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Inhibition of functional HER family members increases
the sensitivity to docetaxel in human ovarian cancer cell lines
Marcel N.A. Bijman, Maria P.A. van Berkel, Mirjam Kok, Maarten L. Janmaat

and Epie Boven

Human epidermal growth factor (HER) family-targeted
therapy combined with standard cytotoxic agents might
improve the treatment of ovarian cancer. Human ovarian
cancer cell lines OVCAR-3, IGROV-1, and SKOV-3 with
differential EGFR, HER2, and HER3 expression levels were
used to study whether EGFR-directed (cetuximab)

or HER2-directed (trastuzumab, pertuzumab) monoclonal
antibodies inhibited cell growth and abrogated activated
receptor signaling routes. Possible increase of
antiproliferative effects and further activation of caspase-3
as a read-out for apoptosis were analyzed when
monoclonal antibodies were combined with docetaxel.
Cetuximab alone inhibited cell growth in OVCAR-3 and
IGROV-1, which was more pronounced when combined
with pertuzumab in OVCAR-3. SKOV-3 cell growth was not
significantly affected by any of the antibodies. Cetuximab
increased the 50% growth-inhibiting effects of docetaxel in
OVCAR-3 and IGROV-1, but not in SKOV-3. Coaddition of
pertuzumab to cetuximab plus docetaxel in OVCAR-3 and
IGROV-1, and, to a lesser extent trastuzumab in OVCAR-3,
inhibited cell growth even further. Caspase-3 activation by
docetaxel was enhanced after addition of cetuximab in
OVCAR-3 and after addition of cetuximab plus pertuzumab
in IGROV-1 and SKOV-3. Functional EGFR-signaling,
HER2-signaling, and HER3-signaling routes as shown from

Introduction

Carboplatin plus paclitaxel chemotherapy in combination
with optimal debulking surgery is considered as the most
effective treatment approach for advanced ovarian cancer.
Overall, the 5-year survival rate in these patients is
approximately 50% [1]. In the current chemotherapy
schedule paclitaxel may also be replaced by docetaxel,
but the clinical outcome has not changed importantly [2].
Therefore, new drugs are needed to improve the survival
of advanced ovarian cancer patients. In this respect,
targeting of EGFR and/or HER2 in combination with
standard cytotoxic agents might provide a new treat-
ment strategy.

EGFR (HERI1, ErbB1) and HER2 (ErbB2) are members
of the human epidermal growth factor receptors (HER)
family. HER3 (ErbB3) and HER4 (ErbB4) also belong to
this family. EGFR and HERZ are expressed on a wide
variety of normal cells and are involved in transmission of
signals, mainly through the MAPK ERK1/2 and PI3K/Akt
pathways, which control cell growth and differentiation.
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abrogation of EGF-stimulated and heregulin-stimulated
phosphorylated ERK1/2 by cetuximab, trastuzumab, and
pertuzumab, respectively, were shown in OVCAR-3 and
IGROV-1, but hardly in SKOV-3. Pertuzumab was able

to abrogate phosphorylated HER2 by EGF and heregulin,
except in SKOV-3. In conclusion, a combination of
docetaxel with inhibitors of HER family members, such
as cetuximab plus pertuzumab, may be considered for

a clinical trial in ovarian carcinomas with functional
receptors. Anti-Cancer Drugs 20:450-460 © 2009 Wolters
Kluwer Health | Lippincott Williams & Wilkins.
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Various ligands, such as epidermal growth factor and the
heregulins (HRGs), are known to bind to their specific
receptor (epidermal growth factor binds to EGFR, HRGs
bind to HER3 or HER4) and will stimulate receptor
homodimerization or heterodimerization for initiation
of signal transduction. No specific ligand has been
identified for HERZ and, therefore, HERZ is thought
to be the favored dimerization partner for the other
receptors and is considered a key regulator in HER
signaling [3,4]. HER3 lacks intrinsic tyrosine kinase
activity and can initiate signaling by another HER family
member, such as HER2 or EGFR [3,5]. The principal
mechanism that drives EGFR-dependent PI3K/Akt
activation is dimerization of EGFR with HER3 [5].

Amplification of the EGFR and HER2 genes induces
receptor overexpression and, as a consequence, disruption
of normal cellular control mechanisms resulting in cell
proliferation, migration, invasion and stimulation of angio-
genesis [3-5]. Overexpression of EGFR can be found
in many cancer types, such as colorectal, pancreatic,
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head-and-neck, and lung cancer. HER?2 is overexpressed
in 25-30% of breast carcinomas in which amplification is
usually linked with poor clinical outcome. In ovarian
cancer, immunohistochemical staining has shown the
presence of EGFR in 28-62% of samples [6—13], whereas
approximately 13-35% of newly diagnosed ovarian cancer
patients will express HER2 to some degree in their
tumors [6-9,12-17]. The prognostic significance of
EGFR and HER?2 for survival in ovarian cancer, however,
is not clear [6-17].

Monoclonal antibodies directed against HER family
members may inhibit tumor growth. The EGFR-targeting
monoclonal antibody cetuximab added to other treatment
modalities is registered for patients with advanced colo-
rectal cancer and head-and-neck cancer [18]. Trastuzumab
is in standard use for treatment of HERZ-overexpressing
breast cancer patients. Addition of trastuzumab to
taxane-based chemotherapy in these patients results in
an improved response rate and overall survival in advanced
disease as well as an improved recurrence-free survival and
overall survival in primary breast cancer [19]. Trastuzumab
has high affinity for the extracellular domain of HERZ.
Upon binding, it will induce receptor internalization and
degradation. Pertuzumab, another monoclonal antibody
directed against HER2Z, binds near the center of domain
IT and sterically blocks the region required for HER2
dimerization with other HER family members, such as
HER3 [20]. Pertuzumab given alone has already been
shown to be well tolerated in ovarian cancer patients with
recurrent disease and has achieved a response rate of
4.3% [21]. Combination of pertuzumab with cytotoxic
agents, among which was docetaxel, in experimental tumor
models has shown that there are at least additive antitumor
effects without additional toxicity [22]. Moreover, treatment
with pertuzumab in combination with 3-weekly docetaxel in
a phase I clinical trial has shown that more than 50% of the
patients reached stable disease for a duration of > 4 cycles
[22]. Among these patients was one ovarian cancer patient
with a 47% decrease in CA-125 tumor marker level.

Given the fact that human ovarian carcinomas express
EGFR and HER?Z to varying degrees, insight is required
into whether inhibitors of these receptors will increase
the efficacy of chemotherapy. Experiments in human
ovarian cancer cell lines were designed to test this
question. We selected docetaxel because of its activity in
ovarian cancer [23] as well as its promising antitumor
effects upon combination with pertuzumab in patients
with solid tumors refractory to standard therapy [22].
Moreover, a recent phase Ib trial with first-line docetaxel
and carboplatin in combination with the EGFR tyrosine
kinase inhibitor erlotinib has shown a 52% response rate
in 23 evaluable advanced ovarian cancer patients [24]. We
used human ovarian cancer cell lines with differential
expression levels of HER family members and first
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explored the antiproliferative effects of pertuzumab,
trastuzumab, and cetuximab alone or combined by
measuring the inhibition of cell growth iz vitro. We then
investigated whether the antitumor effects of docetaxel
in the cell lines were increased upon addition of the
various antibodies alone or combined. To clarify our
findings, we assessed whether monoclonal antibodies
could abrogate phosphorylation of activated receptors and
downstream target proteins.

Materials and methods

Cell culture

Five human ovarian cancer cell lines: A2780, H134,
OVCAR-3, IGROV-1, and SKOV-3 [25,26] were used in
the experiments. Cells were cultured in Dulbecco’s
modified Eagle’s medium (Invitrogen, Breda, The
Netherlands) supplemented with 10% fetal calf serum
(FCS, Invitrogen), 100 U/ml penicillin, and 100 pg/ml
streptomycin (Bio-Whittaker, Verviers, Belgium) in a
humidified atmosphere at 37°C in 5% CO,.

In-vitro antiproliferative assay

The antiproliferative effects of docetaxel (Taxotere,
kindly provided by Sanofi-Aventis, Antony, France), the
antibodies cetuximab (Erbitux, anti-EGFR recombinant
human/mouse chimeric monoclonal antibody, kindly
provided by Merck Pharma, Darmstadt, Germany),
trastuzumab  (Herceptin, anti-HER2Z  humanized
monoclonal antibody, kindly provided by Roche Molecular
Systems, Belleville, New Jersey, USA), pertuzumab
(Omnitarg, anti-HER2 recombinant humanized mono-
clonal antibody, kindly provided by Roche Diagnostics,
Penzelberg, Germany), and combinations of drugs were
measured in an antiproliferative assay. Cells were plated
in quadruplicate in culture medium in a 96-well plate at
3000 cells/well. After 24 h, the cells were exposed to the
various drugs and the assay was terminated after 96 h.
The number of viable cells was then determined by the
addition of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazoliumbromide (MTT; Sigma-Aldrich, Zwijndrechrt,
The Netherlands). The extinction of the formazan
product was measured at 540 nm on a Multiscan plate
reader (Thermo Biosciences, Breda, The Netherlands).
Results were expressed as the percentage of cell growth
of treated cells as compared with that of control cells
after 96 h.

For docetaxel, cells were treated with a range of drug
concentrations for 1h, followed by a drug-free period of
96h to calculate the ICsy values. The ICsq value was
defined as the concentration of docetaxel inhibiting 50%
of cell growth as compared with control cell growth.
Thereafter, cells were exposed to docetaxel (ICsq value,
1-h exposure), cetuximab (5pg/ml, 96h), trastuzumab
(2.9 pg/ml, 96 h), pertuzumab (20 pg/ml, 96 h), or combi-
nations in which antibodies were added 2h before
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docetaxel exposure. Concentrations of antibodies were
derived from experiments as described before [27-29].
Docetaxel treatment was followed by a wash step
and addition of fresh culture medium enriched or not
with antibodies.

Caspase-3 activity assay

The activity of caspase-3 was measured as described
previously [26]. OVCAR-3, IGROV-1, and SKOV-3 cells
were pretreated or not (2 h) with cetuximab, trastuzumab,
pertuzumab, or combinations of cetuximab plus trastu-
zumab or pertuzumab followed by a 1-h treatment with
docetaxel. After washing, a fresh culture medium was
added without or with antibodies. After 48 h, adherent
and nonadherent cells were recovered and washed with
phosphate-buffered saline (Bio-Whittaker). The pellet
was resuspended in lysis buffer (10 mmol/l Tris—=HCI pH
7.6, 150 nmol/l NaCl, 5 mmol/l EDTA, 1% Triton X-100).
After three freeze—thaw cycles, samples were centrifuged
at 14000rpm for 10min. Protein concentrations were
determined by the Bradford protein assay [30].

In a 96-well plate, 10 pg of protein in a total volume of
20 ul was added to 80pl of reaction buffer (100 mmol/l
HEPES pH 7.3, 10% sucrose, 0.1% Nonidet-P40,
10 mmol/l dithiothreitol) complemented with 25 pmol/l
of DEVD-7-amino-4-methylcoumarin (DEVD-AMC; Sigma-
Aldrich), which is a substrate for active caspase-3. After
60 min, the fluorescence generated by the cleaved
substrate was measured at A°* 360 nm and A°™ 446 nm
in a spectrafluor multiplate reader (Tecan, Gorinchem,
The Netherlands). To calculate caspase-3 activity in the
experimental samples an extrapolation curve was
constructed using known concentrations of free AMC
(Sigma-Aldrich). The experiment was set-up in duplicate
wells to generate mean fluorescence values.

Western blot

Cells were grown to 80% confluence in cell culture
dishes. All individual cell lines were collected at this
point for the measurement of basal EGFR, HER2, HER3,
and HER4 expression levels. To analyze receptor-
signaling activation in OVCAR-3, IGROV-1, and SKOV-3
cells, complete medium was replaced by serum-free
medium with addition of antibodies blocking growth
factor receptors. Cells were treated for 2h with
trastuzumab, pertuzumab, cetuximab or a combination
of cetuximab with trastuzumab or pertuzumab followed
by (i) immediate collection of a serum-free cell sample,
(i1) collection of a cell sample 15 min after addition of
10% FCS-containing culture medium, (iii) cell sample
collection 15min after addition of 10ng/ml EGF
(Sigma-Aldrich) to serum-free medium, and (iv) sample
collection 15 min after addition of 10 ng/ml neuregulin/
HRG 1B (Sigma Aldrich) to serum-free medium.
Adherent and non-adherent cells were collected, washed

with ice-cold phosphate-buffered saline and resuspended
in lysis buffer (1% sodium desoxycholate, 10 mmol/l
Tris—=HCI pH 7.5, 150 mmol/l NaCl, 0.1% sodium dodecyl
sulfate, and 1% NP-40) supplemented with protease
inhibitors [1 mmol/l phenylmethylsulfonyl (Merck, Am-
sterdam, The Netherlands), 10 umol/l leupeptin (Sigma-
Aldrich), 0.5mmol/l trypsin inhibitor (Sigma-Aldrich)]
and phosphatase inhibitors [0.5 mol/l sodium orthovane-
date (Sigma-Aldrich), 1 mol/l sodium fluoride (Merck)].
Protein concentrations were determined by the Bradford
protein assay [27].

Protein samples of 50pg were subjected to 10%
polyacrylamide gel electrophoresis (130V, 2h). The
separated proteins were transferred to a polyvinylidene
difluoride membrane (Millipore, Etten-Leur, The
Netherlands) by electrotransfer (400 mA, 2 h). The blots
were blocked with 10% milk (Protifar; Nutricia,
Zoetermeer, The Netherlands) in Tris-buffered saline—
Tween 20 (TBS-T: 10 mmol/l Tris pH 8.0, 150 mmol/Il
NaCl, 0.0025% Tween 20) at room temperature for 1h
and incubated overnight at 4°C with specific antibodies
against EGFR (rabbit polyclonal 1005; SantaCruz
Biotechnology, Heerhugowaard, The Netherlands),
HER2 (rabbit polyclonal Neu C-18; SantaCruz), HER3
(mouse monoclonal Ab-2; Neomarkers, Duiven, The
Netherlands), HER4 (rabbit polyclonal Ab-2; Neomar-
kers), P-actin (mouse monoclonal; Sigma-Aldrich), p-
EGFR (rabbit polyclonal Tyr1068; Cell Signaling Tech-
nologies, Leiden, The Netherlands), p-ERK1/2 (rabbit
polyclonal p44/42 Thr202/Tyr204; Cell Signaling Tech-
nologies), p-Akt (rabbit polyclonal Ser473; Cell Signaling
Technologies) or p-Tyr100 (mouse monoclonal # 9411;
Cell Signaling Technologies) diluted in 5% BSA/TBS-T.
After the membrane had been washed three times with
TBS-T, it was incubated with 5% milk/TBS-T containing
horseradish peroxidase-linked anti-mouse (DAKO, Amster-
dam, The Netherlands) or anti-rabbit IgG secondary
antibody (Cell Signaling Technologies) for 1h at room
temperature. After three TBS-T wash steps of 15 min,
protein was visualized on photography film (Pharmacia,
Uppsala, Sweden) by enhanced chemiluminescence.

Immunoprecipitation

Cells were grown to 80% confluence in Petri dishes.
For determination of HER2 phosphorylation, complete
medium was replaced by serum-free medium without or
with the addition of pertuzumab at 20 pg/ml 2 h before
(1) immediate collection of a serum-free cell sample,
(i1) collection of a cell sample 15 min after addition of
10% FCS-containing culture medium, (iii) cell sample
collection 15min after addition of 10ng/ml EGF to
serum-free medium, and (iv) cell sample collection
15 min after addition of 10ng/ml HRG to serum-free
medium. After washing, cells were lysed in 1000 pl lysis
buffer (supplemented with protease and phosphatase



inhibitors) and centrifuged to remove cell debris. To
determine the total HER2 and B-actin levels, 40 pl of
each sample was stored at —80°C for separate analysis.
The remaining 960 pl of the supernatant was incubated
with 50 pl protein-A/G-Plus agarose bead slurry (Santa Cruz)
at 4°C while tumbling to loose aspecific binding of sample
components to the beads. After 1h cells were centrifuged
and half of the supernatant was carefully transferred to
a tube containing 50 pl protein-A/G-Plus agarose slurry to
which 1pg HER2 antibodies (Santa Cruz) were allowed
to attach for 1h. The other half of the supernatant was
transferred to beads without bound HERZ antibodies to
control for nonspecific binding to the agarose beads. The
tubes were incubated overnight at 4°C while tumbling.
Agarose beads were washed four times in lysis buffer,
resuspended in 30 pul SDS buffer, boiled for 10 min to
release bound HER2 and the supernatant was subjected
to western blot (7.5% gel).

Statistics

The differences in the effects on cell proliferation and
caspase-3 activity between docetaxel and docetaxel
combined with trastuzumab, pertuzumab, cetuximab
were analyzed by one-way analysis of variance followed
by the Bonferroni’s adjustment, using SPSS software
(SPSS Inc., Chicago, Illinois, USA). The level of
significance was set at a P value of less than 0.05.

Results

Differential expression levels of HER family members in
human ovarian cancer cell lines

For detection of EGFR, HER2, HER3, and HER4, 50 pg
of isolated protein from five unselected human ovarian
cancer cell lines was subjected to western blot (Fig. 1).

Fig. 1
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The cell lines displayed different receptor expression
patterns. A2780 expressed HER2 and HER4, whereas it
lacked EGFR and HER3. Both OVCAR-3 and IGROV-1
showed the same receptor pattern: EGFR, HER2, and
HER3, whereas HER4 was absent. In H134, only HER2
was identified and EGFR, HER3, HER4 were not. In
SKOV-3, EGFR and HER2 showed high expression levels,
whereas HER3 and HER4 were not identified.

Cell lines with differential expression of HER family
members were chosen for further experiments: OVCAR-3
(high EGFR, low HERZ2, presence of HER3), IGROV-1
(low EGFR, moderate HER2, presence of HER3), and
SKOV-3 (high EGFR, high HER2, absence of HER3).

Anti-EGFR and anti-HER2 antibodies increase

the antiproliferative effects of docetaxel in OVCAR-3
and IGROV-1, but not in SKOV-3

The mean ICsy values (= SD) of docetaxel after an
exposure time of 1 h were (in nmol/l): in OVCAR-3, 23.8
(%£5.3); in IGROV-1, 7.8 +(5.2); and in SKOV-3, 6.4
(£2.7) as measured in at least three independent
experiments. In the next experiments, cells were treated
with antibodies either alone or combined for a period of
96 h. After 2h of preincubation with antibodies, cells
were exposed or not to docetaxel at the ICsq value for 1h
to assess the antiproliferative effects of the drugs.

In OVCAR-3, exposure to cetuximab already resulted in
significant growth inhibition (P < 0.01), whereas combi-
nation of cetuximab with trastuzumab (P =NS) and
pertuzumab (P < 0.05, with reference to cetuximab
alone) decreased cell proliferation even further (Fig. 2a,
left panel). Cells treated with docetaxel showed a mean
cell growth of 59.8% as compared with control growth
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Inhibition of human ovarian cancer cell proliferation by trastuzumab

(2.9 ug/ml), pertuzumab (20 pg/ml), cetuximab (5 pg/ml), docetaxel (ICs,
50% inhibitory concentration) or a combination in OVCAR-3 (a), IGROV-1
(b), and SKOV-3 (c). Cells were plated in a 96-well plate and exposed to
drugs (docetaxel for 1 h, antibodies for 96 h and added 2 h before
docetaxel). The number of viable cells was determined by addition of MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) at 96 h.
Results are expressed as the percentage cell growth of treated cells as
compared with that of control cells (set at 100%). Mean values are the
result of three independent experiments. Bars, SD; *P<0.05; **<0.01.

(Fig. 2b, right panel). HER2-targeting antibodies alone
did not affect growth inhibition by docetaxel. In contrast,
cetuximab increased the antiproliferative effects of
docetaxel; cell growth was 41.7% (P < 0.05). Coaddition
of trastuzumab reduced cell growth further to 32.3%
(P <0.05, with reference to docetaxel combined with
cetuximab), whereas this was 24.5% upon coaddition of

pertuzumab (P <0.01, with reference to docetaxel

combined with cetuximab).

In IGROV-1, treatment with cetuximab alone also
reduced cell growth, but coaddition of trastuzumab or
pertuzumab did not further increase the antiproliferative
effects of cetuximab (Fig. 2b, left panel). Docetaxel
resulted in a mean cell growth of 50.9% (Fig. 2b, right
panel). Docetaxel-induced antiproliferative effects were
significantly increased by the addition of pertuzumab or
cetuximab, resulting in 37.5% (P <0.05) and 30.8%
(P<0.01) cell growth, respectively. Coaddition of
pertuzumab and cetuximab to docetaxel decreased
IGROV-1 proliferation to 29.9% (P <0.05) when
compared with the 37.5% cell growth upon addition of
pertuzumab alone.

In SKOV-3, neither cetuximab, trastuzumab, and pertu-
zumab nor combinations significantly inhibited cell
proliferation (Fig. Zc, left panel). The growth-inhibiting
effects induced by docetaxel resulting in a mean cell
growth of 63.3% were not further increased upon addition
of any of the antibodies or a combination of them (Fig. 2c,
right panel). Nevertheless, a trend was visible that
cetuximab in combination with trastuzumab (51.2%) or
pertuzumab (41.1%) added to docetaxel further reduced
cell growth inhibition in SKOV-3.

Altogether, cetuximab alone inhibited cell growth in
OVCAR-3 and IGROV-1, which was more pronounced
when combined with pertuzumab in OVCAR-3.
Cetuximab also increased the antiproliferative effects of
docetaxel in OVCAR-3 and IGROV-1. Coaddition of
pertuzumab in OVCAR-3 and IGROV-1, and, to a lesser
extent, trastuzumab in OVCAR-3 reduced cell growth
even further. SKOV-3 cell growth was not significantly
affected by any of the antibodies.

Anti-EGFR and anti-HER2 antibodies differentially
enhance the docetaxel-induced activation of caspase-3
To determine whether EGFR-targeting and HER2-target-
ing antibodies were able to enhance the docetaxel-induced
apoptotic cell death, caspase-3 activity was assessed 48h
after treatment with docetaxel (ICsg, 1-h exposure) alone
or in combination with antibodies (continuous exposure).
Antibodies alone did not significantly affect caspase-3
activity (Fig. 3, left panels).

In OVCAR-3 cells, treatment with docetaxel alone
resulted in a 2.2-fold higher caspase-3 activity than basal
levels in control cells. Addition of cetuximab significantly
enhanced the caspase-3 activation; levels were 1.5-fold
higher than those in cells treated with docetaxel alone
(P<0.05; Fig. 3a, right panel). The HER2-targeting
antibodies slightly increased the docetaxel-induced
caspase-3 activation when added alone (P =NS) and
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their combination with cetuximab did not further
enhance the activation levels as compared with addition
of cetuximab alone.

In IGROV-1, docetaxel treatment resulted in a 34.6-fold
higher caspase-3 activity than the control cell level.
The docetaxel-induced caspase-3 activation was slightly
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enhanced when cetuximab or anti-HER2 antibodies were
added (P =NS; Fig. 3b, right panel). The combination
of cetuximab plus trastuzumab or pertuzumab resulted
in a 1.3-fold (P<0.05) and a 1.5-fold (P<0.01)
enhancement of caspase-3 activity, respectively, as
compared with that of cells treated with docetaxel alone.

In SKOV-3, the docetaxel-induced caspase-3 activation
of 3.2-fold did not clearly increase when cetuximab,
trastuzumab, or pertuzumab were added (Fig. 3c, right
panel). The docetaxel-induced caspase-3 activity, how-
ever, was enhanced when cetuximab was added together
with either trastuzumab to 1.2-fold (P = NS) or pertuzumab
to 1.4-fold (P <0.01).

These experiments showed that antibodies by them-
selves could not activate caspase-3. In line with the
antiproliferative effects shown in Fig. 2, caspase-3
activation by docetaxel enhanced when combined with
cetuximab in OVCAR-3 and in combination with
cetuximab plus trastuzumab or pertuzumab in IGROV-1.
Of interest, coaddition of cetuximab and pertuzumab
could also increase the docetaxel-induced activation of
caspase-3 in SKOV-3.

Functional HER-signaling routes are most pronounced
in OVCAR-3 and IGROV-1

We assessed the inhibitory capacity of anti-EGFR and/or
anti-HER?Z treatment on receptor activation and down-
stream signals in protein samples of OVCAR-3, IGROV-1,
and SKOV-3 by 10% FCS-containing culture medium,
serum-free medium containing EGF or HRG, while
serum-free medium only was included to measure
baseline levels. Cells were exposed to trastuzumab,
pertuzumab, cetuximab, or a combination for a period
of 2 h before stimulation with 10% FCS, EGE or HRG for
15min (Fig. 4). Total EGFR, ERK1/2 and Akt levels
remained unchanged during all experiments (data not
shown). Total HER2 and B-actin protein levels served as
loading controls.

In OVCAR-3, EGFR and correspondingly ERK1/2 was
phosphorylated upon stimulation with 10% FCS, EGE or
HRG. EGF and HRG also slightly induced p-Akt levels.
Neither trastuzumab nor pertuzumab could inhibit
p-ERK1/2 or p-Akt. In contrast, cetuximab alone was
able to inhibit p-EGFR and p-ERK1/2. Cetuximab did
not decrease p-ERK1/2 in HRG-stimulated cells. The
inhibitory effect of cetuximab on p-ERK1/2 was increased
by the addition of trastuzumab and even more by the
pertuzumab, in which the latter combination was also able
to abrogate HRG-induced p-ERK1/2. The p-Akt was
inhibited by cetuximab in EGF-stimulated cells and by
pertuzumab added to cetuximab in HRG-stimulated cells.

In IGROV-1, EGFR was only phosphorylated upon
addition of EGE Basal p-ERK1/2 levels were not further
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Fig. 4
10% FCS EGF HRG
Trastuzumab - + - - + - - -+ - - + - - -+ - - + -
Pertuzumab - - + - - 4 - - - o+ - - ¥ - - - 4y - - 4
Cetuximab - - - + + + - - - - + + + - - - - + + +
[s2) e |
x
S|P | emasesemes  441Da
o —
-
-° - j:
3 44 kDa
. | 1 e ; - 170 kDa

e e - -
2 —— | 44 xDa
5 :

Protein levels of total HER2, phosphorylated EGFR, phosphorylated ERK1/2, phosphorylated Akt and total -actin in OVCAR-3, IGROV-1, and
SKOV-3 in serum-free medium without or with 10% FCS, 10 ng/ml EGF or 10 ng/ml HRG in the presence or absence of trastuzumab (2.9 ug/ml),
pertuzumab (20 pg/ml), or cetuximab (5 pg/ml). Antibodies were added 2 h before stimulation and samples were collected 15 min after stimulation.
Protein samples (50 pg) were analyzed by western blot. Representative results of at least three independent experiments are shown. Note: lane 1
shows protein levels under serum-free conditions, but different exposure periods were used to visualize changes in phosphorylation levels. EGF,

epidermal growth factor; FCS, fetal calf serum; HRG, heregulin.

increased when 10% FCS, EGE or HRG was added.
ERK1/2 activation was partially inhibited by cetuximab,
except in cells stimulated by HRG. Pertuzumab, but
not trastuzumab, could further downregulate p-ERK1/2
when added to cetuximab. Akt was already phosphory-
lated under serum-free conditions, which was further
upregulated by addition of EGF or HRG. The p-Akt
was only inhibited by a combination of cetuximab with
either trastuzumab or pertuzumab under serum-free
conditions.

In SKOV-3, EGFR was activated by the addition of EGF
and to a lesser extent by 10% FCS or HRG. The p-EGFR

was partially abrogated by cetuximab. ERK1/2 was already
highly phosphorylated under serum-free conditions. Only
EGF addition resulted in upregulation of p-ERK1/2 and
only cetuximab was able to inhibit phosphorylation.
Phosphorylation of Akt was already present in cells grown
in serum-free medium and neither stimulation nor any of
the antibodies affected p-Akt levels.

In general, when ovarian cancer cells were stimulated
with EGE phosphorylation of EGFR was further in-
creased after exposure to trastuzumab and pertuzumab.
This observation suggests that inhibition of HERZ or
HER3 may activate another HER family member.



Altogether, functional EGFR-signaling, HER2-signaling,
and HER3-signaling routes as shown by abrogation of
EGF-stimulated and HRG-stimulated phosphorylated
ERK1/2 by cetuximab, trastuzumab and pertuzumab,
respectively, were present in OVCAR-3 and IGROV-1,
but hardly in SKOV-3.

Functionally active HER2 can be inhibited in OVCAR-3

and IGROV-1, but not in SKOV-3

For a correct interpretation of the inhibitory capacity of
anti-HERZ antibody treatment, immunoprecipitation
experiments were carried out on protein samples to detect
phosphorylated HER2 in OVCAR-3, IGROV-1, and
SKOV-3. Cells were treated with or without pertuzumab
at 20 pg/ml under serum-free conditions 2 h before addition
of culture medium containing 10% FCS, before stimulation
with EGF at 10ng/ml or HRG at 10ng/ml for a period
of 15min. The degree of tyrosine phosphorylation as
a measure of HERZ activation in the acquired protein
samples was visualized by western blot (Fig. 5).
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Detection of phosphorylated HER2 by immunoprecipitation. OVCAR-3,
IGROV-1 and SKOV-3 were grown to 80% confluence and fresh
serum-free medium was added without or with 10% FCS, 10 ng/ml
EGF or 10 ng/ml HRG. Pertuzumab, when added, was administered
2 h prior to the medium change. Samples were collected 15 min
thereafter. Cell lysates were divided and in one half used for HER2 and
B-actin detection and the other half for HER2 precipitation. All samples
were separated by gel electrophoresis. Total HER2 and B-actin in
one sample and phosphorylated tyrosine in the precipitation sample
were detected by western blot and enhanced chemoluminescence.
Representative results of at least three independent experiments

are shown. EGF, epidermal growth factor; FCS, fetal calf serum;
HRG, heregulin.
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In OVCAR-3 and IGROV-1, no phosphorylated HER2 was
detected under serum-free conditions. Most specifically,
after EGF or HRG stimulation in OVCAR-3 and IGROV-1,
the receptor was clearly phosphorylated. Pretreatment
with pertuzumab abrogated HERZ activation. In SKOV-3
cells, in which the receptor was already phosphorylated
under serum-free conditions, pretreatment with pertu-
zumab followed by stimulation with 10% FCS, EGE
or HRG had no significant effects on the HER2
phosphorylation status.

Thus, pertuzumab was able to abrogate EGF-stimulated
and HRG-stimulated phosphorylation of HER2 in OVCAR-
3 and IGROV-1. Basal p-HER2 was present in SKOV-3,
which could neither be stimulated nor inhibited, suggesting
the absence of a functional HER2-signaling route.

Discussion

Here we report that human ovarian cancer cell lines show
differential expression levels of HER family members. We
showed that EGFR-targeting and HER2Z-targeting mono-
clonal antibodies may increase the antitumor effects of
docetaxel by blocking functional receptors. Docetaxel
exposure periods of 1 h were selected, because the drug is
administered by a 1-h infusion in cancer patients. The
ICsg values of docetaxel of 6.4-23.8 nmol/l iz vitro were
well below achievable plasma levels in patients, being
4 umol/l at doses of 75-100 mg/m2 [31]. Concentrations
of the antibodies selected from studies reported pre-
viously [27-29] were sufficient for abrogating phospho-
rylation of activated target receptors and downstream
functional HER-signaling routes. In addition, these
concentrations # vitro were well below trough plasma
levels measured in patients being 49 pg/ml at 3-weekly
6 mg/kg for trastuzumab [32], being 52 pg/ml at 3-weekly
420 mg for pertuzumab [33], and being 55pg/ml at
weekly 250 mg/m* for cetuximab [34] intravenous
schedules. As our data were acquired i vitro, further
testing in ovarian cancer patients should be done for proof
of concept.

Although all selected ovarian cancer cell lines contained
EGFR and HER?2, differential antiproliferative effects
were observed when monoclonal antibodies were given
alone or combined with docetaxel. In OVCAR-3 and
IGROV-1 cells, cetuximab could already significantly
inhibit the cell proliferation, which was also the case
when combined with docetaxel. Pertuzumab alone did
not affect cell growth, but increased the inhibitory effects
of cetuximab in OVCAR-3. In IGROV-1, pertuzumab
increased the antiproliferative effects of docetaxel, which
was more pronounced when combined with cetuximab.
Trastuzumab could only enhance the antiproliferative
effects in OVCAR-3 when these cells were also treated
with docetaxel and cetuximab. None of the antibodies
significantly affected the cell growth in SKOV-3, although
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a trend was observed in further cell growth inhibition
when docetaxel was combined with either cetuximab and
trastuzumab or with cetuximab and pertuzumab.
Although antibodies alone did not activate caspase-3,
cetuximab could enhance the caspase-3 activation when
added to docetaxel in IGROV-1. Of interest, caspase-3
activation was most pronounced in [IGROV-1 and SKOV-3,
when both cetuximab and pertuzumab were added to
docetaxel. On the one hand, these data indicate that
expression levels of HER family members in ovarian
cancer cells are not predictive for antiproliferative effects
of receptor inhibitors. Further, inhibition of cell growth
by monoclonal antibodies alone does not result in the
activation of caspase-3. On the other hand, when
monoclonal antibodies alone induce antiproliferative
effects, further reduction of cell growth and a concomi-
tant increase in activated caspase-3 are shown upon their
combination with docetaxel.

Our findings indicate that cetuximab may play a role in
the treatment of ovarian cancer, but the presence
of EGFR will not always predict cell sensitivity. The
EGFR-signaling route as tested by stimulation with EGF
was clearly functional in the three cell lines as visualized
from the increase in p-EGFR, p-ERK1/2, and p-Akt.
Constitutively activated p-Akt in SKOV-3, however, was
not further stimulated by EGE In line with the
antiproliferative effects of cetuximab in OVCAR-3 and
IGROV-1 cells, phosphorylation levels of EGFR and
ERK1/2 were inhibited by blocking receptor function. In
OVCAR-3 cells stimulated with EGE, increased p-Akt was
also abrogated by cetuximab. Cetuximab combined with
trastuzumab or pertuzumab could inhibit p-Akt in
IGROV-1 cells under serum-free conditions. Although
the EGF-stimulated increase in phosphorylation of EGFR
and ERK1/2 in SKOV-3 cells could be abrogated by
cetuximab, this did not result in the reduction of cell
growth. Constitutively activated Akt in SKOV-3 could not
be inhibited by any of the antibodies. The activation
of the PI3K/Akt-signaling route downstream of EGFR
might therefore be responsible for cetuximab resistance
in SKOV-3.

Cetuximab resistance in EGFR-positive ovarian carcino-
mas has hardly been explored. Thus far, EGFR gene
mutations are not common in ovarian carcinomas [13,35].
Recently, it has been found in colorectal cancer, a tumor
type known for high EGFR expression, that patients
on cetuximab monotherapy whose tumors contained
wild-type K-ras had a significantly higher disease control
rate than patients with K-7zs mutations [36]. Further,
EGFR-overexpressing colorectal cancer cell lines with
highest cetuximab resistance contained both K-ras/BRAF
and PTEN/PIK3CA mutations [37]. Of interest, EGFR
inhibitors induced only limited antiproliferative effects
in non-small-cell lung cancer cell lines with persistent

activity of Akt [29]. Earlier, it has been shown in SKOV-3

that PTEN levels are low, which possibly accounts for
increased levels of constitutive Akt activity [38]. The role
of constitutive activation of signaling mediators down-
stream of EGFR in ovarian cancer needs to be explored.

Although ovarian carcinomas may express HER2 to some
degree, the frequency of amplification and overexpression
is less than 10% [13,16,17]. In a phase II trial in HER
2-overexpressing ovarian cancer patients, trastuzumab
induced an overall response rate of only 7.3% [39].
Recently, the role of HER3 has gained interest in ovarian
cancer. Positive HER3 expression was observed in 53.4%
of ovarian cancer patients and was associated with
decreased survival [40]. HER2, being the favored
dimerization partner of EGFR and HER3, could be
phosphorylated after stimulation with EGF or HRG
in OVCAR-3 and IGROV-1, whereas constitutively
phosphorylated HERZ in SKOV-3 was not affected
(Fig. 5). HRG stimulation also induced phosphorylation
of EGFR in OVCAR-3 cells. We could not detect HER3
in SKOV-3. HRG, however, induced low phosphorylation
of EGFR in our SKOV-3 cells, which may indicate
low expression of HER3. Gilmour ¢z /. [41] have shown
in ovarian cancer cells that the magnitude of HRG
stimulation largely depends on HER2 expression levels.
Although they found low HER3 expression levels in
SKOV-3, HRG stimulation did not stimulate cell growth,
and, in line with our data, p-HERZ2 and p-ERK1/2
responses were absent. A central role for HER3 as a
co-receptor for HERZ2 has recently been reported by
Lee-Hoeflich er al. [42]. This group has shown that
HER3 knockdown caused tumor regression in an
HRG-dependent HERZ-amplified breast cancer model.
In addition, pertuzumab, in contrast to trastuzumab,
could efficiently inhibit in-vivo tumor growth. These and
our data point toward the finding that HER3 may
be a useful target for treatment, if part of functional
dimerization partners EGFR and HER2.

As HER3 can play a functional role in ovarian cancer,
pertuzumab may be a useful adjunct to chemotherapy.
Jackson ez al. [28] have shown that pertuzumab blocked
not only HRG-mediated phosphorylation of HERZ2 and
HERS3, but also EGF-mediated phosphorylation of HERZ.
We obtained similar findings in OVCAR-3 and IGROV-1
in which pertuzumab could inhibit phosphorylation of
HER2 upon stimulation with HRG as well as with EGF
(Fig. 5). Earlier, pertuzumab treatment alone has been
shown to moderately inhibit growth in two out of eight
ovarian cancer cell lines with high expression of HERZ2,
among which was SKOV-3 [28]. In ovarian cancer
patients, the antibody alone had only modest activity
[21]. We did not clearly detect antiproliferative effects
from pertuzumab alone, but the drug could significantly
enhance the inhibition of cell growth by docetaxel in
IGROV-1. Combination of pertuzumab with chemotherapy
is currently being investigated in a randomized phase II



trial in patients with advanced ovarian cancer to assess a
possible advantage with reference to chemotherapy alone.

Monoclonal antibodies directed against growth factor
receptors seem to be most effective when combined with
other treatment modalities. In our experiments on
ovarian cancer cell lines, comparing three monoclonal
antibodies added to docetaxel, we found that cetuximab
was superior in the increase of cell growth inhibition and
the enhancement of activation of caspase-3. Coaddition
of HERZ receptor inhibitors hardly increased the
antiproliferative effects, but if present, pertuzumab
seemed to be more potent than trastuzumab. Kawaguchi
et al. [43] have already shown that the combination of
cetuximab and trastuzumab could induce synergistic
antiproliferative effects in several human esophageal
squamous cell carcinoma cell lines expressing both
receptors. Similarly, Friess ¢z @/ [44] have shown in
human tumor xenografts of non-small-cell lung cancer
and breast cancer expressing various degrees of EGFR
and HER2, that combination of the EGFR tyrosine kinase
inhibitor erlotinib with pertuzumab resulted in additive
or greater than additive antitumor effects. Currently, it
has become clear that HER family members interact and
that ligands are involved in allowing tumor cells to evade
the proapoptotic effects from targeted therapy [45,46].
As we observed further upregulation of p-EGFR in
EGF-activated ovarian cancer cells treated with HER
2-targeting monoclonal antibodies, dual inhibition may
thus prevent possible escape from inhibition of only one
HER family member. Considering the adverse prognostic
role of HER3 in ovarian cancer, pertuzumab plus
cetuximab added to taxane-based chemotherapy would
be the combination of choice to further study in patients
with ovarian cancer with functional EGFR/HER2/HER3-
signaling routes.

Acknowledgements

Nancy Broen is acknowledged for technical assistance.
The authors thank Sanofi-Aventis for an unrestricted
research grant.

References

1 Ozols RF. Challenges for chemotherapy in ovarian cancer. Ann Oncol 2006;
17 (Suppl 5):v181-v187.

2 Vasey PA, Jayson GC, Gordon A, Gabra H, Coleman R, Atkinson R,
et al. Phase Il randomized trial of docetaxel-carboplatin versus
paclitaxel-carboplatin as first-line chemotherapy for ovarian carcinoma. J Nat/
Cancer Inst 2004; 96:1682-1691.

3 Mass RD. The HER receptor family: a rich target for therapeutic
development. Int J Radiat Oncol Biol Phys 2004; 58:932-940.

4 Lafky JM, Wilken JA, Baron AT, Maihle NJ. Clinical implications of the
ErbB/epidermal growth factor (EGF) receptor family and its ligands in
ovarian cancer. Biochim Biophys Acta 2008; 1785:232-265.

5 Scaltriti M, Baselga J. The epidermal growth factor receptor pathway:

a model for targeted therapy. Clin Cancer Res 2006; 12:5268-5272.

6 Ferrandina G, Ranelletti FO, Lauriola L, Fanfani F, Legge F, Mottolese M,
et al. Cyclooxygenase-2 (COX-2), epidermal growth factor receptor (EGFR),
and Her-2/neu expression in ovarian cancer. Gynecol Oncol 2002;
85:305-310.

20

21

22

23

24

25

26

27

28

29

30

Docetaxel and HER family inhibition Bijman et al. 459

Elie C, Geay JF, Morcos M, Le Tourneau A, Girre V, Broét P, et al. Lack of
relationship between EGFR-1 immunohistochemical expression and
prognosis in a multicentre clinical trial of 93 patients with advanced primary
ovarian epithelial cancer (GINECO group). Br J Cancer 2004; 91:470-475.
Cloven NG, Kyshtoobayeva A, Burger RA, Yu IR, Fruehauf JP. In vitro
chemoresistance and biomarker profiles are unique for histologic subtypes
of epithelial ovarian cancer. Gynecol Oncol 2004; 92:160-166.

Nielsen JS, Jakobsen E, Helund B, Bertelsen K, Jakobsen A. Prognostic
significance of p53, Her-2, and EGFR overexpression in borderline and
epithelial ovarian cancer. Int J Gynecol Cancer 2004; 14:1086-1096.
Psyrri A, Kassar M, Yu Z, Bamias A, Weinberger PM, Markakis S, et al. Effect
of epidermal growth factor receptor expression level on survival in patients
with epithelial ovarian cancer. Clin Cancer Res 2005; 11:8637-8643.
Stadlmann S, Gueth U, Reiser U, Diener PA, Zeimet AG, Wight E, et al.
Epithelial growth factor receptor status in primary and recurrent ovarian
cancer. Mod Pathol 2006; 19:607-610.

Schindlbeck C, Hantschmann P, Zerzer M, Jahns B, Rjosk D, Janni W, et al.
Prognostic impact of Ki67, p53, human epithelial growth factor receptor 2,
topoisomerase llo, epidermal growth factor receptor, and nm23 expression
of ovarian carcinomas and disseminated cells in the bone marrow. Int J
Gynecol Cancer 2007; 17:1047-1055.

Vermeij J, Teugels E, Bourgain C, Ziangming J, In't Veld P, Ghislain V, et al.
Genomic activation of the EGFR and HER2-neu genes in a significant
proportion of invasive epithelial ovarian cancers. BMC Cancer 2008; 8:3.
Hellstrom |, Goodman G, Pullman J, Yang Y, Hellstrom KE. Overexpression
of HER-2 in ovarian carcinomas. Cancer Res 2001; 61:2420-2423.
Serrano-Olvera A, Duenas-Gonzalez A, Gallardo-Rincon D, Candelaria M,
De la Garza-Salazar J. Prognostic, predictive and therapeutic implications of
HER2 in invasive epithelial ovarian cancer. Cancer Treat Rev 20086;
32:180-190.

Steffensen KD, Waldstrem M, Jeppesen U, Jakobsen E, Brandslund |,
Jakobsen A. The prognostic importance of cyclooxygenase 2 and HER2
expression in epithelial ovarian cancer. Int J Gynecol Cancer 2007; 17:798-807.
Tuefferd M, Couturier J, Penault-Llorca F, Vicent-Salomon A, Broét P,
Guatalla JP, et al. HER2 status in ovarian carcinomas: a multicenter
GINECO study of 320 patients. Plos One 2007; 2:e1138.

Mendelsohn J, Baselga J. Epidermal growth factor receptor targeting in
cancer. Sem Oncol 2006; 33:369-385.

Hudis CA. Trastuzumab — mechanism of action and use in clinical practice.
New Engl J Med 2007; 357:39-51.

Franklin MC, Carey KD, Vajdos FF, Leahy DJ, De Vos AM, Sliwkowski MX.
Insights into ErbB signaling from the structure of the ErbB2-pertuzumab
complex. Cancer Cell 2004; 5:317-328.

Gordon MS, Matei D, Aghajanian C, Matulonis UA, Brewer M, Fleming GF,
et al. Clinical activity of pertuzumab (rhuMAb 2C4), a HER dimerization
inhibitor, in advanced ovarian cancer: potential predictive relationship with
tumor HER2 activation status. J Clin Oncol 2006; 24:4324-4332.

Attard G, Kitzen J, Blagden SP, Fong PC, Pronk LC, Zhi J, et al. A phase Ib
study of pertuzumb, a recombinant humanised antibody to HER2, and
docetaxel in patients with advanced solid tumours. Br J Cancer 2007;
97:1338-1343.

Blagden SP, Kaye SB. Docetaxel in the management of ovarian cancer. Exp
Rev Anticancer Ther 2005; 5:203-214.

Vassey PA, Gore M, Wilson R, Rustin G, Gabra H, Guastalla JP, et al.

A phase Ib trial of docetaxel, carboplatin and erlotinib in ovarian, fallopian
tube and primary peritoneal cancers. Br J Cancer 2008; 98:1774-1780.
Buick RN, Pullano R, Trent JM. Comparative properties of five human ovarian
adenocarcinoma cell lines. Cancer Res 1985; 45:3668-3676.
Kolfschoten GM, Hulscher TM, Duyndam MCA, Pinedo HM, Boven E.
Variation in the kinetics of caspase-3 activation, Bcl-2 phosphorylation and
apoptotic morphology in unselected human ovarian cancer cell lines as

a response to docetaxel. Biochem Pharmacol 2002; 63:733-743.

Lee S, Yang W, Lan KH, Sellappan S, Klos K, Hortobagyi G, et al. Enhanced
sensitization to taxol-induced apoptosis by herceptin pretreatment in ErbB2-
overexpressing breast cancer cells. Cancer Res 2002; 62:5703-5710.
Jackson JG, St Clair P, Sliwkowski MX, Brattain MG. Blockade of epidermal
growth factor- or heregulin-dependent ErbB2 activation with the anti-ErbB2
monoclonal antibody 2C4 has divergent downstream signaling and growth
effects. Cancer Res 2004; 64:2601-2609.

Janmaat ML, Kruyt FA, Rodriguez JA, Giaccone G. Response to epidermal
growth factor receptor inhibitors in non-small cell lung cancer cells: limited
antiproliferative effects and absence of apoptosis associated with persistent
activity of extracellular signal-regulated kinase or Akt kinase pathways. Clin
Cancer Res 20083; 9:2316-2326.

Kruger NJ. The Bradford method for protein quantitation. Methods Mol Biol
1994; 32:9-15.



460 Anti-Cancer Drugs 2009, Vol 20 No 6

31

32

33

34

35

36

37

38

Bruno R, Hille D, Riva A, Vivier N, Bokkel Huinink WW, Van Oosterom AT,
et al. Population pharmacokinetics/pharmacodynamics of docetaxel in
phase Il studies in patients with cancer. J Clin Oncol 1998; 16:187-196.
Baselga J, Carbonell X, Castafieda-Soto N-J, Clemens M, Green M,
Harvey V, et al. Phase Il study of efficacy, safety, and pharmacokinetics

of trastuzumab monotherapy administered on a 3-weekly schedule.

J Clin Oncol 2005; 23:2162-2171.

Tan AR, Moore DF, Hidalgo M, Doroshow JH, Poplin EA, Goodin S, et al.
Pharmacokinetics of cetuximab after administration of escalating single
dosing and weekly fixed dosing in patients with solid tumors. Clin Cancer
Res 2006; 12:6517-6522.

Ng CM, Lum BL, Gimenez V, Kelsey S, Allison D. Rationale for fixed dosing
of pertuzumab in cancer patients based on population pharmacokinetic
analysis. Pharm Res 2006; 23:1275-1284.

Steffensen KD, Waldstrem M, Olsen DA, Corydon T, Lorentzen KA, Knudsen HJ,
et al. Mutant epidermal growth factor receptor in benign, borderline, and
malignant ovarian tumors. Clin Cancer Res 2008; 14:3278-3282.
Khambata-Ford S, Garrett CR, Meropol NJ, Basik M, Harbison CT, Wu S,
et al. Expression of epiregulin and amphiregulin and K-ras mutation status
predict disease control in metastatic colorectal cancer patients treated with
cetuximab. J Clin Oncol 2007; 25:3230-3237.

Jhawer M, Goel S, Wilson AJ, Montagna C, Ling YH, Byun DS, et al. PIK3CA
mutation/PTEN expression status predicts response of colon cancer cells to
the epidermal growth factor receptor inhibitor cetuximab. Cancer Res 2008;
68:1953-1961.

Arboleda MJ, Lyons JF, Kabbinavar FF, Bray MR, Snow BE, Ayala R, et al.
Overexpression of AKT2/protein kinase Bf leads to up-regulation of 1
integrins, increased invasion, and metastasis of human breast and ovarian
cancer cells. Cancer Res 2003; 63:196-206.

39

40

41

42

43

44

45

46

Bookman MA, Darcy KM, Clarke-Pearson D, Boothby RA,

Horowitz IR. Evaluation of monoclonal humanized anti-HER2 antibody,
trastuzumab, in patients with recurrent or refractory ovarian or

primary peritoneal carcinoma with overexpression of HER2: a phase

Il trial of the gynecologic oncology group. J Clin Oncol 2003;
21:283-290.

Tanner B, Hasenclever D, Stern K, Schormann W, Bezler M, Hermes M, et al.
ErbB-3 predicts survival in ovarian cancer. J Clin Oncol 2006;
24:4317-4323.

Gilmour LM, Macleod KG, McCaig A, Sewell JM, Gullick WJ, Smyth JF, et al.
Neuregulin expression, function, and signaling in human ovarian cancer
cells. Clin Cancer Res 2002; 8:3933-3942.

Lee-Hoeflich ST, Crocker L, Yao E, Pham T, Munroe X, Hoeflich KP, et al.
A central role for HER3 in HER2-amplified breast cancer: implications for
targeted therapy. Cancer Res 2008; 68:5878-5887.

Kawaguchi Y, Kono K, Mimura K, Mitsui F, Sugai H, Akaike H, et al. Targeting
EGFR and HER-2 with cetuximab- and trastuzumab-mediated
immunotherapy in oesophageal squamous cell carcinoma. Br J Cancer
2007; 97:494-501.

Friess T, Scheuer W, Hasmann M. Combination treatment with erlotinib and
pertuzumab against human tumor xenografts is superior to monotherapy.
Clin Cancer Res 2005; 11:5300-5309.

Sergina NV, Rausch M, Wang D, Blair J, Hann B, Shokat KM, et al. Escape
from HER-family tyrosine kinase inhibitor therapy by the kinase-inactive
HERS3. Nature 2007; 445:437-441.

Kong A, Calleja V, Leboucher P, Harris A, Parker PJ, Larijani B. HER2
oncogenic function escapes EGFR tyrosine kinase inhibitors via activation
of alternative HER receptors in breast cancer cells. PLos One 2008;
3:22881.





