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Abstract
Purpose—Activation of the epidermal growth factor receptor (EGFR) requires cell surface
cleavage of EGFR ligands, uptake of soluble ligand by the receptor, and initiation of EGFR
tyrosine kinase activity. We define these collective events as the EGFR axis. Transforming growth
factor-α (TGF-α) and amphiregulin are two EGFR ligands that are delivered preferentially to the
basolateral surface of polarized epithelial cells where the EGFR resides. TACE/ADAM-17 (tumor
necrosis factor-α converting enzyme/a disintegrin and metalloprotease) has been implicated in
ectodomain cleavage of TGF-α and amphiregulin.

Experimental Design—Using a human polarizing colorectal cancer (CRC) cell line, HCA-7,
and a tissue array of normal colonic mucosa and primary and metastatic CRC, we determined the
intracellular localization of TACE and the effects of EGFR axis inhibition in CRC.

Results—Herein, we show that TACE is localized to the basolateral plasma membrane of
polarized HCA-7 cells. TACE is overexpressed in primary and metastatic CRC tumors compared
with normal colonic mucosa; the intensity of its immunoreactivity is inversely correlated with that
of TGF-α and amphiregulin. Pharmacologic blockade of HCA-7 cells with an EGFR monoclonal
antibody, a selective EGFR tyrosine kinase inhibitor, and a selective TACE inhibitor results in
concentration-dependent decreases in cell proliferation and active, phosphorylated mitogen-
activated protein kinase. Combining suboptimal concentrations of these agents results in
cooperative growth inhibition, increased apoptosis, and reduced mitogen-activated protein kinase
pathway activation. Furthermore, an EGFR tyrosine kinase – resistant clone of HCA-7 cells is
growth-inhibited by combined monoclonal antibody and TACE inhibition.
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Conclusion—These results implicate TACE as a promising target of EGFR axis inhibition in
CRC.

The Food and Drug Administration has approved the use of cetuximab (Erbitux) and
panitumumab (Vectibix), monoclonal antibodies (mAb) directed against the ectodomain of
the epidermal growth factor receptor (EGFR) that block ligand binding, for the treatment of
advanced colorectal cancer (CRC), and gefitinib (Iressa) and erlotinib (Tarceva), two
reversible EGFR tyrosine kinase inhibitors (TKI), for the treatment of advanced non–small
cell lung cancer. Although designed against the same molecular target, it is clear that these
two drug classes affect the EGFR signaling pathway in very distinct ways. This, in turn, has
resulted in different spectra of clinical activity and utility. Several studies have identified the
presence of specific somatic mutations in the tyrosine kinase domain of the EGFR gene in
the tumor to be responsible for responsiveness to gefitinib (1, 2). Additional factors
contribute to the likelihood of responding to gefitinib; these include EGFR gene
amplification (3) and mutant K-Ras (4) in the tumor, as well as tumor tissue levels of
epiregulin and amphiregulin (5). Previous work from our laboratory has shown that EGFR
ligands transforming growth factor-α (TGF-α) and amphiregulin are frequently up-regulated
in CRC (6, 7). Cell surface proteolytic processing of TGF-α and amphiregulin requires
tumor necrosis factor-α converting enzyme (TACE), which is also known as a disintegrin
and metalloprotease (ADAM-17), a member of the ADAM family of metalloproteases (8–
10). The importance of the role of TACE in the cleavage of these ligands is highlighted by
the fact that mice lacking TACE die perinatally and resemble EGFR-null mice (8, 11). The
finding that TACE-null mice exhibit a more severe phenotype than TGF-α–null mice,
suggests that additional EGFR ligands are also cleaved by TACE, and we subsequently
showed that amphiregulin is also cleaved by TACE (12). These genetic experiments
substantiated that TACE is essential for the activation of EGFR ligands in vivo. Consistent
with these observations, TACE-deficient cells have also been shown to be defective in the
shedding of TGF-α, amphiregulin, and heparin-binding EGF–like growth factor (8, 13).

Recently, inhibition of TACE has been shown to block shedding of TGF-α and
amphiregulin in breast cancer cell lines, as well as blocking subsequent EGFR signaling
(14). Therefore, one can consider TACE a component of the “EGFR axis” which we define
as the proximal events associated with the activation of EGFR in vivo and include cell
surface EGFR ligand cleavage, ligand uptake by receptor, and EGFR tyrosine kinase
phosphorylation and activation (Fig. 1). The purpose of this study was to determine if TACE
is a viable target of the EGFR axis in CRC and to determine if combined inhibition of two or
more elements involved in the EGFR axis results in more effective tumor growth inhibition.

Materials and Methods
Reagents

Cell culture reagents were purchased from Invitrogen Corporation. NP40, culture reagent,
Tween 20, and TCA were purchased from Fisher Scientific. Acrylamide was purchased
from Bio-Rad Laboratories. Tritiated thymidine was purchased from MP Biomedical. All
other chemicals were purchased from Sigma. TACE antibody was purchased from Santa
Cruz Biotechnology, TGF-α antibody was from Oncogene/Calbiochem, amphiregulin
antibody was from Lab Vision Corporation, and mitogen-activated protein kinase (MAPK)
and phosphorylated MAPK (pMAPK) antibodies were from Cell Signaling Technology.
mAb528 was generously provided by Hideo Masui (Memorial Sloan-Kettering Cancer
Center, New York, NY), whereas WAY-022 and EKI-785 were generously provided by Jay
Gibbons from Wyeth-Aherst (Pearl River, NY).
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Cells and cell culture
HCA-7 cells, passage 20 to 35, were grown in DMEM supplemented with 10% fetal calf
serum (Intergen), glutamine, nonessential amino acids, 100 units/mL of penicillin, and 100
μg/mL of streptomycin in a 5% CO2 atmosphere with constant humidity at 37°C. HCA-7
cells were cultured on 12-mm Transwell filters (pore size, 0.4 μmol/L) under previously
defined conditions (15). Transepithelial electrical resistance across the Transwell filter was
measured using a Millicell Electrical Resistance System (Millipore) to evaluate the
functional integrity of tight junctions. Experiments were conducted 7 days after seeding,
when resistance was >400 ohms/cm2.

Measurement of DNA replication by tritiated-thymidine incorporation
HCA-7 cells were polarized on 12 mm Transwell filters as described above. Cells were
treated with 3-log doses of (a) EKI-785, an irreversible EGFR TKI (0.01, 0.1, and 1 μmol/
L), (b) mAb528—a mAb to the ectodomain of EGFR that blocks ligand binding (0.3, 3, and
30 μg/mL), and (c) a selective TACE inhibitor—WAY-022 (0.1, 1, and 10 μmol/L)
individually to the apical and basolateral surface of polarized HCA-7 cells to determine the
effects of compartmental delivery of these agents. In separate experiments, HCA-7 cells
were also subconfluently grown on 24-well plates (20,000 cells/well). After determining
dose-response curves, drugs were added in combination at suboptimal doses. Cells were
pulsed with diluted tritiated-thymidine (1:10) for 3 h, from 21 to 24 h after treatment with
the agents listed above. Medium was aspirated and cells were washed thrice with 10% TCA.
TCA precipitable counts were determined as described previously (16).

Cell count
HCA-7 cells were grown to near confluence on 24-well plates (20,000 cells/well). Cells
were treated with 3-log doses of (a) EKI 785 (0.01, 0.1, and 1 μmol/L), (b) mAb528 (0.03,
0.3, and 3 μg/mL), and (c) WAY-022 (0.1, 1, and 10 μmol/L). After determining dose-
response curves, drugs were added in combination at suboptimal doses. At days 2, 4, and 6,
cells were trypsinized and added to 9.5 mL of Coulter fluid and counted in a Coulter
counter. At day 6, cells were washed, drugs were removed, and cells were allowed to re-
grow in the washed medium. At days 3 and 6 of the reversal of drug treatment, cells were
trypsinized and added to 9.5 mL of Coulter fluid and then counted in a Coulter counter.

Cell surface biotinylation
Cell surface biotinylation was done on cells grown on Transwell filters. All steps were done
on ice or at 4°C. Filter chambers were washed four times with PBS. Cells were then rinsed
in biotinylation buffer (250 mmol/L sucrose, 2 mmol/L CaCl in 10 mmol/L triethanolamine-
HCl; pH 9.0). Sulfosuccinimidobiotin was diluted to a final concentration of 2.0 mg/mL in
ice-cold biotinylation buffer and used immediately. For steady state expression, cells
biotinylated at either the apical or basolateral surface were lysed and immunoprecipitated.
Immunoprecipitates were separated by SDS-PAGE under reducing conditions and
electrophoretically transferred overnight at a constant 30 V to nitrocellulose (0.2 μmol/L).
The nitrocellulose filters were blocked in T-TBS [50 mmol/L Tris-HC1 (pH 7.5), 150 mmol/
L NaC1, 0.05% Tween 20] containing 2.5% bovine serum albumin for 1 h at room
temperature and then incubated with 125I-streptavidin (0.2 pCi/mL) diluted in T-TBS
containing 1% bovine serum albumin for 1 h at room temperature. The filters were washed
extensively with T-TBS, dried and then autoradiographed.

EKI-resistant HCA-7 cells
Parental HCA-7 cells (passage 25) were sparsely grown in supplemented media and 5 nmol/
L of EKI-785. Cells were allowed to attach and grow for 1 to 2 weeks and were split to
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sequentially passage in increasing concentrations of EKI-785 (5, 10, 20, 40, 60, 70, 80, 100,
150, 300, and 500 nmol/L, and 1, 2, and 3 μmol/L) over a 6-month period. Cells did not
survive at EKI-785 concentrations >2 μmol/L. Cells that survived in 1 μmol/L of EKI-785
were considered EKI-resistant.

Apoptosis assay
Twenty-five thousand HCA-7 cells were plated into each well of an glass-bottomed 96-well
plate in 100 μL of DMEM containing 10% fetal calf serum. Cells were incubated at 37°C
with 5% CO2. Cells were treated with 3-log doses of (a ) EKI-785 (0.01, 0.1, and 1 μmol/L),
(b) mAb528 (0.3, 3, and 30 μg/mL), and (c) WAY-022 (0.1, 1, and 10 μmol/L). After
determining dose-response curves, drugs were added in combination at suboptimal doses.
Cells were incubated in new media for 24 h after which caspase 3/7 activity was quantified
using Caspase-Glo 3/7 assay kit (Promega). After 1 h of incubation at 25°C, luminescent
signals were measured using the Xenogen IVIS system. Signal was quantified using IVIS
software.

Western blot analysis
Western blotting was done/did as described previously (15) using rabbit anti-human
antibodies to MAPK and pMAPK (Cell Signaling Technology) at a 1:1,000 dilution.

TACE, amphiregulin, and TGF-α immunohistochemistry and tissue microarray
Sections from paraffin-embedded tissue were deparaffinized in xylene and rehydrated.
Antigen retrieval was done by incubating the sections in citrate buffer (pH 6.0) at 120°C and
cooling. Endogenous peroxidase was blocked in 3% H2O2. Primary antibody (TACE) was
applied at a dilution of 1:50. Sections were incubated in a biotinylated secondary antibody
followed by a peroxidase-labeled streptavidin. The sections were lightly counterstained in
Mayer’s hematoxylin, dehydrated, cleared in xylene and coverslipped.

A tissue microarray containing 34 matched primary colorectal carcinomas, liver metastases,
and normal colorectal mucosa was constructed using 1-mm cores. Samples were
immunostained with mouse monoclonal TGF-α antibody (1:40 primary dilution), goat
polyclonal TACE (K-20) antibody (1:50 primary dilution), and rabbit polyclonal
amphiregulin (RB-257-PO) antibody (1:100 primary dilution). Primary antibody detection
was accomplished using the following systems.

TGF-α and amphiregulin—Specimen slides were incubated at room temperature for 30
min (TGF-α) or 60 min (amphiregulin) at the noted dilution followed by a 30-min
incubation using the Envision+ System horseradish peroxidase–labeled polymer staining
technique (Dakocytomation).

TACE (K-20)—Specimen slides were incubated at room temperature for 30 min at the
noted dilution followed by two 15-min sequential incubations with a biotinylated link
antibody and peroxidase-labeled streptavidin, LSAB+ System horseradish peroxidase
(Dakocytomation). Staining was completed for all three protocols after incubation with a
3,3′-diaminobenzidine substrate–chromogen solution.

TGF-α, amphiregulin, and TACE cytoplasmic staining was graded using the intensity of
staining scored as 0, 1 (+), 2 (++), and 3 (+++) for normal colonic mucosa, primary CRC
tumor, and metastatic CRC tumor on the tissue microarray. A paired t test statistic was used
to examine the differences in TACE and amphiregulin, and TACE and TGF-α intensity of
staining between tumor (both primary and metastatic) and normal mucosa. The Wilcoxon

Merchant et al. Page 4

Clin Cancer Res. Author manuscript; available in PMC 2013 July 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



rank sum test was used to examine the distribution of these differences compared with each
other (i.e., TACE versus TGF-α and amphiregulin).

Results
TACE localizes to the basolateral membrane of polarized HCA-7 cells

Previous work from our laboratory has shown that in polarizing epithelial cells, EGFR is
restricted predominantly to the basolateral surface, and both TGF-α and amphiregulin are
delivered selectively to this compartment in which they are cleaved, and soluble ligand then
binds to EGFR (12, 17). TACE has been implicated in the cell surface cleavage of TGF-α
and amphiregulin (8–10). We now show that TACE is also restricted to the basolateral
surface of polarized HCA-7 cells by immunohistochemistry and cell surface biotinylation. In
the xz-axis, TACE immunoreactivity is detected along the basolateral, but not the apical,
plasma membrane of polarizing HCA-7 cells (Fig. 2A). Selective biotinylation of the apical
and basolateral cell surface and immunoprecipitation of cell lysates with a TACE-specific
antibody followed by streptavidin Western blotting confirmed the presence of TACE at the
basolateral, but not the apical, cell surface (Fig. 2B). Therefore, there is basolateral
compartmentalization of the proximal events in the activation of EGFR, i.e., cell surface
delivery and ligand cleavage, ligand uptake by the receptor, and activation of the receptor’s
intrinsic tyrosine kinase. TACE was also observed at the basolateral surface of two
additional polarizing CRC cell lines, Caco-2 and HCT-8 (data not shown).

TACE expression in colorectal tumors
Although the expression of TGF-α and amphiregulin has been previously reported (18–21),
there have been no reports of immunologic expression of TACE in CRC. Therefore, we
examined the expression of TACE in human normal colonic mucosa and primary CRC
tissue. Immunohistochemistry of TACE in normal colonic mucosa shows weak patchy
basolateral membrane expression in deep colonic crypts of epithelial cells. In primary CRC,
there is an increased membranous expression of TACE in tumor cells with weaker
cytoplasmic staining (Fig. 3A and B).

A tissue microarray containing 34 matched primary colorectal carcinomas, liver metastases,
and normal colorectal mucosa was constructed using 1-mm cores. Figure 4A and B depict
the distribution of the difference in intensity staining between the normal colonic mucosa
and primary tumor and normal colonic mucosa and metastatic tumor for TACE, TGF-α, and
amphiregulin. Expression of these proteins was scored as 0 to 3+ in intensity, and the
percentage of positive tumor cells was estimated. Cytoplasmic and nuclear positivity was
assessed separately.

In normal colonic mucosa, immunohistochemistry for TACE showed weak patchy
basolateral membrane expression in crypt epithelial cells, more prominent at the crypt base.
In contrast, immunohistochemistry for TGF-α showed strong positivity in normal colonic
mucosa localized to the superficial portion of the crypts and the surface epithelium. As a
group, colorectal carcinomas overexpressed TACE compared with normal colonic
epithelium with strong diffuse cytoplasmic staining; membrane staining and nuclear staining
was also seen in some tumors. In normal colonic mucosa, granular 1+ to 2+ supranuclear
positivity for amphiregulin was present in all but two cases. Diffuse cytoplasmic, nuclear, or
membrane staining was not seen. In primary colorectal carcinomas, a variable degree of
supranuclear granular staining was present, and many cases showed homogeneous diffuse
cytoplasmic staining as well. Only three primary cancers showed nuclear staining and no
cases showed membranous staining. A similar pattern of expression was seen in the liver
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metastases. See Fig. 4A for representative staining pattern of TACE, TGF-α, and
amphiregulin from the tissue microarray.

Figure 4B and C depict the distribution of the difference in intensity staining between the
normal colonic mucosa and primary tumor, and normal colonic mucosa and metastatic
tumor for TACE, TGF-α, and amphiregulin. There was an overall statistical difference
between TACE, TGF-α, and amphiregulin in normal mucosa and primary CRC tissue (P =
0.0001), as well as in normal mucosa and metastatic CRC tissue (P < 0.0001) in pairwise
comparisons. The average intensity of staining of TACE was higher in both primary and
metastatic CRC tumors compared with normal colonic mucosa (P < 0.0001 and 0.0323,
respectively). On the other hand, average intensity of TGF-α staining was higher in normal
colonic mucosa compared with both primary and metastatic CRC tumors (P < 0.0001 for
both primary and metastatic CRC tumors). The average intensity for amphiregulin staining
was greater in primary and metastatic CRC tumors than in paired normal colonic mucosa,
but this reached statistical significance only in the normal colonic mucosa to metastatic
tumor pairwise comparison (P = 0.6615 and 0.0388, respectively).

The Wilcoxon signed rank test statistic showed a statistically significant inverse correlation
for both amphiregulin and TGF-α when compared with TACE, with TACE showing greater
expression in both primary (P < 0.0001 for TGF-α and amphiregulin) and metastatic (P <
0.0001 for TGF-α and amphiregulin) CRC tissue. This inverse relationship to TACE was
greater for TGF-α than for amphiregulin. Amphiregulin expression was significantly greater
than TGF-α in both primary (P = 0.0312) and metastatic (P = 0.0048) CRC tissue.

Inhibition of components of the EGFR axis results in a decrease in cell growth
We first sought to determine the effect of individual agents of the EGFR axis on a human
CRC cell line, HCA-7, grown as a subconfluent monolayer on plastic. In this set of
experiments, we used 3-log doses of an irreversible TKI of EGFR (EKI-785), a mAb that
selectively blocks ligand binding to EGFR (mAb528) and a selective TACE inhibitor
(WAY-022). Treatment of HCA-7 cells with individual doses of these agents resulted in
concentration-dependent decreases in DNA replication and cell growth.

Having determined that blockade of different targets of the EGFR axis inhibits cell growth,
we sought to address the relevance of the basolateral localization of the targets of the EGFR
axis. Therefore, HCA-7 cells were first polarized on Transwell filters. Apical treatment of
polarized HCA-7 cells with mAb528 and WAY-022 had no effect on cell proliferation.
Basolateral treatment with mAb528 resulted in a significant concentration-dependent
decrease in DNA replication (Fig. 5A). Basolateral treatment with 10 μmol/L of WAY-022
resulted in a significant decrease in DNA replication (Fig. 5B). Being a small molecule, both
apical and basolateral treatment with EKI-785 resulted in a decrease in cell proliferation in a
concentration-dependent fashion. However, basolateral treatment with 0.1 μmol/L of
EKI-785 resulted in a significantly lower DNA replication compared with the same dose
added apically (Fig. 5C). These results further underscore the importance of the spatial
compartmentalization of targets of the EGFR axis.

Combined blockade of the EGFR axis results in cooperative growth inhibition
Cetuximab, a mAb against EGFR, has been shown to have clinical activity in only 10% of
patients with chemotherapy-resistant metastatic CRC (22, 23). We have shown that gefitinib
has no response in patients with metastatic CRC (24). These results clearly show the
limitations of using individual agents which target the EGFR axis in the treatment of CRC.
It has been suggested that combining these agents might augment the effects of the
individual drugs alone. To test this, we treated HCA-7 colon cancer cells with suboptimal
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concentrations of combinations of two of the three drugs blocking the EGFR axis.
Combined treatment of two drugs at suboptimal concentrations resulted in cooperative
growth inhibition as determined by tritiated thymidine incorporation compared with optimal
and suboptimal concentrations of the individual agents alone. The optimal doses for
EKI-785, mAb528, and WAY-022 were 1 μmol/L, 30 μg/mL, and 10 μmol/L, respectively.
Treatment with suboptimal combinations of EKI-785 (0.01 μmol/L) and mAb528 (3 μg/
mL) showed significantly decreased DNA replication compared with EKI-785 (0.01 μmol/
L) and mAb528 (3 μg/mL) alone (P < 0.05). Combinations of suboptimal concentrations of
EKI-785 (0.01 μmol/L) and WAY-022 (1 μmol/L) resulted in cooperative inhibition in
DNA replication, which was significantly lower than that seen by either dose alone (P <
0.05). Combinations of WAY-022 (1 μmol/L) and mAb528 (3 μg/mL) also resulted in
significantly decreased DNA replication compared with either suboptimal dose alone (P <
0.05; Fig. 6A). We have also shown these results in FET and HCT 116 colon cancer cell
lines. Cell counts of suboptimal concentrations of drug combinations showed similar
cooperative growth inhibition compared with counts seen with individual drugs alone, and
this effect was reversible (data not shown).

Combined blockade of the EGFR axis results in a cooperative increase in apoptotic
activity

Treatment of HCA-7 cells with EKI-785 resulted in a concentration-dependent increase in
caspase 3/7 activity; treatment with mAb528 showed a significant increase in caspase 3/7
activity only at the highest dose (30 μg/mL), and treatment with WAY-022 had minimal
effects on apoptotic activity (data not shown). Despite this, treatment with combinations of
suboptimal doses of EKI-785 (0.1 μmol/L) and mAb528 (3 μg/mL) as well as EKI-785 (0.1
μmol/L) and WAY-022 (1 μmol/L) resulted in a cooperative increase in apoptotic activity
which was significantly greater than the caspase 3/7 activity seen with all doses of mAb528
and WAY-022, including the optimal doses of these agents. These combinations, however,
resulted in increased caspase 3/7 activity compared with only the lowest dose of EKI-785
(0.01 μmol/L) added alone, but not the higher doses of EKI-785. Combinations of
suboptimal doses of mAb528 (3 μg/mL) and WAY-022 (1 μmol/L) resulted in a significant
increase in apoptotic activity compared with all doses of WAY-022; however, no significant
differences in apoptotic activity were noted compared with any individual doses of mAb528
(Fig. 6B). Similar cooperative increases in caspase 3/7 activity have also been seen with
DiFi colon cancer cells using combinations of mAb528 and EKI-785.

Combined blockade of the EGFR axis results in enhanced reduction in pMAPK
Similar to that seen with DNA replication, a concentration-dependent decrease in pMAPK
was seen with treatment of HCA-7 cells over 3-log doses of EKI-785, mAb528, and
WAY-022 (data not shown). Combinations of suboptimal doses of EKI-785 (0.1 μmol/L)
and WAY-022 (1 μmol/L), and EKI-785 (0.1 μmol/L) and mAb528 (3 μg/mL) resulted in
an enhanced decrease in pMAPK levels compared with that seen with the suboptimal
concentrations of each drug alone. This decrease in pMAPK level was not seen with the
combination of 3 μg/mL of mAb528 and 1 μmol/L of WAY-022. These experiments were
repeated and confirmed four times. A representative Western blot showing these results is
seen in Fig. 6C.

Treatment with mAb528 and WAY-022 enhances growth inhibition of EKI-resistant HCA-7
cells

Acquired resistance to kinase-targeted anticancer therapy has been a significant problem in
many tumor types. Receptor TKIs to EGFR have shown benefit in clinical trials; however,
they have had limited effects in certain malignancies such as CRC. To determine if
resistance to TKI inhibition could be overcome by blockade of the other components of the
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EGFR axis, we developed EKI-resistant HCA-7 cells (see Materials and Methods). EKI-
resistant HCA-7 cells were maintained in medium containing 1 μmol/L of EKI-785 and
were subconfluently grown on 24-well plates (20,000 cells/well). These cells were then
treated with the optimal and suboptimal doses of mAb528 (3 and 30 μg/mL) and WAY-022
(1 and 10 μmol/L) for 24 h. Treatment of EKI-resistant HCA-7 cells with both the optimal
and suboptimal doses of WAY-022 and the optimal dose of mAb528 (30 μg/mL) resulted in
a significant decrease in DNA replication compared with untreated EKI-resistant HCA-7
cells (P < 0.05). No change in DNA replication was seen with the treatment of the
suboptimal dose of mAb528 (3 μg/mL). Treatment of these cells with a combination of the
suboptimal dose of mAb528 (3 μg/mL) and WAY-022 (1 μmol/L) resulted in further
cooperative inhibition of DNA replication compared with that seen with the suboptimal dose
of each drug added individually (P < 0.05; Fig. 6D). These results suggest that mAb
blockade of EGFR and TACE inhibition could overcome TKI resistance in CRC.

Discussion
The results of our study highlight the importance of the spatial compartmentalization of the
EGFR and its ligands in the context of polarizing epithelial cells. Critical control points in
the EGFR axis include cleavage of ligand at the cell surface, ligand uptake by the receptor,
and activation of receptor tyrosine kinase. TACE cleaves TGF-α and amphiregulin at the
cell surface (8), and we now show that TACE is restricted to the basolateral surface of our
polarizing CRC cell line, HCA-7, as well as in CRC tumors at the cell membrane.
Furthermore, the results of our tissue array show that TACE is overexpressed in primary and
metastatic CRC compared with normal colonic mucosa, and its expression is inversely
related to TGF-α and amphiregulin expression. These findings are consistent with the
increased cleavage of TGF-α and amphiregulin at the cell surface and activation of EGFR
with overexpression of TACE in primary and metastatic CRC, further highlighting the
importance of TACE as a potential target for EGFR inhibition in CRC. Amphiregulin
expression, however, is greater than TGF-α expression in primary and metastatic CRC
tissue. These findings are consistent with several other reports showing increased
amphiregulin expression in CRC tumors (18–21). Furthermore, it has been suggested that
amphiregulin is involved in autocrine growth of CRC cells through the EGFR via an
extracellular autocrine loop (18, 25). The supranuclear staining pattern of amphiregulin in
our tissue microarray is suggestive of a Golgi staining pattern consistent with an induction
of amphiregulin transcription after cleavage by TACE. These findings suggest that TACE
and amphiregulin may be the more important protease/ligand pair for EGFR activation in
CRC and further suggest that TACE inhibition may provide a clinical benefit in these
patients. Others have shown the importance of TACE and TGF-α, and not amphiregulin, in
EGFR activation in breast cancer (14). Therefore, it suggests that different tumors are
dependent on specific ligands for EGFR activation. We have recently shown TGF-α and
amphiregulin can exhibit distinct biological effects in MDCK cells (26).

The importance of the spatial compartmentalization of the EGFR is also highlighted by our
results showing a lack of response to the apical treatment of polarized HCA-7 cells with
mAb528 and WAY-022, whereas basolateral delivery of these drugs results in inhibition of
cell proliferation. Apical (as well as basolateral) treatment with EKI-785 did result in a
decrease in cell proliferation of these polarized cells. An increase in apoptosis was also seen
with EKI-785 but not with individual treatments of WAY-022 and mAb528 in cells grown
on plastic. Being a small molecule, it is possible that EKI-785 is able to diffuse across
membranes to reach the basolateral EGFR. Alternatively, a small number of EGFRs have
been reported at the apical surface of polarized epithelial cells (27); however, we saw no
growth-inhibitory effects when mAb528 was added to the apical compartment. WAY-022 is
also a small molecule, but no growth-inhibitory effect was observed with its apical delivery.
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It is possible that WAY-022 may be cell-impermeant based on its molecular weight and
hydrophobicity. Because TGF-α, amphiregulin, and TACE are restricted to the basolateral
component of HCA-7 cells, this might also explain the lack of an effect that was seen with
apical delivery of WAY-022. Taken together, these results underscore the biological and
pharmacologic insights that can be gained by the compartment-selective delivery of drugs
that target the EGFR axis in the context of polarized epithelial cells.

The EGFR axis has become an attractive therapeutic target in the treatment of several
malignancies. However, the enthusiasm and potential value of blockade of EGFR has waned
recently based on the negative results of several large-scale phase III clinical trials using
TKIs in lung cancer (28, 29). The chimeric IgG1 antibody cetuximab has also been shown to
have clinical activity in only 10% of patients with chemotherapy-resistant metastatic CRC
(22, 23). We recently completed a trial using two doses of gefitinib, a reversible TKI, in
patients with metastatic CRC and saw no response in the 115 patients treated (24). These
trials were designed to inhibit single elements of the EGFR axis. The purpose of our study
was to determine if blockade of multiple sites of the EGFR axis is more effective than
inhibition at a single site. Furthermore, the emergence of drug resistance, especially with
TKIs, remains a significant challenge in the employment of EGFR axis blockade. It can be
argued that if there is no response to gefitinib in metastatic CRC, TKIs should not be used in
the treatment of CRC. However, these results are seen using a reversible TKI. Our data
suggests that the use of an irreversible TKI may have a significant effect on the treatment of
CRC. To study this process, we developed an EKI-785–resistant strain of HCA-7 cells and
now show that treatment of these cells with suboptimal concentrations of mAb528 and
WAY-022 results in further growth inhibition.

Another factor that may contribute to the limited clinical activity observed with single-agent
EGFR-directed therapy is the development of gastrointestinal toxicity, especially diarrhea,
for the TKIs and skin rash for both classes of agents. These toxicities limit duration of drug
administration. In a number of cases, the EGFR inhibitor had to be discontinued, even in
responding patients, due to the persistence of these troubling side effects (24, 29–31). The
ability of suboptimal doses of the drugs in combination showing cooperative growth
inhibition, as seen in our study, may have a significant effect on reducing the clinical
toxicity of these drugs and may overcome drug resistance.

Several recent reports using combined blockade of EGFR and its downstream signaling
pathways suggest that this approach warrants further investigation (32, 33). A recent report
by Huang et al., using dual-agent blockade of EGFR with cetuximab and gefitinib or
erlotinib, showed enhanced growth inhibition and augmented inhibition of pEGFR, pMAPK,
and pAKT over that observed with either agent alone in head and neck cancer cell lines (33).
Furthermore, gefitinib or erlotinib retained the capacity to inhibit the growth of lung and
head and neck tumor cells that were highly resistant to cetuximab, similar to the results of
our enhanced growth inhibition with WAY-022 and mAb528 in our EKI-resistant CRC cell
line, HCA-7. Similar to our results showing a limited inhibition of pMAPK with the
combination of mAb528 and WAY-022, the results from the study by Huang et al. suggest
that TKIs may further modulate intracellular signaling that is not fully blocked by
extracellular anti-EGFR antibody treatment or by blockade of cell surface proteolytic
processing of ligands. Similar findings were also recently reported by Matar and colleagues
who found a synergistic growth-inhibitory effect in A431 cells in vitro using the
combination of gefitinib and C225 (34).

The results of our study clearly show that combinations of drugs affecting different targets
of the EGFR axis (EKI-785, mAb528, and WAY-022) result in cooperative growth
inhibition and increased apoptosis at suboptimal doses of the individual drugs. Furthermore,

Merchant et al. Page 9

Clin Cancer Res. Author manuscript; available in PMC 2013 July 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



our results show that TACE is a viable target of EGFR axis inhibition. This strategy would
be flawed if TGF-α and amphiregulin were acting in a juxtacrine manner as suggested by
the initial studies by Derynck and colleagues based on mutations of the protease cleavage
sites of the ectodomain of TGF-α (35). We have examined cells expressing this construct
and are able to measure soluble TGF-α in the media using a sensitive and specific TGF-α
RIA.8 Further evidence for the lack of juxtacrine signaling by TGF-α are results from
TACE knockout mice which show that TGF-α is found at the cell surface but is unable to
signal during early development (8). Kenney and Bissell have further shown that
amphiregulin and TGF-α work exclusively as soluble ligands and not in a juxtacrine manner
(14).

Molecularly targeted therapies against the EGFR have emerged from the laboratory and
have rapidly been integrated into the treatment of several malignancies. Due to the
somewhat complementary mechanisms of inhibition of the EGFR signaling pathway and the
potential for nonoverlapping mechanisms of drug resistance, our study has explored the
biological effects of inhibiting EGFR at multiple points in its activation cascade. Our results
suggest that lower doses of each drug may improve the therapeutic activity of the regimen
by overcoming mechanisms of resistance that may be responsible for clinical inactivity
observed with any one agent. Reducing EGFR-mediated signaling events with combined
blockade of the EGFR axis may improve the treatment of human CRC and be applicable to
the treatment of other solid neoplasms.
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Fig. 1.
Pharmacologic blockade of the EGFR axis. Agents that target discrete components of the
EGFR axis (arrows). The EGFR axis is defined as the proximal events involved in the
activation of the EGFR (arrows pointing to the component that is targeted). These events
include proteolytic cleavage of cell surface ligand to release mature soluble growth factor,
uptake of ligand by EGFR, and EGFR tyrosine kinase activation.
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Fig. 2.
TACE localizes to the basolateral surface of polarized HCA-7 cells. HCA-7 cells were
grown on Transwell filters for 7 days when electrical resistance exceeded 400 ohms/cm2. A,
cells then were fixed and stained with TACE-specific mAb M222. TACE was visualized
using Cy3-conjugated donkey anti-mouse IgG. xz-axis, the top and bottom of the cell
monolayer (arrows). B, on day 7, cells were selectively cell surface – biotinylated at either
the apical or basolateral surface. Total cell lysates were prepared and immunoprecipitated
with M222. Immunoprecipitants were separated by SDS-PAGE, transferred to
nitrocellulose, and probed with streptavidin-horseradish peroxidase. Immunoreactivity was
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detected using the enhanced chemiluminescence Western blotting detection kit in
combination with fluorography. Ap, apical; Bl, basolateral.
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Fig. 3.
Expression of TACE in (A) normal colonic mucosa and (B) primary colon cancer by
immunohistochemistry. A, normal colonic mucosa shows weak patchy basolateral
membrane expression of TACE in epithelial cells of deep colonic crypts. B, primary
colorectal carcinomas exhibit increased membranous expression of TACE in tumor cells and
weaker cytoplasmic staining.
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Fig. 4.
Distribution of differences in TACE, TGF-α, and amphiregulin staining between paired
normal colonic mucosa and primary and metastatic CRCs. A, distribution of the difference
in intensity staining between normal colonic mucosa, primary CRCs, and metastatic CRCs
for TACE, TGF-α, and amphiregulin. Expression of these proteins was scored as 0 to 3+ in
intensity and the percentage of positive tumor cells was estimated. In normal colonic
mucosa, immunohistochemistry for TACE showed weak patchy basolateral membrane
expression in crypt epithelial cells, more prominent at the crypt base. As a group, primary
and metastatic CRCs overexpressed TACE compared with normal colonic epithelium, with
strong diffuse cytoplasmic staining and with membrane and nuclear staining also seen in
some tumors. In contrast, immunohistochemistry for TGF-α showed strong positivity in
normal colonic mucosa localized to the superficial portion of the crypts and the surface
epithelium with limited expression seen in primary and metastatic CRCs.
Immunohistochemistry for amphiregulin in normal colonic mucosa showed granular 1+ to
2+ supranuclear positivity in all but two cases. Diffuse cytoplasmic, nuclear, or membrane
staining was not seen. In primary and metastatic CRCs, a variable degree of supranuclear
granular staining was present, and many cases showed homogeneous diffuse cytoplasmic
staining as well. B, diamond plots showing the distribution of differences in TACE, TGF-α,
and amphiregulin staining in primary CRC tumors compared with paired normal colonic
mucosa (P < 0.0001 for TACE, P = 0.0323 for TGF-α and P = 0.6615 for amphiregulin) and
(C) metastatic tumors compared with paired normal colonic mucosa for each subject on
tissue array (P < 0.0001 for both TACE and TGF-α and P = 0.0388 for amphiregulin).
Differences >0 describe tumor tissue with higher levels of protein staining than normal
colonic mucosa, whereas differences <0 describe levels of protein staining greater in normal
colonic mucosa. There is an inverse relationship between TACE and TGF-α
immunostaining with respect to both primary and metastatic tumors. In both primary and
metastatic CRCs, TGF-α staining is greater in normal colonic mucosa (therefore, less in
tumor tissue), and TACE staining is greater in tumor tissues (less in normal colonic mucosa;
P < 0.0001). Difference in amphiregulin expression (normal mucosa compared with CRCs)
was less than both TACE and TGF-α expression in both primary (P < 0.0001 and P =
0.0312, respectively) and metastatic CRCs (P < 0.0001 and P = 0.0048, respectively).
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Fig. 5.
Basolateral versus apical delivery of (A) mAb528, (B) WAY-022, and (C) EKI-785 in
polarized HCA-7 cells. A to C, for basolateral and apical delivery experiments, agents were
delivered separately to the apical and basolateral surface of polarized HCA-7 cells for 24 h.
A, mAb528.0.3, 3, and 30 μg/mL (*, P < 0.05 versus Control); B, WAY-022.0.1, 1, and 10
μmol/L (*, P <0.05 versus Control); C, EKI-785.0.01, 0.1, and 1 μmol/L (*, P < 0.05 versus
Control; †, P < 0.05 versus 0.1 μmol/L EKI-785 Apical). Basolateral versus apical delivery
of the agents resulted in decreased cell proliferation in a concentration-dependent manner.
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Fig. 6.
Effect of pharmacologic blockade of the EGFR axis on proliferative and apoptotic indices in
parental (A-C) and EKI-resistant (D) HCA-7 cells. For the combination experiments,
HCA-7 cells were grown subconfluently on 24-well plates (20,000 cells/well). Agents were
added in combination at suboptimal doses. Combinations of suboptimal doses of agents
resulted in cooperative growth inhibition: 0.01 μmol/L of EKI-785 + 3 μg/mL of mAb528
(*, P < 0.05 versus 3 μg/mL of mAb528; †, P < 0.05 versus 0.01 μmol/L of EKI-785); 0.01
μmol/L of EKI-785 + 1 μmol/L of WAY-022 (†, P < 0.05 versus 0.01 μmol/L of EKI-785;
‡, P < 0.05 versus 1 μmol/L of WAY-022); 1 μmol/L of WAY-022 + 3 μg/mL of mAb528
(*, P < 0.05 versus 3 μg/mL mAb528; ‡, P < 0.05 versus 1 μmol/L WAY-022). B,
subconfluent HCA-7 cells were treated for 24 h with 3-log doses of EKI-785, mAb528, and
WAY-022 as well as suboptimal concentrations of two of the agents in combination.
Treatment with EKI-785 showed significantly enhanced, concentration-dependent caspase
3/7 activity compared with untreated HCA-7 cells (P < 0.05). Only the highest dose (30 μg/
mL) of mAb528 resulted in significantly increased caspase 3/7 activity compared with
untreated cells (P < 0.05). WAY-022 had minimal effects on caspase 3/7 activity (data not
shown). Suboptimal concentrations of two of the agents were added as shown.
Combinations of suboptimal doses of agents resulted in cooperative increase in caspase 3/7
activity: 0.1 μmol/L of EKI-785 + 3 μg/mL of mAb528 (*, P < 0.05 versus 3 μg/mL of
mAb528); 0.1 μmol/L of EKI-785 + 1 μmol/L of WAY-022 (‡, P < 0.05 versus 1 μmol/L of
WAY-022); 1 μmol/L of WAY-022 + 3 μg/mL of mAb528 (‡, P < 0.05 versus 1 μmol/L of
WAY-022). C, representative Western blot showing a decrease in pMAPK with suboptimal
concentrations of EKI-785 and WAY-022. An additive decrease in pMAPK was observed
using suboptimal concentrations of combinations of EKI-785 with mAb528 and EKI-785
with WAY-022. D, EKI-resistant HCA-7 cells were maintained in medium containing 1
μmol/L of EKI-785 and were grown subconfluent on 24-well plates (20,000 cells/well).
These cells were treated with the optimal and suboptimal dose of mAb528 (0.3 and 3 μg/
mL), WAY-022 (1 and 10 μmol/L), and a combination of the suboptimal dose of both drugs
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for 24 h. Treatment with mAb528 and WAY-022 enhances growth inhibition of EKI-
resistant HCA-7 cells (*, P < 0.05 versus Control; **, P < 0.05 versus all groups).

Merchant et al. Page 21

Clin Cancer Res. Author manuscript; available in PMC 2013 July 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


