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Abstract. Trastuzumab (Herceptin®) is a humanized mono-
clonal antibody designed to bind and inhibit the function of 
the human epidermal growth factor receptor 2 (HER2)/erbB2 
receptor. Trastuzumab has demonstrated clinical activity in 
several types of HER2-overexpressing epithelial tumors, 
such as breast and metastatic gastric or gastroesophageal 
junction cancer. Relapse and therapeutic resistance, however, 
still occur in a subset of patients treated with regimens 
including trastuzumab, despite significant improvements in 
response rates, survival and quality of life. To investigate 
the potential mechanisms of acquired therapeutic resistance 
to trastuzumab, we developed a preclinical model of human 
ovarian cancer cells, SKOV-3 Herceptin-resistant (HR), and 
examined the corresponding changes in gene expression 
profiles. SKOV-3 HR cells were developed by in vivo serial 
passaging of parental trastuzumab-sensitive SKOV-3 cells. 
Following four rounds of serial transplantation of ‘break-
through’ xenograft tumors under trastuzumab treatment, 
significant and reproducible differences in the effects of 
trastuzumab treatment between SKOV-3 HR and SKOV-3 
cells in vivo and in vitro were revealed. SKOV-3 HR cells 
retained HER2 protein expression but were unaffected by 

the antiproliferative effects of trastuzumab. The trastuzumab 
binding affinity for SKOV-3  HR cells was diminished, 
despite these cells having more binding sites for trastuzumab. 
Microarray expression profiling (MEP) was performed to 
determine the genes involved in the resistance mechanism. 
Functional analysis revealed the differential expression 
of genes potentially involved in angiogenesis, metastasis, 
differentiation and proliferation, such as mucin1 (MUC1). 
Immunohistochemical staining of SKOV-3  HR cells 
demonstrated a marked overexpression of MUC1. Based 
on these data, we hypothesize that the overexpression of 
MUC1 may hinder trastuzumab binding to HER2 recep-
tors, abrogating the antitumor effects of trastuzumab and 
thus could contribute to resistance to therapy. Moreover, 
the resultant MEP preclinical gene signature in this 
preclinical model system may provide the basis for further 
investigation of potential clinical mechanisms of resistance 
to trastuzumab.

Introduction

The erbB [human epidermal growth factor receptor (HER)] 
receptors are expressed in a variety of tissues of epithelial, 
mesenchymal and neuronal origin, in which they play funda-
mental roles in development, differentiation and proliferation 
(1). The deregulated or dysfunctional expression of the erbB 
receptors, in particular epidermal growth factor receptor 
(EGFR/erbB1/HER1) and erbB2 (HER2), has been implicated 
in the development and malignancy of numerous human cancers 
(2). The overexpression of HER2 receptors, which results from 
HER2 gene amplification, leads to the activation of specific 
receptor homodimers in the absence of a cognate soluble ligand. 
HER2 homodimerization and heterodimerization with the other 
EGFR family members (EGFR, HER3 and HER4) stimulate 
tyrosine kinase phosphorylation and activation of intracellular 
signal transduction pathways, in particular the phosphatidylino-
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sitol 3-kinase (PI3K) and mitogen-activated protein kinase 
(MAPK) pathways, promoting potent proliferation and cell 
growth (3). In breast cancers, approximately 20% of tumors 
show HER2 overexpression, which is clinically associated with 
poor prognosis, decreased survival and shorter time to relapse 
at all stages (4,5). In addition, patients with ovarian cancer 
have also been shown to overexpress HER2 (3), although the 
prognostic significance and incidence remain unclear. In one 
phase II study, 95/837 (11.4%) patients with recurrent ovarian 
or primary peritoneal cancer were found to overexpress HER2 
protein as defined by immunohistochemistry (IHC) 2+/3+ (6). 
In a separate study, HER2 gene amplification as determined by 
fluorescence in situ hybridization was observed in 6/33 (18.2%) 
of ovarian mucinous carcinomas (7).

The high incidence of HER2 overexpression in cancer cells 
and the prognostic value of HER2 in breast cancer led to the 
development of trastuzumab (Herceptin®, Genentech, South 
San Francisco, CA) for the treatment of HER2-positive breast 
cancer in the metastatic (8,9) and adjuvant settings (10-13). 
Recently, trastuzumab plus chemotherapy was approved for the 
treatment of metastatic gastric and gastroesophageal cancers 
(14). Trastuzumab is a humanized immunoglobulin G1 mono-
clonal antibody that binds the HER2 extracellular domain 
(ECD) and inhibits growth-promoting downstream signaling 
(15). The efficacy of trastuzumab in the adjuvant and metastatic 
settings has clearly been established. In the adjuvant setting, the 
addition of trastuzumab to chemotherapy regimens has led to 
significant improvements in disease-free survival and overall 
survival (OS) (10-13). In metastatic breast cancer (MBC), first-
line trastuzumab plus chemotherapy has been shown to improve 
response rates, time to progression, and OS (8), while second- or 
third-line trastuzumab monotherapy has been shown to produce 
durable objective responses for women whose tumors progress 
on chemotherapy (9). However, many HER2-positive breast 
cancers do not respond to or progress on trastuzumab treatment, 
suggesting that these patients may have intrinsic or developed 
acquired resistance to trastuzumab, respectively.

A wide range of preclinical cancer models have been 
developed to address resistance mechanisms that range from 
insulin-like growth factor 1 (IGF-1)-induced loss of p27Kip1, 
loss of phosphatase and tensin homolog (PTEN) function, 
enhanced expression of EGFR ligands, masking of the trastu-
zumab-binding epitope by mucin (MUC)4, induction of tumor 
initiating cells by Y-box-binding protein 1, and enhanced Src 
activity (16-21). However, the analysis of large-scale clinical 
samples and rational translational research are required to 
establish a causal link between these proposed mechanisms 
and resistance to trastuzumab.

Preclinical ovarian carcinoma cell lines exhibit HER2 gene 
amplification and accompanying HER2 receptor overexpression. 
Many of these models have been used to test for the antitumor 
efficacy of trastuzumab. Despite promising preclinical results, 
however, translational activity in the clinical setting with the 
use of trastuzumab to treat ovarian cancer has been limited, 
with a low rate of objective responses in patients with HER2 
overexpression observed in a phase II study (6). The reason 
for the observed low response rate in this tumor type is still 
unclear. Although many mechanistic studies of resistance have 
been performed in preclinical breast cancer models, obtaining 
data from a different tumor type, such as HER2-overexpressing 

ovarian carcinoma, offers an attractive alternative, enabling the 
outcomes to be compared and contrasted, and added to the 
existing knowledge base. The similarities between the HER2 
oncogenic processes of HER2-positive breast and ovarian 
cancers are numerous and may therefore allow the results from 
one tumor type to be applied to another. New data from ovarian 
cancer models may shed light on the causes of both acquired 
and de novo trastuzumab resistance in breast cancer, and may 
provide insight into the cause of the relative lack of effective-
ness of trastuzumab in patients with HER2-positive ovarian 
cancer. Moreover, these studies may enable the identification of 
pharmacodynamic biomarkers of resistance or new targets that 
could potentially lead to new and potent antineoplastic agents. 
Lastly, preclinical gene signatures resulting from microarray 
expression profiling (MEP) may ultimately be used to identify 
patients who are more likely to respond to or be resistant to 
trastuzumab therapy, thereby informing treatment decisions.

In this study, we used the SKOV-3 human ovarian carci-
noma cell line to develop the first preclinical model of ovarian 
carcinoma to study acquired or de novo resistance to trastu-
zumab. The SKOV-3 human ovarian carcinoma cell line is one 
of a few distinct ovarian preclinical models with HER2 gene 
amplification, p185HER2 overexpression and sensitivity to the 
effects of trastuzumab (3). A trastuzumab-resistant variant was 
developed by in vivo serial passaging of trastuzumab-treated 
subcutaneous SKOV-3 tumors in athymic nu/nu (nude) mice 
with ultimate selection of SKOV-3 Herceptin-resistant (HR) 
‘breakthrough’ variants. We characterized the SKOV-3 HR cell 
line by assessing the antiproliferative and antitumor effects of 
trastuzumab on the cells both in vitro and in vivo, by exam-
ining HER2 expression and number of trastuzumab binding 
sites, and by determining the trastuzumab binding affinity 
for these cells, comparing these results with those obtained 
in the parental SKOV-3 cell line. In addition, we performed 
MEP of the SKOV-3 HR and parental cell lines to identify any 
differential gene expression between the two cell lines that 
could potentially contribute to the mechanism of resistance to 
trastuzumab therapy that the SKOV-3 HR cell line exhibits.

Materials and methods

Cells and antibodies. SKOV-3 cells were purchased from the 
American Type Culture Collection (Manassas, VA, USA). 
MDA-MB-435 cells were obtained from Dr  Janet  Price 
(MD Anderson Cancer Center, Houston, TX, USA). Cells were 
cultured in appropriate medium with 10% heat-inactivated 
fetal bovine serum (FBS) and 2 mM L-glutamine. All cell 
culture materials were purchased from Invitrogen/Gibco 
(Grand Island, NY, USA). Trastuzumab was obtained from 
F. Hoffmann-La Roche Ltd. (Basel, Switzerland) as a lyophi-
lized powder and resuspended with sterile bacteriostatic water. 
The suspension was further diluted with sterile water or saline 
for all the experiments. Cell lysates for immunoblot experi-
ments were prepared with lysis buffer containing 1% NP-40, 
50 mM Tris (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM 
Na3VO4, and 1 mM NaF. Proteins (≥10 µg) were resolved by 
sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE) followed by transfer to a nitrocellulose membrane. 
The membrane was then immunoprobed for HER2 protein 
(Neomarkers/Labvision, Fremont, CA, USA), phosphorylated 
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extracellular regulated kinases 1/2 (pERK1/2), AKT (Cell 
Signaling Technology, Danvers, MA, USA) or β-actin (Sigma-
Aldrich, St. Louis, MO, USA). Primary antibodies were diluted 
appropriately with 5% non-fat milk and 3% bovine serum 
albumin (BSA) in phosphate-buffered saline-Tween. The 
membrane was then incubated with horseradish peroxidase-
linked secondary antibodies, and the proteins were detected 
using enhanced chemiluminescence (Amersham Biosciences, 
Little Chalfont, UK).

SKOV-3 HR model generation and in vivo studies. Female 
athymic, nu/nu  (nude) mice were purchased from Charles 
River Laboratories (Wilmington, MA, USA). Animal experi-
ments were performed in accordance with protocols approved 
by the Institutional Animal Care and Use Committee and in 
accordance with local regulations. Mice with established, 
subcutaneous, palpable SKOV-3  tumors (≥100  mm3) were 
treated once weekly with trastuzumab administered intraperi-
toneally (loading dose, 4 mg/kg; maintenance dose, 2 mg/kg). 
Tumors that exhibited growth inhibition but later gradually 
progressed (so-called breakthrough tumors) were extracted, 
homogenized and implanted into a new set of naive, athymic 
nu/nu mice. This procedure, which consisted of monitoring 
tumor growth, treating with trastuzumab and re-implanting 
breakthrough tumors, was repeated for four rounds. Selected 
breakthrough tumors were subsequently named SKOV-3 HR 
and cultured in vitro for further characterization. Mouse fibro-
blasts and other murine cells with finite replicative capacity 
died out during in vitro cell culture, and only viable highly 
proliferative human tumor cells remained. SKOV-3 HR cells 
were further selected by three-dimensional growth in soft agar 
containing exogenous trastuzumab (10-30 µg/ml). Afterwards, 
the cells were used to further characterize and profile responses 
to trastuzumab treatment in vitro and in vivo.

Cellular antiproliferation assay. SKOV-3 and SKOV-3 HR 
cells were plated at 1x105 per well in 96-well plates in complete 
culture medium. The following day, trastuzumab was added to 
the culture medium at 10 or 20 µg/ml with reduced (0.5%) FBS. 
The plates were allowed to incubate for 72 h after the addition 
of trastuzumab. All treatments were performed in triplicate. 
3H-thymidine (New England Nuclear/Perkin Elmer, Boston, 
MA, USA) at 0.5 µCi/well was added to all wells during the 
last 4 h before cell harvest. Cells were washed, trypsinized 
and harvested using a PHD glass filter scintillation harvester 
(Cambridge  Technologies, Watertown, MA,  USA). Filters 
containing 3H-thymidine-labeled cells were transferred into 
plastic scintillation vials and counted on a β-radiation counter 
(Beckman Coulter, Fullerton, CA, USA).

Fluorescence-activated cell sorting (FACS) analysis. SKOV-3, 
SKOV-3 HR and MDA-MB-435 cells were incubated with 
10 µg/ml of a mouse monoclonal antibody directed against the 
ECD of human HER2 (Ab-2, Neomarkers/Labvision). After 
the cells were washed to remove unbound primary antibody, 
they were treated with a 1:30 dilution of a goat antimouse 
IgG-fluorescein isothiocyanate  (FITC) secondary antibody 
(Chemicon  International, Temecula, CA, USA). Cells were 
analyzed using a BD-FACStar™ instrument (Becton-Dickinson, 
Palo Alto, CA, USA) gating on a forward and side scatter, and 

the relative fluorescence was measured by excitation at 488 nm. 
The percentage of cells stained with anti-HER2 and the intensity 
of the staining was determined by the BD CellQuest™ program 
(Becton-Dickinson) .

Scatchard plot analysis. Antibody radiolabeling with an 
isotopic tag has previously been described  (22). Briefly, 
4 ng of 125I-trastuzumab (4x105 CPM) in a total volume of 
100 µl of Earle's balanced salt solution containing 20 mM 
N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid, pH 7.5, 
2.5 mg/ml BSA and an equal amount of unlabeled trastuzumab 
were incubated at 20˚C for 2 h with SKOV-3 and SKOV-3 HR 
cells grown in 1-cm2 48-well plates. At the end of the incubation 
period, the unbound radioactivity was removed by washing cell 
monolayers three times with ice-cold binding buffer. The cells 
were solubilized by adding 0.5 ml of 1 M NaOH and heated 
at 65˚C for 30 min. Non-specific binding, which was 3-5% of 
the total binding, was determined by incubating the cells with 
labeled antibody in the presence of 100-fold excess unlabeled 
antibody. The non-specific binding was subtracted from the 
total binding to determine the specific binding.

HER2 DNA sequencing and reverse transcriptase-polymerase 
chain reaction. Primary DNA sequencing and reverse tran-
scriptase polymerase chain reaction (RT-PCR) have previously 
been described (23). Briefly, poly(A)+ RNA was directly isolated 
and converted to single-strand cDNA as a template for PCR 
amplification from cells growing in culture. A total of six PCR 
reactions designed to generate sufficient overlapping HER2 
DNA fragments were performed for each cell line. PCR was 
run for 40 cycles using high fidelity pfx DNA polymerase. A 
fraction of the PCR-amplified products was resolved on a 1% 
agarose gel and stained with ethidium bromide. The remaining 
PCR products were gel-purified for DNA sequencing. Six PCR 
amplicons were used to cover the entire HER2 coding region.

MEP and genomic analysis. MEP using Affymetrix gene chips 
(Santa Clara, CA, USA) has previously been described (24). 
SKOV-3 and SKOV-3 HR cells were incubated with or without 
trastuzumab (50 µg/ml) for 72 h. Cells were harvested, total RNA 
was isolated and purified, cDNA was generated and mRNA was 
scanned onto Affymetrix gene chips. In vitro transcription and 
hybridization were performed with human genome U133 set 
consisting of two GeneChip arrays (Affymetrix) with 45,000 
probe sets. These probe sets represent more than 39,000 tran-
scripts derived from approximately 33,000 well-substantiated 
human genes. After uploading the results to the Affymetrix 
laboratory information management system, signal intensities 
were retrieved from the database for analysis. Normalization 
was performed by sample via median scaling to the median of all 
chips in the study. Normalization was not performed on the gene 
level. Differentially expressed genes with greater than a two-fold 
(p≤0.05) difference in fluorescence expression were filtered and 
isolated from background. T-tests were performed for two sets 
of comparisons. First, the treated population was compared with 
the control population in the parental background to determine 
the effects of trastuzumab treatment. Probe sets were selected 
that reached a p-value cut-off of <0.05 and at least a two-fold 
change in either the positive or negative direction. Probe sets 
with a maximum expression in either of the two conditions of 
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<25 were omitted for low expression. The second comparison 
was between the acquisition of probe sets from parental and 
resistant background samples. The list of genes that were identi-
fied was annotated using the Affymetrix NetAffx™ system at 
the probe set level. Biological functions were assigned to each 
gene network using the Ingenuity Pathways Knowledge Base 
(Mountain View, CA, USA). The Ingenuity Pathways program 
cross-references the entered probe sets from the NetAffx system 
and assigns a network of genes with biological links or inter-
actions based on data obtained from published literature (25). 
Fisher's exact test is used to calculate a p-value that determines 
the probability that the biological function assigned to that 
network can be explained by chance alone.

MUC1 expression by immunohistochemistry. SKOV-3 and 
SKOV-3 HR cells and tumors were fixed in 10% neutral buff-
ered formalin. The expression of glycosylated MUC1 on the 
cell surface was determined by incubating the cells with the 
NeoMarkers MUC1 peroxidase-conjugated antibody (cat. no.
RB-9222-P; Fremont, CA, USA) or the human MUC1 Ab-5 
alkaline phosphatase-conjugated antibody, which recognizes 
amino acids 239-255 on the MUC1 cytoplasmic domain. 
Antigen unmasking was performed on the samples prior to the 

addition of the primary antibodies. Samples were incubated 
with the primary antibody for approximately 18-24 h at 4˚C. 
After repeated washing (≥3 times) in wash buffer, samples 
were incubated with secondary antibodies for 30 min at room 
temperature. Staining was performed with fast red chromogen 
until the fixed cells turned dark red-brown in color. After 
washing in distilled water and dehydrating in ethanol, cover-
slips were mounted on the slides. Photographs of slides were 
taken with a light microscope using x40 magnification.

Results

Selection of SKOV-3 HR tumors and lack of antiproliferative 
and antitumor response to trastuzumab. The development 
of the SKOV-3 HR model involved the induction of acquired 
resistance over time in the in vivo setting through continuous 
exposure to trastuzumab. Initially, trastuzumab-sensitive 
SKOV-3 cells were implanted subcutaneously in athymic nu/nu  
mice, which were administered a therapeutic dose of trastu-
zumab once a week when tumors were firmly established (26). 
Tumor growth from individual animals was monitored for more 
than 120 days post implant. When tumor progression occurred, 
breakthrough tumors that reached ≥1000 mm3 were extracted, 

Figure 1. (A) SKOV-3 cells (5x106 cells/mouse) were implanted subcutaneously 
in the right hind flank of ten female athymic nu/nu mice with BD Matrigel™. 
For each mouse, treatments started when tumor volume reached >100 mm3. 
Trastuzumab (4 mg/kg loading dose for one week and 2 mg/kg thereafter) 
was administered intraperitoneally weekly for the entire duration of the study 
(>120 days post-implantation). *Mouse number 6 showed initial inhibition of 
tumor growth but later lost this response. The tumor from this mouse was 
passaged into ten naive nu/nu mice in the second round for further selection. 
(B) SKOV-3 and SKOV-3 HR cells (5x104/well) were seeded in triplicate in 
96-well plates, and the next day trastuzumab was added at the indicated doses 
(white bars, culture medium; gray bars, 10 µg/ml trastuzumab; black bars, 
20 µg/ml trastuzumab). Plates were allowed to incubate at 37˚C, 5% CO2 for an 
additional 2 h. 3H-thymidine was added 18 h prior to harvest. β-radiation emis-
sion counts per well were averaged and graphed as radiation counts per min. 
(C) SKOV-3 and SKOV-3 HR cells (5x106 cells/mouse) were implanted subcu-
taneously in the right hind flank of female athymic nu/nu mice with Matrigel 
(1:1 v/v). Treatments started at the indicated time when group mean tumor 
volume reached approximately 100-200 mm3. Trastuzumab (4 mg/kg loading 
dose for one week and 2 mg/kg thereafter) and vehicle were administered intra-
peritoneally weekly for 4.5 weeks. Circle, SKOV-3 cells treated with vehicle 
(sterile saline); triangle, SKOV-3 cells treated with trastuzumab; square, 
SKOV-3 HR cells treated with vehicle; diamond, SKOV-3 HR cells treated with 
trastuzumab. CPM, counts per min; HR, Herceptin-resistant; SEM, standard 
error of mean.
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processed, divided equally and implanted into a new set of naive 
mice (Fig. 1A). In the second round, upon tumor establishment, 
trastuzumab treatment was again initiated and tumor responses 
were followed. Three or four rounds of in vivo serial passaging 
of breakthrough tumors were carried out to ensure there was 
a lack of, or negligible, response to trastuzumab before these 
tumors were cultured in vitro and characterized.

First, the effects of exogenously added trastuzumab on 
the proliferation of the breakthrough SKOV-3 HR cells were 
determined in  vitro. Trastuzumab was added to plates of 
cultured SKOV-3 and SKOV-3 HR cells, and the incorporation 
of 3H-thymidine was measured as an indicator of proliferation. 
β-radiation emissions revealed that the addition of trastuzumab 
inhibited SKOV-3 proliferation compared with cells incu-
bated in culture medium alone (Fig. 1B). Even a low dose of 
trastuzumab (10 µg/ml) over 72 h of incubation was enough to 

notice a difference in proliferation compared with the control. 
Interestingly, trastuzumab did not have an antiproliferative 
effect on the SKOV-3 HR cells (Fig. 1B). These proliferation 
experiments were performed at least twice and similar outcomes 
were obtained each time.

To confirm the resistance of SKOV-3 HR cells to trastu-
zumab, the effect of treatment with trastuzumab on these cells 
was again examined in vivo. In a xenograft efficacy experiment, 
the effects of trastuzumab therapy were compared side by side 
in athymic nu/nu mice that were implanted with SKOV-3 and 
SKOV-3 HR tumors. SKOV-3 HR tumors became palpable more 
rapidly and grew faster than parental SKOV-3 tumors (Fig. 1C). 
Trastuzumab treatment for mice implanted with SKOV-3 
tumors was delayed for 11 days to ensure that the starting 
tumor volumes (approximately 100-200 mm3) were similar to 
SKOV-3 HR tumor volumes. Trastuzumab inhibited SKOV-3 

Figure 2. (A) Determination of HER2 cell surface receptor expression was 
performed by FACS analysis. SKOV-3, MDA-MB-435 and SKOV-3 HR cells 
were tested for HER2 receptors with mouse monoclonal antibody against ECD 
followed by a secondary goat antimouse FITC-antibody. Non-specific staining 
refers to fluorescence uptake with the secondary antibody only, while specific 
staining indicates fluorescence uptake with primary and secondary antibodies. 
The mean channel fluorescence was similar in testing all cell lines, indicating 
similar levels of cell surface HER2 receptors on SKOV-3 and SKOV-3 HR 
cells. (B) Immunoblot of SKOV-3, SKOV-3 HR and Hek293 (HER2-negative 
control). Multiple samples of SKOV-3 (lanes 1-3) and SKOV-3 HR (lanes 4-6), 
and one sample of Hek293 (lane 7) cell lysates were blotted for protein expres-
sion levels of HER2, AKT, and p44/42 (mitogen-activated protein kinase). 
β-actin served as the loading control. FACS, fluorescence-activated cell 
sorting; ECD, extracellular domain; FITC, fluorescein isothiocyanate; HER2, 
human epidermal growth factor receptor; HR, Herceptin-resistant; pERK1/2, 
phosphorylated extracellular regulated kinases 1/2. 
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tumor growth by 50% (p=0.05) compared with SKOV-3 vehicle-
treated controls over a 4.5-week treatment period. SKOV-3 HR 
tumor growth, in contrast, was not inhibited by trastuzumab that 
was given at the same treatment regimen and schedule (tumor 
growth inhibition = 8%, p=0.734).

HER2 receptor expression and downstream signaling. The lack 
of trastuzumab activity in vitro and in vivo against SKOV-3 HR 
cells may be due to the loss of cell surface HER2 receptor expres-
sion. To address this possibility, levels of cell surface HER2 
expression on SKOV-3 and SKOV-3 HR cells were compared. 
The MDA-MB-435 cell line, a human breast carcinoma cell line 
that has low HER2 protein expression, served as the negative 
control. SKOV-3, SKOV-3 HR and MDA-MB-435 cells were 
incubated with labeled FITC-conjugated mouse monoclonal 
antibody against the human HER2 receptor ECD. FACS analysis 
revealed that SKOV-3 and SKOV-3 HR cells had similar levels of 
expression of cell surface HER2 receptors (Fig. 2A), suggesting 
that these SKOV-3 HR cells may exhibit aberrant signaling 
downstream from HER2.

Downstream signaling components were then evaluated 
for alterations in their protein expression. Immunoblotting was 
used to determine the total protein levels of p44/42 (pErk1/2) 
and AKT in cell lysates from SKOV-3, SKOV-3 HR and Hek293 
cells (Fig. 2B), with Hek293 serving as the HER2-negative 
control. The results revealed no significant differences in the 

expression levels of AKT and pERK1/2  (p44/42) between 
SKOV-3 and SKOV-3 HR cells.

Increased binding sites but decreased binding affinity. A 
ligand receptor-binding assay and Scatchard plot analysis were 
performed with radioactively tagged trastuzumab to determine 
the binding affinity of trastuzumab for cognate HER2 recep-
tors. Purified 125I-labeled trastuzumab was exogenously added 
to SKOV-3 and SKOV-3 HR cells in culture and later saturated 
with unlabeled or cold trastuzumab for competitive binding. 
Scatchard plot analysis revealed that 125I-trastuzumab bound 
to more binding sites on the surface of SKOV-3  HR cells 
(1.1x106 sites/cell) than of SKOV-3 cells (0.335x106 sites/cell). 
However, the binding affinity was decreased by approximately 
two- to three-fold (7.6x10-10 vs. 3.1x10-10 M, respectively; Fig. 3).

Sequencing of HER2 primary DNA transcripts. As the number 
of  trastuzumab binding sites is increased on SKOV-3 HR cells, 
the decreased binding affinity of trastuzumab for these cells 
could be due to an alteration or mutation in the HER2 ECD. To 
address this, the HER2 primary transcripts from both cell lines 
were compared. Six PCR amplicons with overlapping sizes 
were used to cover the entire HER2 coding region (Fig. 4A). 
All PCR products were found at the expected sizes by agarose 
gel electrophoresis (Fig. 4B). Overall, the PCR amplified prod-
ucts from both cell lines were identical. Analyzing the DNA 

Figure 3. Scatchard plot analysis of SKOV-3 (black circles) and SKOV-3 HR (white circles) cells were performed to evaluate trastuzumab binding sites and binding 
affinity (Kd). Cells were grown in 48-well plates and incubated with increasing concentrations of 125I-trastuzumab. Non-specific binding was determined by adding 
unlabeled trastuzumab (100-fold excess). The non-specific binding was subtracted from the total binding to determine specific binding. The line of best fit was 
determined by linear regression. The number of cells per well used for the binding assay were SKOV-3, 19x103; SKOV-3 HR, 23x103. 
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sequence following RT-PCR revealed that the full-length HER2 
sequences obtained from SKOV-3 and SKOV-3 HR cells were 
identical (Fig. 4C). Both sequences aligned well with a HER2 
sequence from a published database (e.g., SWISSPROT). 
Therefore, the decreased binding affinity of trastuzumab for 
HER2 receptors on the SKOV-3 HR cells is likely not due to 
mutations in the HER2 gene.

Genes differentially expressed in SKOV-3 HR cells. Through 
in  vivo induction of acquired resistance with continuous 
trastuzumab treatment of tumor-bearing mice, the SKOV-3 HR 
cells underwent specific genomic changes that differentiated 
them from their parental counterparts. Performing MEP using 
Affymetrix gene chips revealed genes that may have given rise 
to the resistance phenotype or, as a result of the resistance induc-
tion, were now distinctly expressed genes. Genes with expression 
that differed by a greater than two-fold (p≤0.05) magnitude of 
difference in fluorescence were filtered and isolated from back-
ground. Fluorescence expression analysis revealed that a larger 

number of genes were affected by trastuzumab in the parental 
background than in the resistant background, suggesting 
that trastuzumab induced or affected the functionality of the 
SKOV-3 cells. The gene chip fluorescence results were anno-
tated using the Affymetrix NetAffx system at the probe set 
level. Biological functions were assigned to each gene network 
using the Ingenuity Pathways Knowledge Base. The Ingenuity 
Pathways program identified a set of genes with a known 
biological link or interaction with the EGFR family. The basal 
fluorescence expression of these genes in the two cell lines is 
presented in Fig. 5A. The expression of these genes in the two 
cell lines after trastuzumab treatment is shown in Fig. 5B. This 
set of 33 genes was differentially expressed between the two cell 
lines and had a greater than two-fold change in expression level 
between the basal state and after trastuzumab treatment. The 
genes that the Ingenuity Pathways program assigned biological 
functions to have notable and well-studied roles in tumorigenesis, 
angiogenesis, invasion and metastases, apoptosis, proliferation 
and survival. Some of these genes include angiopoietin 2, nestin, 

Figure 4. (A) DNA sequencing strategy for HER2-negative cells; green lines designate location and length of each PCR amplified HER2 DNA fragment. DNA 
fragment length in base pairs are indicated in parentheses. (B) PCR amplification of HER2 DNA sequences. The lane numbering corresponds to the PCR 
amplicon number. All DNA fragments were found to be at the expected size, and all were purified and used for DNA sequencing (except for no. 4 due to low 
yield). (C) Compilation of all sequencing reactions for HER2 overlapping DNA fragments from SKOV-3 HR cells. Each arrow represents the sequence length and 
direction of a DNA sequence reaction. The consensus sequence is indicated as rectangle at bottom. The same sequencing strategy was applied to SKOV-3 cells. 
HER2, human epidermal growth factor receptor 2; PCR, polymerase chain reaction.
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Figure 5. MFI of genes that were identified with differential expression by the Ingenuity Pathways program under (A) basal or constitutive condition (without 
trastuzumab treatment), and (B) with the addition of trastuzumab (50 µg/ml) for 72 h after signal intensities were retrieved from the Affymetrix LIMS database and 
normalized using median scaling to the median of all chips. Probesets were selected which reached a p-value cut-off of <0.05 and a fold change of at least two-fold 
in either the positive or negative direction. SKOV-3 cells, white bars; SKOV-3 HR cells, black bars. ETS, E-twenty-six; FGFR, fibroblast growth factor receptor; 
ICAM2, intercellular adhesion molecule 2; IGF, insulin-like growth factor; IL-1, interleukin 1; HBGF, heparin-binding growth factors; MFI, mean fluorescence 
intensity; MMP7, matrix metalloproteinase-7; MUC1, mucin 1; uPAR, urokinase plasminogen activator receptor.
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ceruloplasmin, fibroblast growth factor receptor 3, integrin α/β, 
Vav3 oncogene, matrix metalloproteinase‑7, keratin 19, CD24, 
ETS transcription factor, intercellular adhesion molecule 2, 
urokinase plasminogen activator receptor, epiregulin, throm-
bomodulin, Id-1, heparin-binding growth factor, IGF-binding 
protein 6 and MUC1.

MUC1 is overexpressed in SKOV-3  HR cells. The role of 
MUC1 in cancer pathogenesis has been extensively studied, 
and MUC1 is known to interact with the EGFR family (27). 
Since the MUC1 gene was shown to be highly expressed in 
SKOV-3 HR cells, MUC1 protein expression was confirmed by 
IHC. Examination of the MUC1 cell surface and cytoplasmic 
expression revealed a striking difference in MUC1 positivity 
between SKOV-3 and SKOV-3 HR cells. Not only was MUC1 
expression on the cell surface of the SKOV-3 cells dramatically 
decreased compared with the SKOV-3 HR cells, there were 
significantly fewer SKOV-3 cells that were positive for MUC1 
(Fig. 6A and B). Almost all (≥90%) of the SKOV-3 HR cells 
were stained dark red-brown for positive MUC1 expression 
compared with ≤20% of the SKOV-3  cells. Moreover, the 
intensity of positive MUC1 staining on SKOV-3 HR cells was 
greater compared with that of the parental cells. The overex-
pression of MUC1 protein on SKOV-3 HR cells correlated 
with the significantly higher gene expression obtained from the 

microarrays. Examination of SKOV-3 and SKOV-3 HR in vivo 
subcutaneous tumors for MUC1 expression revealed a pattern 
similar to that observed with the cultured cells. MUC1 expres-
sion by IHC in the SKOV-3 HR cells was more intense than 
the MUC1 expression on parental SKOV-3 tumors that were 
extracted at the same time (Fig. 6C and D).

Discussion

The development and subsequent approval of trastuzumab has 
led to the availability of the first antibody-based molecular 
targeted therapy for MBC in patients whose tumors have 
HER2 gene amplification and concomitant HER2 protein 
overexpression. However, despite clinical responses observed 
with both monotherapy and in combination regimens, there 
are still many patients whose tumors progress on trastuzumab-
based therapy, indicating acquired resistance to therapy (28). 
Moreover, a subset of patients do not have objective responses 
despite HER2 overexpression, indicating that they may have 
some form of de novo or intrinsic resistance. Thus, patients 
with HER2-positive breast cancer who do not respond to 
trastuzumab or progress during trastuzumab-based treatment 
may benefit from new therapeutics with different targets, or 
different treatment regimens. Studies exploring the mechanism 
of trastuzumab resistance in preclinical cancer models as well 

Figure 6. (A) Image of SKOV-3 cells stained with antibody against MUC1 (dark red-brown cells). (B) MUC1 is overexpressed in SKOV-3 HR cells. Slides viewed 
under x40 magnification. (C and D) Extracted SKOV-3 and SKOV-3 HR subcutaneous tumors, respectively, fixed and IHC stained for human MUC1. Photographs 
taken under at x40 magnification. HR, Heceptin-resistant; MUC1, mucin 1.
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as methods to reverse resistance, thereby restoring sensitivity 
to and effectiveness of trastuzumab treatment, are ongoing 
(16-21,29-31). Preclinical studies, including our own, have 
demonstrated the antitumor activity of trastuzumab in experi-
ments using ovarian carcinoma models with intrinsic HER2 
overexpression. However, not all HER2-overexpressing tumors 
respond to trastuzumab, the reasons for which are unclear, and 
there is a continuous need to investigate the mechanisms behind 
the lack of translational efficacy. The knowledge we gain from 
studying models with sensitivity to trastuzumab and investi-
gating the subsequent loss of that sensitivity is vital for future 
management of the disease and the improvement of treatment 
options. Intrinsic and acquired resistance, as well as genetic or 
epigenetic factors, may limit the effectiveness of trastuzumab 
in ovarian cancers and other HER2-overexpressing epithelial 
cancers (6,32).

Our group is the first to develop a preclinical model of 
ovarian carcinoma, SKOV-3 HR, with induced (or acquired) 
resistance to trastuzumab. The SKOV-3 HR model was devel-
oped from the parental SKOV-3 cell line. SKOV-3 is used 
by many investigators to demonstrate the in vitro and in vivo 
antiproliferative and antitumor effects of trastuzumab, making 
it a useful tool to investigate resistance mechanisms from a 
preclinical perspective (3,33). We generated the SKOV-3 HR 
model by in vivo serial passaging of SKOV-3 tumors that had lost 
sensitivity to trastuzumab for three to four rounds. SKOV-3 HR 
is the first trastuzumab-resistant ovarian model to be developed 
by this method, which, as an in vivo model, may prove to be 
more clinically relevant than an artificial in vitro tissue culture 
environment.

The results from our study with the SKOV-3 HR model may 
be cross-referenced or translatable to other preclinical models 
or clinical specimens, aiding in deciphering the mechanisms 
of trastuzumab resistance and ultimately in developing strate-
gies and therapies to overcome such mechanisms. For instance, 
several laboratories have developed trastuzumab-resistant breast 
cancer cell lines that are sensitive to EGFR tyrosine kinase inhib-
itors (34). Similarly, we observed that the SKOV-3 HR tumors 
developed in this study also exhibit sensitivity to the tyrosine 
kinase inhibitor erlotinib (data not shown). In addition, evidence 
has emerged that trastuzumab resistance can be circumvented or 
abrogated by targeting HER2 receptor heterodimerization and 
kinase activity, or disruption of HER2 signaling with another 
anti-HER2 antibody, such as pertuzumab (35,36).

The characterization of SKOV-3 HR cells revealed constitu-
tive expression of the HER2 protein similar to that observed 
with trastuzumab-sensitive parental cells. Similar findings of 
unaltered HER2 expression and downstream growth signaling 
regulators before and after trastuzumab treatment have been 
observed in other models of trastuzumab resistance, implying 
that cancer cells can circumvent trastuzumab activity but 
continue to depend on the activation of the HER2 oncogene 
(19,34). HER2 overexpression and protein downregulation 
that result from trastuzumab treatment are not predictors of 
response (37). Therefore, factors other than HER2 overexpres-
sion may be predictive of antitumor response to trastuzumab in 
ovarian cancer (38). However, the fundamental reasons for the 
clinical activity of trastuzumab in HER2-positive breast and 
gastric cancers, but not in other HER2-positive cancers, such 
as ovarian cancer, are not completely understood.

We demonstrate that trastuzumab is not effective against 
SKOV-3 HR proliferation and in vivo tumor growth. The reasons 
for these findings could be due to the ineffectual/incomplete 
binding of trastuzumab to HER2 receptors, as demonstrated by 
the receptor/ligand binding assay and Scatchard plot analysis. 
We found that there was a three-fold or greater increase in 
trastuzumab binding sites on SKOV-3 HR cells, but which was 
accompanied by a decrease in binding affinity compared with 
the parental line. This decreased trastuzumab binding affinity 
could indicate an alteration in the trastuzumab recognition or 
binding epitope on the HER2 ECD; however, DNA sequence 
analysis revealed that the HER2 primary transcripts from both 
cell lines were similar, with no obvious differences. Similar 
results regarding the increase in binding sites and the diminished 
binding affinity were noted in the characterization of JIMT-1, a 
trastuzumab-resistant breast cancer cell line, by Nagy et al (19). 
Moreover, the JIMT-1 cells retained HER2 amplification and 
protein overexpression and maintained unaltered expression of 
downstream growth regulatory signaling proteins, which was 
also observed with the SKOV-3 HR cells in this study.

Determination of the genomic differences between SKOV-3 
and SKOV-3 HR may aid in elucidating the mechanisms of the 
development of resistance. MEP identified a set of genes that were 
differentially expressed at constitutive or basal levels between 
parental SKOV-3 and SKOV-HR cells. A similar MEP was 
performed after the addition of in vitro exogenous trastuzumab 
to cells in culture. The Ingenuity Pathways program identified 
a dataset of 33 genes that have direct network/links/interac-
tions to HER/EGFR biological processes. Functional analysis 
grouped these genes by their role in biological processes, such as 
angiogenesis/invasion, differentiation, proliferation, cell growth 
and survival. These genes included MUC1, angiopoietin 2, 
CD24, Vav3 oncogene, nestin and ETS transcription factor, 
whose differential and dysregulated expression and subsequent 
biological interaction with the EGFR family could support 
the development of SKOV-3 HR cells that are phenotypically 
aggressive with acquired therapeutic resistance to trastuzumab.

One of the genes that was overexpressed at least five-fold 
at the genomic and protein level by the SKOV-3 HR cells 
compared with the SKOV-3 cells is MUC1. MUC1 is an 
O-glycosylated transmembrane protein that is aberrantly 
expressed in a majority of breast, ovarian and many other 
epithelial carcinomas (39). Cell surface mucins interact with 
the EGFR family to regulate signaling events related to cell 
growth, motility, differentiation, inflammation and other higher-
order functions. MUC1 protein overexpression in SKOV-3 HR 
cells was confirmed by the marked positive staining by IHC. 
SKOV-3 HR tumors exhibit distinct MUC1 overexpression, 
which may contribute to a more robust tumorigenicity and the 
overt aggressive growth of the tumor cells. MUC1 expression is 
highly regulated and can be inhibited by HER2 overexpression 
in transformed mammary epithelial cells (40). Conceivably, the 
long-term use of trastuzumab could have led to HER2 inhibi-
tion, and, possibly in conjunction with the altered expression of 
the genes that we identified (angiopoeitin 2, increased nestin, 
increased Vav3 oncogene expression) caused the upregulation 
of MUC1 mRNA and protein overexpression in SKOV-3 HR 
tumors. Consequently, this course of events could have led to 
the formation of an aggressive phenotype that confers resis-
tance to trastuzumab.
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Cell surface mucins such as MUC1 form complex multiva-
lent tandem oligosaccharide repeats that form densely arrayed, 
highly ordered structural layers that facilitate the ingress and 
egress of molecules to the cell. These oligosaccharide tandem 
repeats surround the tumor cell like a molecular ‘shield’ to 
block toxic compounds, such as chemotherapeutic agents or 
anticancer antibodies (41). Therefore, similar to MUC4 in the 
JIMT-1 cells, overexpression of MUC1 in SKOV-3 HR cells 
could present a steric barrier or constraint that affects the 
binding of trastuzumab to HER2 receptors, thereby causing a 
decrease in binding affinity and a subsequent lack of antiprolif-
erative response. Furthermore, the increased phosphorylation 
of MUC1 could potentiate downstream signaling pathways, 
such as Ras/Raf/Erk (MAPK), leading to uncontrolled growth 
and survival (27).

The data obtained from these studies provide further 
evidence of the role of MUC1 in trastuzumab resistance. For 
instance, Fessler et al showed that a cleaved form of the MUC1 
protein (MUC1*) is upregulated in trastuzumab-resistant breast 
cancer cells and that the inhibition of MUC1* could reverse 
resistance and restore trastuzumab sensitivity (30). Moreover, the 
expression of MUC1* could be involved in so-called intrinsically 
resistant or refractory HER2-positive cancers (IHC 1+/2+ HER2-
positive breast cancer and ovarian cancer) for which trastuzumab 
is less effective. Therefore, the combination of trastuzumab and a 
MUC1 antagonist could be used to reverse acquired and intrinsic 
resistance to trastuzumab, and may be effective in deterring the 
onset of resistance in the adjuvant setting.

Zhang et al showed that increased c-SRC activation medi-
ated by the loss of PTEN or the overexpression of EGFR or the 
type 1 IGF receptor (IGF1R) can confer therapeutic resistance 
to trastuzumab in breast cancer cells, and the direct dephos-
phorylation of c-SRC can restore trastuzumab sensitivity (21). 
Of note, MUC1 is associated with the c-SRC tyrosine kinase. 
c-SRC phosphorylates the MUC1 cytoplasmic domain and can 
inhibit the interaction between MUC1 and glycogen synthase 
kinase 3-β. Moreover, the c-SRC-mediated phosphorylation of 
MUC1 can increase the binding of MUC1 and β-catenin (42). 
Thus, the overexpression of MUC1 in the SKOV-3 HR cells and 
the interaction with its substrate, c-SRC, may implicitly confer 
resistance to trastuzumab.

Other mechanisms of resistance to trastuzumab that were 
proposed from research in preclinical models include ampli-
fication of HER/ErbB signaling, cross-talk with heterologous 
receptor tyrosine kinases, accumulation of the constitutively 
active truncated p95-HER2, alternate or amplification of 
survival signaling pathways, such as the IGF1R and PI3K/AKT 
pathways, respectively, and the alteration of downstream 
signaling, such as the loss of PTEN. This diversity suggests 
that no one mechanism may be responsible for causing the 
resistance of HER2-overexpressing tumor cell to trastuzumab. 
Our data add to the knowledge that continues to accumulate 
in this field, and strategies are being developed to overcome 
resistance in trastuzumab-treated patients. For instance, novel 
agents are being evaluated as single agents or in combination, 
in patients with HER2-positive MBC that has progressed on 
prior trastuzumab therapy. For example, pertuzumab in combi-
nation with trastuzumab has demonstrated a response rate of 
24.2% in patients in this setting (43). Trastuzumab emtansine 
(T-DM1), composed of trastuzumab conjugated via a stable 

thioether linker to DM1 (a potent microtubule inhibitor), has 
also demonstrated activity in this setting. Phase II trials evalu-
ating single-agent T-DM1 have demonstrated response rates of 
35.5 and 25.9% in patients with HER2-positive MBC who had 
received prior trastuzumab and chemotherapy (44,45). Lastly, 
lapatinib, a small molecule HER2 and EGFR kinase inhibitor, 
has a mechanism of action distinct from trastuzumab (46). 
Clinical benefit in the trastuzumab-refractory HER2-positive 
MBC setting was observed when lapatinib was administered in 
combination with chemotherapy, resulting in a reduction in the 
risk of progression of 51% in the lapatinib arm compared with 
the control arm (47).

Our study on the development and characterization of the 
SKOV-3 HR trastuzumab-resistant ovarian carcinoma model 
add to the increasing body of knowledge of resistance mecha-
nisms observed with many cancer therapies. Our proposed 
mechanism of trastuzumab resistance supports therapies that 
target MUC1 along with HER2 to achieve increased antitumor 
efficacy. Moreover, we identified a gene signature that may 
be responsible for the onset of resistance to trastuzumab and 
could provide the basis for elucidating the lack of trastuzumab 
activity in patients with ovarian cancer. This gene signature 
could correlate with clinical samples with acquired and 
intrinsic resistance and could potentially provide the basis for 
identifying patient populations that may or may not respond to 
trastuzumab treatment. Although further research is required, 
the inhibition of these genes and proteins could potentially 
result in the reversal of resistance and lead to the discovery of 
more effective therapies for breast, ovarian and other cancers.
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