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Trastuzumab (Herceptin�) has demonstrated clinical potential in several types of HER2-overexpressing
human cancers. However, primary and acquired resistance occurs in many HER2-positive patients with
regimens. To investigate the possible mechanism of acquired therapeutic resistance to trastuzumab,
we have developed a preclinical model of human ovarian cancer cells, SKOV3/T, with the distinctive fea-
ture of stronger carcinogenesis. The differences in gene expression between parental and the resistant
cells were explored by microarray analysis, of which IGF-1R and HER3 were detected to be key molecules
in action. Their correctness was validated by follow-up experiments of RT-PCR, shRNA-mediated
knockdown, downstream signal activation, cell cycle distribution and survival. These results suggest that
IGF-1R and HER3 differentially regulate trastuzumab resistance and could be promising targets for trast-
uzumab therapy in ovarian cancer.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

The family of human epidermal growth factor receptor (EGFR)
consists of EGFR, HER2, HER3 and HER4. The deregulated or dys-
functional expression of EGFR family has been implicated in the
development and malignancy of several types of human cancers
[1]. Trastuzumab (Herceptin�) was the first anti-HER2 humanized
monoclonal therapeutic antibody and has shown considerable clin-
ical efficacy and improvement of survival quality in patients with
HER2-amplified breast cancer [2,3]. In metastatic breast cancer, a
series of phase II and phase III clinical trials showed that trast-
uzumab plus chemotherapy increase time to progression, response
rates and overall survival compared with chemotherapy alone [4].
However, many patients do not respond to initial trastuzumab
treatment (primary resistance), and many trastuzumab-responsive
patients develop resistance after continuous treatment within one
year (acquired resistance) [5].
Overexpression of HER2 has also been found in patients with
other types of cancers such as ovarian cancer [6], though correla-
tion between HER2-overexpression and the prognostic significance
or incidence remain unclear. In ovarian cancer patients, intrinsic
resistance to trastuzumab was still under close scrutiny in clinical
studies. A clinical Phase II trial exhibited a limited clinical value of
trastuzumab in the treatment of HER2-positive ovarian cancer due
to a low rate of objective responses [7]. These disappointing results
have been confusing many researchers because the overexpression
of HER2 in ovarian patients is at the approximate frequency as
breast cancer patients do [8,9]. Indeed, several studies have clearly
shown that the causes for low response rate of single-agent trast-
uzumab in ovarian cancer possibly correlate with multi cancer-
related markers [10,11], gene mutations [12] or marker shifting
during disease developing courses [13,14]. Identifying the needs
and opportunities to develop predictive biomarker of trastuzumab
response in ovarian cancer have also been suggested by a recent
study [15].

To identify possible effective and clinically practical resistant
mechanisms in ovarian cancer, we developed a preclinical model
of trastuzumab-resistant cell line SKOV3/T by means of chronic
exposure to trastuzumab. Surprisingly, SKOV3/T cells exhibit
enhanced proliferation and carcinogenesis in vivo without the
amplification of EGFR and HER2. Therefore, microarray analysis
was subsequently used to clarify differential-expressed genes
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between resistant and parental cell lines, confirming that the up-
regulation of IGF-1R and HER3 genes was involved in resistant
cells. Follow-up experiments verified their contribution to the en-
hanced proliferation in the resistant cells, suggesting that they
could be suitable for prediction of the clinical response and poten-
tial therapeutic targets in ovarian cancer patients on trastuzumab-
based therapy.
2. Materials and methods

2.1. Regents

Antibodies were purchased from companies as follows:
anti-EGFR, anti-phospho-EGFR, anti-HER2, anti-phospho-HER2,
anti-HER3, anti-phospho-HER3, anti-Akt, anti-phospho- Akt, anti-
ERK1/2, anti-phospho-ERK1/2, anti-IGF-1R, anti-phospho-IGF-1R,
anti-GAPDH and corresponding secondary antibodies (Cell Signal-
ing Technology); PE conjugated anti-EGFR, anti-HER2 and anti-
HER3 (eBiosciences). Regents were purchased from companies as
follows: Trastuzumab (F. Hoffmann-La Roche Ltd.); SYBR� Green
Real-time PCR Master Mix (TOYOBO); Electrophoresis reagents
and polyvinylidene difluoride (PVDF) membranes (Bio-Rad); BCA
protein assay and enhanced chemiluminescent (ECL) reagents
(Pierce); The IGF-1R inhibitor NVP-ADW742 (Selleck Chemicals);
shRNA (short hairpin RNA) to knock down HER3 (Biomics Biotech-
nologies); DMSO, TRIzol, G418 and Lipofectamine 2000 (Invitro-
gen); Human NRG1-b1/HRG1-b1 (RD); DMEM and FBS (HyClone);
Human IGF-1 and sulforhodamine B (SRB) (Sigma–Aldrich). All
other chemicals were obtained from commercial source of analyt-
ical grade.

2.2. Cell culture and shRNA transfection

Human ovarian cancer cell line SKOV3 from ATCC (No. HTB-77)
was conserved in our lab. The cells were cultivated in DMEM sup-
plemented with 100 units/ml penicillin, 100 units/ml streptomy-
cin, 10% FBS and 4 mM L-glutamine. All the cells were incubated
in a humidified incubator (Thermo, USA) at 37 �C with 5% CO2.
Acquired trastuzumab resistant cell line SKOV3/T by eight-month
persistent treatment of trastuzumab was prepared in our lab. For
shRNA transfection, the shRNA-lipo complexes were prepared
using Lipofectamine 2000 according to the manufacturer’s instruc-
tion and then the mixtures were added into SKOV3/T cells. Stable
knockdown clones were established by selection with a medium
containing 600 lg/ml G418 for 3 weeks. G418 resistant clones
were isolated and amplified in complete medium containing
400 lg/ml G418.

2.3. SKOV3/T model generation

Trastuzumab-resistant ovarian cell line SKOV3/T was developed
through continuously culturing SKOV3 cells in the presence of
gradually increasing concentrations of trastuzumab (from 20
lg/ml to 50 lg/ml) for 8 months, during which the medium was
replaced every 3 days [5]. SKOV3/T cells are now maintained in
the presence of 20 lg/ml trastuzumab.

2.4. Cell survival assay

Cells were seeded in triplicate in 96-well plate with
5 � 103 cells/well. After 24 h, the cells were treated with NVP-
ADW742 (2 lM) or trastuzumab (20 lg/ml) for defined time and
then cell viability was determined by SRB assay as previously
described [16].
2.5. Flow cytometry

Flow cytometry and data analysis (the percentage and intensity
of stained cells, etc.) was performed exactly as previously
described [16].

2.6. Cell cycle distribution analysis

Cells were treated, digested and prepared by fixation in 75%
ethanol overnight at �20 �C. In the second day, cells were stained
with 50 lg/ml PI in the presence of 100 lg/ml RNase A for 30 min
at 37 �C in the dark. Quantification of the cell cycle distribution was
done by flow cytometric analysis.

2.7. In vivo carcinogenic and trastuzumab treatment assays

Groups of 5-wk-old female BALB/c athymic, nu/nu (nude) mice
were inoculated on fat pad with 1 � 106/0.1 ml SKOV3 or SKOV3/T
cells on day 0. Since day 7, mice bearing palpable tumors were ran-
domized into four groups with 6 mice per group (n = 6) and treated
once weekly with trastuzumab i.v. for four times at the dose of
5 mg/kg. Then mice were observed twice a week about body
weight, survival rates and tumor volumes according to the follow-
ing equation: Tumor volume (mm3) = 1/2 � (length) � (width)2.
Data are presented as mean ± S.D. of relative tumor volume com-
pared with day 7. Pairwise differences between groups were
compared.

Care, use and treatment of mice in this study were in strict
agreement with international guidelines for the care and use of
laboratory animals and approved by Animal Ethics Committee of
Institute of Basic Medical Sciences.

2.8. Quantitative real-time polymerase chain reaction (qRT-PCR)

Total RNA was isolated from cultured cells using TRIzol and
reverse-transcribed into cDNA using the SuperScript III First Strand
cDNA synthesis system according to the manufacturer’s instruction
(Invitrogen). qRT-PCR was performed on a Bio-Rad iCycler using
SYBR� Green Real-time PCR Master Mix. All reactions were carried
out on Bio-Rad iQ5 Optical Module Real-Time PCR instrument. Each
sample was run in triplicate. GAPDH as the internal control was also
amplified under the same conditions. The relative fold change of
each sample was normalized to that of GAPDH. The standard curve
and data analysis were produced using Bio-Rad iQ5 software.

2.9. Western blot

Cells were cultivated in 24-well plate and incubated with 10
ng/ml HRG-b1 or 20 ng/ml IGF-1 for 15 min. Then cell monolayers
were washed with cold PBS before they were lysed in cell lysis buf-
fer. Cell lysate supernatants were collected by 13,000g centrifuga-
tion for 15 min at 4 �C. Total protein concentrations in these
fractions were determined by BCA protein assay. Western blot
analysis was performed exactly as previously described [16].

2.10. Microarray analysis

Human 12 � 135 K Gene Expression Array manufactured by
Roche NimbleGen was used to estimate the changes in gene
expression between SKOV3 parental and drug resistant cell lines.
Expression data were normalized through quantile normalization
and the Robust Multichip Average (RMA) algorithm included in
the NimbleScan software. Differentially expressed genes between
two samples were identified through fold change filtering.
Hierarchical clustering was performed using the Agilent Gene-
Spring GX software (version 11.5.1).
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2.11. Statistical analysis

Student’s t test was performed to analyze differences between
groups. Changes of tumor size between groups were analyzed by
ANOVA (two-tailed). For all tests, P < 0.05 was regarded as statisti-
cally significant. All experiments were replicated at least three
times.

3. Results

3.1. Trastuzumab-resistant cell line SKOV3/T loses the sensitivity to
trastuzumab

Through continuously culturing SKOV3 cells under trastuzumab
for 8 months, we obtained an acquired trastuzumab-resistant cell
line SKOV3/T. Cells were pooled and tested for their responses to
trastuzumab. As shown in Fig. 1A, cell survival and proliferation
of SKOV3 were inhibited by 20 lg/ml trastuzumab, while SKOV3/
T lost the response to antibody treatment. These results were fur-
ther confirmed by in vivo trastuzumab therapy assays (Fig. 1B), for
there were significant difference in the therapeutic effect between
SKOV3 and SKOV3/T xenograft mice treated with trastuzumab
(P < 0.01), offering the evidence of SKOV3/T lacking the normal
sensitivity to trastuzumab.

3.2. SKOV3/T enhances proliferation and carcinogenesis in vivo
without up-regulation of EGFR or HER2

Surprisingly, compared with parental line, SKOV3/T enhanced
profound cell proliferation and carcinogenesis in vivo (Fig. 1B).
Further cell cycle assay analyzed by flow cytometry offered a pos-
sible explanation that long-term trastuzumab treatment in SKOV3/
T cells aroused increment of G2/M and S phase cell population and
Fig. 1. Enhanced proliferation and in vivo carcinogenesis of acquired trastuzumab-resis
(20 lg/ml) followed by SRB assay. Values are mean ± SD from 3 independent experimen
xenografts were treated with PBS (control) or trastuzumab. Values are the mean ± SD of
cycle distribution of SKOV3 and SKOV3/T cell lines were determined by flow cytometry
expression of EGFR and HER2 in SKOV3 or SKOV3/T cells were detected by flow cytometry
level of EGFR and HER2 in SKOV3 or SKOV3/T cells were determined by qRT-PCR. Values a
(F) Western blot analyses for expression level of p-EGFR, EGFR, p-HER2 and HER2 in SK
a concomitant decrement of cell number at G0/G1 phase. Fig. 1C
showed the percentage of S-phase cells in SKOV3/T was 28.2%, sig-
nificantly higher than that in SKOV3 cells (15.61%).

EGFR and HER2 have been confirmed pivotal role to cell sur-
vival, proliferation, transcription, apoptosis and prognosis of can-
cer patients. As shown in Fig. 1D–F, flow cytometry, qRT-PCR and
western blot analyses showed the down-regulation of EGFR and
HER2 in SKOV3/T cells. Moreover, HER2, EGFR expression and
intrinsic phosphorylative activation were also remarkably down-
regulated. Src was detected as a positive control of resistance [5].
Therefore, we concluded that there should be other reasons lead
to SKOV3/T enhanced proliferation and carcinogenesis in vivo.

3.3. IGF-1R and HER3 genes were significantly up-regulated in SKOV3/
T based on microarray analysis

In order to find out the mechanisms of how trastuzumab resis-
tance trickles the enhanced proliferation and in vivo carcinogene-
sis, Human 12 � 135 K Gene Expression Array was used to detect
the changes in gene expression between SKOV3/T and SKOV3 cells.
As prolonged trastuzumab treatment has been reported to repro-
gramming of various RTKs [5,17], therefore we focus on all the
RTKs in the two cell lines. We performed the hierarchical clustering
to analysis the differential expressed RTKs genes. Only 10 RTKs
genes reaching a P-value cut-off of 60.05 and a fold change of
P2.0 in both directions (marker with ⁄ in Fig. 2), among which
IGF-1R and HER3 were within the top 5 genes in positive direction
and thus chosen for further evaluation.

3.4. IGF-1R and HER3 overexpression in SKOV3/T cells

The role of IGF-1R in cancer pathogenesis has been extensively
studied. The IGF-1R gene was shown up-regulated in SKOV3/T cells
tant cell line SKOV3/T. (A) SKOV3 or SKOV3/T cells were treated with trastuzumab
ts. ⁄P < 0.05, SKOV3/T group vs. SKOV3. (B) Nude mice bearing SKOV3 or SKOV3/T
relative tumor volume compared with day 7 (6 mice per group). ⁄⁄P < 0.01; (C) cell

. The data are representative of 3 independent experiments. (D) Membrane protein
. The data are representative of 3 independent experiments. (E) mRNA transcription
re mean ± SD from 3 independent experiments. ⁄P < 0.05, SKOV3/T group vs. SKOV3.
OV3 or SKOV3/T cells.



Fig. 2. Differential gene expression of RTKs between SKOV3 and SKOV3/T cell line. (A) Unsupervised hierarchical clustering based on the set of all RTK genes in SKOV3 and
SKOV3/T. Rows represent gene, columns represent experimental cells. (B) Fold-change map of all RTKs. ⁄Represent genes reaching a P-value cut-off of 60.05 and a fold change
of P2.0 in both directions.
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based on microarray analysis and its expression level was further
confirmed by qRT-PCR (Fig. 3A) and western blot (Fig. 3B). With
the treatment of IGF-1, a ligand for IGF-1R, phosphorylation of
IGF-1R and downstream signal p-ERK1/2 was remarkably stronger
in SKOV3/T cells than in parental SKOV3 cells, suggesting the
bio-functional significance of IGF-1R up-regulation associated with
activation of downstream signals in SKOV3/T cells. The specificity
of IGF-1R was further confirmed based on the offset of the above
activation effect through co-incubation with the IGF-1R antagonist
NVP-ADW742 (Fig. 3B).
Fig. 3. IGF-1R or HER3 over-expression induces the activation of downstream signals in S
mean ± SD from 3 independent experiments. ⁄P < 0.05, SKOV3/T group vs. SKOV3. (B) SK
the absence or presence of IGF-1 (20 ng/ml) and lysed for western blot analysis. (C and D)
are mean ± SD from 3 independent experiments. ⁄P < 0.05, SKOV3/T group vs. SKOV3. (E)
lysed for western blot analysis. (F) SKOV3/T cells transfected HER3 or control shRNA were
The data are representative of 3 independent experiments.
Besides IGF-1R, HER3 was also identified as over-expression by
qRT-PCR (Fig. 3C) and western blot (Fig. 3D). To investigate the
effect of HER3-amplification on the downstream signaling in
SKOV3/T, cells were stimulated with heregulin-b1 (HRG-b1), a
well-known ligand for HER3. As shown in Fig. 3E, HRG-b1 induced
phosphorylation and downstream p-AKT and p-ERK1/2 activation
only existed in SKOV3/T cells, indicating the presence of mem-
brane HER3 in stark contrast to SKOV3 cells. Meanwhile, as shown
in Fig. 3F, knockdown of HER3 in SKOV3/T by shRNA attenuated
the specific activation (especially p-ERK1/2), thus offering a direct
evidence of HER3 over-expression in resistant cell line.
KOV3/T cells. (A) IGF-1R transcription level was determined by qRT-PCR. Values are
OV3 and SKOV3/T cells were treated with or without 1 lM NVP-ADW742 (NVP) in
HER3 expression level was identified by qRT-PCR (C) and flow cytometry (D). Values
SKOV3 or SKOV3/T cells were treated with 10 ng/ml HRG-b1 (HRG) for 15 min and
treated with 10 ng/ml HRG-b1 (HRG) for 15 min followed by western blot analysis.
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3.5. Targeting IGF-1R and/or HER3 inhibited the proliferation of
SKOV3/T

To further identify the bio-functional association of HER3 and
IGF-1R, SKOV3/T cells were treated with control or HER3 shRNA
before cells were incubated with NVP-ADW742. Cell survival was
subsequently calculated by SRB assay. As shown in Fig. 4A, both
NVP-ADW742 and shRNA-HER3 transfection could dramatically
inhibit SKOV3/T cell proliferation, suggesting that both IGF-1R
and HER3 contributed to cell proliferation in SKOV3/T cells and
IGF-1R seems to show greater importance than HER3. The combi-
nation of NVP-ADW742 and HER3 knockdown caused the greatest
inhibition rate in SKOV3/T cells. Besides, NVP-ADW742 also
showed enhanced inhibition of cell cycle in HER3 knockdown
SKOV3/T cells. As shown in Fig. 4B, the S-phase was about 9%
(HER3 knockdown and IGF-1R inhibition) contrasting to the value
of 16% in SKOV3/T treated with NVP-ADW742 (IGF-1R inhibition),
and that of 21% in HER3 knockdown cells and 29% (control,
untreated) in SKOV3/T.

4. Discussion

Approximately 20–30% of ovarian cancer patients have been
shown HER2 overexpression [18]. Trastuzumab was evaluated to
have limited clinical value in the treatment of HER2-positive ovar-
ian cancer based on low response rate [7]. However, the reasons for
low response rate remain unclear. Luistro et al. [13] were pioneers
in the development of the first preclinical trastuzumab-resistant
ovarian carcinoma model to investigate the mechanism of trast-
uzumab resistance in ovarian cancer. The model provided highly
valuable clues for further research of the inefficiency of trast-
uzumab in patients with HER2-overexpressing ovarian cancer.
They showed that overexpression of MUC1 might hinder trast-
uzumab binding to HER2 receptors, thereby abrogating the antitu-
mor effects of trastuzumab and thus giving rise to resistance to
trastuzumab therapy. In our study, the results of microarray anal-
ysis also showed up-regulation of MUC1 (data not shown), sup-
porting their conclusion.

We also established a preclinical trastuzumab-resistant ovarian
cancer model SKOV3/T to further investigate the trastuzumab
resistance in ovarian cancer. Surprisingly, we found that SKOV3/T
cells possessed enhanced proliferation and carcinogenesis charac-
teristic in vivo without the amplification of EGFR and HER2. Fur-
thermore, microarray analysis was performed to clarify
differential-expressed genes between SKOV3 and SKOV3/T, from
which we preliminarily singled out IGF-1R and HER3 to be the
key molecules. Follow-up experiments were performed to
characterize their bioactivities by RT-PCR, shRNA-mediated
Fig. 4. HER3 plus IGF-1R up-regulation contribute to enhanced SKOV3/T cell proliferation
NVP-ADW742 (NVP) followed by SRB assay. Values are mean ± SD from 3 independent ex
(B) SKOV3/T cells transfected with HER3 or control shRNA were treated with or witho
cytometry. The data are representative of 3 independent experiments.
knockdown, downstream signal activation, cell cycle distribution
and survival, respectively. These results supported the fact that
IGF-1R plus HER3 contribute to the enhanced proliferation and car-
cinogenesis in acquired trastuzumab-resistant SKOV3/T cells.

A positive HER3 expression was observed in 53.4% of the cancer
patients and considered as a unique tumor target in ovarian cancer
when anti-HER2 antibody pertuzumab plus gemcitabine treatment
of platinum-resistant ovarian cancer benefited with low HER3
mRNA [19]. Bezler et al. [20] postulated that activation of the
HER3-PI3K-AKT cascade represents a major mechanism of che-
mo-resistance in ovarian cancer as cells treated with doxorubicin
or cisplatin resulted in activation of the HER3. In our study, HER3
up-regulation was also identified significantly in acquired trast-
uzumab resistant SKOV3 cells, indicating its important role in
ovarian cancer.

IGF-1R is highly expressed in ovarian cancer tissues and associ-
ated with the occurrence, development and poor prognosis of ovar-
ian cancers [21,22]. IGF-IR is reported as a potential new molecular
target in ovarian cancer and blocking its action is becoming a new
potential ovarian cancer therapy [23]. An anticancer activity of IGF-
1R kinase inhibitor NVP-AEW541 in ovarian cancer has been doc-
umented [24]. A commercially available fully human neutralizing
monoclonal antibody specific to IGF-IR, robatumumab, has shown
potent antitumor effects in ovarian cancer in vitro and in vivo. Some
reports have revealed that IGF-1R/HER2 heterodimerization [25]
and HER2/HER3/IGF-1R heterotrimerization [26] played key roles
in trastuzumab-resistant breast cancer and the levels of HER2,
HER3, and IGF-IR were similar between the parental and resistant
breast cancer cells. But our study showed down-regulation of HER2
as well as up-regulation of IGF-1R and HER3 in the trastuzumab-
resistant ovarian carcinoma cells, possibly attributing to the differ-
ent type of cancer. Nevertheless, our data confirmed that jointly
targeting IGF-1R and HER3 could overcome the trastuzumab resis-
tance in ovarian cancer cells, supporting their assumptions.

Under the stress of drugs, e.g. antibody, cancer cells often chose
‘‘evolution’’ to adapt it, including surface marker shifting, mutation
and/or cytokine release to change the microenvironment, etc. Our
new findings complemented the existing knowledge of acquired
resistance mechanisms that IGF-1R and HER3 up-regulation con-
tributed to the enhanced proliferation and carcinogenesis of trast-
uzumab-resistant cancer cells. The proposed mechanism of
trastuzumab resistance supports new therapies that target
IGF-1R and/or HER3 with HER2 to achieve increased antitumor
efficacy. We maintain that the new carcinogenic marker, such as
HER3 or IGF-1R formerly considered as negative/low should also
be screened during the course of trastuzumab treatment in the fu-
ture. Moreover, our work has identified a gene signature that may
be responsible for the onset of resistance to trastuzumab and
. (A) SKOV3/T cells transfected with HER3 or control shRNA were treated with 2 lM
periments. ⁄⁄P < 0.01, NVP-ADW742 treated group or HER3 shRNA group vs. control.
ut 2 lM NVP-ADW742 (NVP) and their cell cycle distribution determined by flow
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provided the basis for elucidating the de novo lack of trastuzumab
activity in patients with ovarian cancer, for the reason that other
carcinogenic markers escape the targeting therapy of antibody.
Although further investigation is certainly warranted, the inhibi-
tion of these genes and proteins may result in the reversal of resis-
tance and lead to the discovery of more effective therapies for
breast, ovarian and other cancers.
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