rigas, J., Clark, G. M., Santabarbara, P., and Bonomi, P. (2004). Determinants of
tumor response and survival with erlotinib in patients with non--small-cell lung cancer. J
Clin Oncol 22, 3238-3247.

19

Kenny & Bissell; Targeting TACE-dependent growth factor shedding in breast cancer

Peschon, J. J., Slack, J. L., Reddy, P., Stocking, K. L., Sunnarborg, S. W., Lee, D. C.,
Russell, W. E., Castner, B. J., Johnson, R. S., Fitzner, J. N., et al. (1998). An essential
role for ectodomain shedding in mammalian development. Science 282, 1281-1284.
Petersen, O. W., Ronnov-Jessen, L., Howlett, A. R., and Bissell, M. J. (1992). Interaction
with basement membrane serves to rapidly distinguish growth and differentiation pattern
of normal and malignant human breast epithelial cells. Proc Natl Acad Sci U S A 89,
9064-9068.
Rajagopalan, H., Nowak, M. A., Vogelstein, B., and Lengauer, C. (2003). The
significance of unstable chromosomes in colorectal cancer. Nat Rev Cancer 3, 695-701.
Reeka, N., Berg, F. D., and Brucker, C. (1998). Presence of transforming growth factor
alpha and epidermal growth factor in human ovarian tissue and follicular fluid. Hum
Reprod 13, 2199-2205.
Rio, C., Buxbaum, J. D., Peschon, J. J., and Corfas, G. (2000). Tumor necrosis factoralpha-converting enzyme is required for cleavage of erbB4/HER4. J Biol Chem 275,
10379-10387.
Sahin, U., Weskamp, G., Kelly, K., Zhou, H. M., Higashiyama, S., Peschon, J.,
Hartmann, D., Saftig, P., and Blobel, C. P. (2004). Distinct roles for ADAM10 and
ADAM17 in ectodomain shedding of six EGFR ligands. J Cell Biol 164, 769-779.
She, Q. B., Solit, D., Basso, A., and Moasser, M. M. (2003). Resistance to gefitinib in
PTEN-null HER-overexpressing tumor cells can be overcome through restoration of
PTEN function or pharmacologic modulation of constitutive phosphatidylinositol 3'kinase/Akt pathway signaling. Clin Cancer Res 9, 4340-4346.
Shepherd, F. A., Rodrigues Pereira, J., Ciuleanu, T., Tan, E. H., Hirsh, V., Thongprasert,
S., Campos, D., Maoleekoonpiroj, S., Smylie, M., Martins, R., et al. (2005). Erlotinib in
previously treated non-small-cell lung cancer. N Engl J Med 353, 123-132.
Slamon, D. J., Clark, G. M., Wong, S. G., Levin, W. J., Ullrich, A., and McGuire, W. L.
(1987). Human breast cancer: correlation of relapse and survival with amplification of the
HER-2/neu oncogene. Science 235, 177-182.
Sommer, S., and Fuqua, S. A. (2001). Estrogen receptor and breast cancer. Semin Cancer
Biol 11, 339-352.
Sotnikova, N. Y., Antsiferova, Y. S., and Shokhina, M. N. (2001). Local Epidermal
Growth Factor Production in Women with Endometriosis. Russ J Immunol 6, 55-60.
Tsao, M. S., Sakurada, A., Cutz, J. C., Zhu, C. Q., Kamel-Reid, S., Squire, J., Lorimer, I.,
Zhang, T., Liu, N., Daneshmand, M., et al. (2005). Erlotinib in lung cancer - molecular
and clinical predictors of outcome. N Engl J Med 353, 133-144.
van de Vijver, M. J., He, Y. D., van't Veer, L. J., Dai, H., Hart, A. A., Voskuil, D. W.,
Schreiber, G. J., Peterse, J. L., Roberts, C., Marton, M. J., et al. (2002). A geneexpression signature as a predictor of survival in breast cancer. N Engl J Med 347, 19992009.
Wang, F., Hansen, R. K., Radisky, D., Yoneda, T., Barcellos-Hoff, M. H., Petersen, O.
W., Turley, E. A., and Bissell, M. J. (2002). Phenotypic reversion or death of cancer cells
by altering signaling pathways in three-dimensional contexts. J Natl Cancer Inst 94,
1494-1503.
Wang, F., Weaver, V. M., Petersen, O. W., Larabell, C. A., Dedhar, S., Briand, P., Lupu,
R., and Bissell, M. J. (1998). Reciprocal interactions between beta1-integrin and
epidermal growth factor receptor in three-dimensional basement membrane breast

20

Kenny & Bissell; Targeting TACE-dependent growth factor shedding in breast cancer

cultures: a different perspective in epithelial biology. Proc Natl Acad Sci U S A 95,
14821-14826.
Wiesen, J. F., Young, P., Werb, Z., and Cunha, G. R. (1999). Signaling through the
stromal epidermal growth factor receptor is necessary for mammary ductal development.
Development 126, 335-344.
Zhang, Y., Hegen, M., Xu, J., Keith, J. C., Jr., Jin, G., Du, X., Cummons, T., Sheppard,
B. J., Sun, L., Zhu, Y., et al. (2004). Characterization of (2R, 3S)-2-({[4-(2butynyloxy)phenyl]sulfonyl}amino)-N,3-dihydroxybutanamide, a potent and selective
inhibitor of TNF-alpha converting enzyme. Int Immunopharmacol 4, 1845-1857.
Zhang, Y., Jiang, J., Black, R. A., Baumann, G., and Frank, S. J. (2000). Tumor necrosis
factor-alpha converting enzyme (TACE) is a growth hormone binding protein (GHBP)
sheddase: the metalloprotease TACE/ADAM-17 is critical for (PMA-induced) GH
receptor proteolysis and GHBP generation. Endocrinology 141, 4342-4348.

21

Figure 1

S1
PCR cycles

25

30

35

25

30

AREG
TGFα
GAPDH

B.

F.1200

T4-2
35

Relative Proliferation (%)

A.

1000

C.

800
600
400
200
0

No ligand AREG
1

G.
PCR cycles 25

No Ligand

D.

+ EGF

E.

AREG
TGFα
GAPDH

+ Amphiregulin

Fig 1

+ TGFα

2

TGFα
3

S1
30

EGF
4

S2
35

25

30

35

Figure 2

A.

B.

C.

Ctrl

D.

E.

Ctrl

F. 200

DNA α6-integrin

TAPI-2

G.
TAPI-2
EGF

150

Colony Area

TAPI-2

AG1478

***

***

+

+
-

pMAPK

p < 0.001 v Ctrl

100

-

Total MAPK
pP70S6K

50

E-Cadherin
0
Ctrl

Relative
proliferation

H.

AG1478

TAPI-2

200
180

- EGF

160

+ EGF

* p < 0.05 v 0 µM TAPI-2

140
120
100
80

*

60

*

40
20
0

0

0.0375

0.375

3.75

TAPI-2 (µM)

Fig 2

15

37.5

+
+

Figure 3

A.

S1

T4-2

TACE
GAPDH
or
ct
e
v

B.
rTACE

-

+

R
-A
o
pr

-

+

pMAPK
Total MAPK
50

C.
Number of cells per colony

p < 0.01

40
p < 0.05

30

20

10

0
P
FP
nly
GF
+
+G
Po
F
E
G
om
AC
and
s iT
siR

Fig 3

EG

o
pr

-

G
-T

+

Fα

Figure 4

A.

1

pro-AREG

198
TM

ctrl

1

pro-TGFα

99
TM

TGFα∆TM

AREG∆TM

pro-AREG AREG∆TM

pro-TGFα

TGFα∆TM

TAPI-2

AG1478

Vehicle

B.

252

AG1478

C.

Fig 4

0.01 ng EGF

0. 1 ng EGF

1 ng EGF

10 ng EGF

160

Figure 5

A.

B.

p < 0.05

C.

Fig 5

p = 0.053

D.

