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A B S T R A C T

Resistance to chemotherapy is a serious problem for the successful treatment of ovarian

cancer patients but signalling pathways that contribute to this chemoinsensitivity are

largely unknown. We demonstrate that the chemotherapeutic drug doxorubicin induces

activation of the HER3-PI3K-AKT signalling cascade in ovarian cancer cells. We further

show that the induction of this anti-apoptotic signalling pathway is based on upregulated

expression of HER3 ligands, their shedding by the metalloprotease ADAM17, and is depen-

dent on the HER2 receptor. The doxorubicin-mediated activation of this important survival

cascade can be blocked by the kinase inhibitors lapatinib or erlotinib as well as by the ther-

apeutic monoclonal antibody trastuzumab. Inhibition of the doxorubicin-induced activa-

tion of HER3-PI3K-AKT signalling significantly increased apoptosis of ovarian cancer

cells. Besides doxorubicin, treatment of cells with cisplatin resulted in activation of the

HER3 receptor whereas other chemotherapeutics did not show this effect. The increase

in HER3 phosphorylation was detected in well-established ovarian cancer cell lines which

originate from patients previously treated with these chemotherapeutic drugs. Based on

these results, we postulate that activation of the HER3-PI3K-AKT cascade represents a ma-

jor mechanism of chemoresistance in ovarian cancer.
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Published by Elsevier B.V. All rights reserved.
1. Introduction survival rate of woman with advanced disease is only 30%
Despite the development of new anti-cancer therapeutics like

tyrosine kinase inhibitors (TKI) and therapeutic monoclonal

antibodies, classical chemotherapy still represents the stan-

dard treatment for most cancers in the clinic. Although ini-

tially effective, chemotherapeutic drug resistance often

occurs and the management of multi-drug resistant and re-

current or refractory tumours represents a difficult problem

for clinical oncologists. In this regard, ovarian cancer repre-

sents a paramount example. Although first-line response

rates are about 80%, most patients relapse and the 5-year
cular Biology, Max-Planck
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(Agarwal and Kaye, 2003). Intensive research for better thera-

peutic treatment strategies administered after standard-of-

care chemotherapy in different combinations and concentra-

tions, varying conditions of radiotherapy, immunotherapy or

biological therapy did not result in a significant survival ad-

vantage of ovarian cancer patients (Hennessy et al., 2009).

Onemechanismmediating drug resistance relies on cellular

changes like an increased repair of DNA damage, alterations in

cell cycle and/or reduction of apoptosis by the activation of

anti-apoptotic pathways (McCubrey et al., 2008). In this regard,

activation of the PI3K-AKT pathway is an important
-Institute of Biochemistry, Am Klopferspitz 18, 82152 Martinsried,
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requirement of cancer cells to escape cell death upon exposure

to toxic stimuli. In esophageal squamous cell carcinoma, phos-

phorylation of AKT was significantly higher among patients

who received chemotherapy and this increase was associated

with poor prognosis (Yoshioka et al., 2008). In cervical cancer,

significantly increased levels of phosphorylated AKT were

detected in a radiation-resistant versus a radiation-sensitive

group (Kim et al., 2006). Furthermore, the involvement of an ac-

tivated PI3K-AKT signalling cascade promoting resistance

against several chemotherapeutic drugs was shown in various

cell culture model systems (Li et al., 2005; Liu et al., 2007;

Winograd-Katz and Levitzki, 2006; Yu et al., 2008).

The HER3 (ErbB3) receptor is the third member of the EGF

receptor family (Kraus et al., 1989; Plowman et al., 1990). The

cytoplasmic part of the HER3 receptor possesses six potential

PI3K binding sites and represents the preferred dimerisation

partner when signalling occurs via the PI3K-AKT pathway

(Schulze et al., 2005). Moreover, the fundamental role of the

HER3 receptor as an upstream activator of this pathway as

well as its PI3K-AKT and FOXO dependent feedback mecha-

nisms,mediating insensitivity to TKI treatment, were recently

elucidated (Chakrabarty et al., 2011; Chandarlapaty et al.,

2011; Engelman et al., 2007; Garrett et al., 2011; Sergina et al.,

2007). Dimerisation, preferentially with HER2, can be initiated

upon ligand binding to the extracellular domain of the recep-

tor which subsequently results in activation of downstream

signalling pathways. The HER2/HER3 heterodimer reflects

the most potent mitogenic signalling complex in the HER net-

work despite the fact that both partners are incapable of sig-

nalling on their own (Pinkas-Kramarski et al., 1996; Wallasch

et al., 1995). HER3 and HER2 overexpression was associated

in breast cancer and it was shown that HER3 cooperates

with HER2 to effectively transform NIH 3T3 cells (Alimandi

et al., 1995; Witton et al., 2003). Moreover, expression of the

HER3 receptor correlated with reduced patient survival in ma-

lignant melanoma and formation of metastases (Reschke

et al., 2008). Furthermore, HER3 was connected to decreased

survival of patients with cancer of the ovary and in colorectal

cancer an inverse correlation of high HER3 expression levels

and shorter patient survival times was reported quite recently

(Beji et al., 2012; Tanner et al., 2006).

In the present study we highlight a novel chemotherapy-

induced activation of the important HER3-PI3K-AKT anti-apo-

ptotic signalling pathway, its role in promoting drug resis-

tance in ovarian cancer cells, and point out potential

intervention strategies.
2. Materials and methods

2.1. Cell culture techniques

Cell lines were grown in a humidified 93% air, 7% CO2 incuba-

tor at 37 �C and routinely assayed formycoplasma contamina-

tion. The human ovarian cancer cell lines OVCAR-3, 2780,

2774, and SKOV-6 were maintained in MEM media supple-

mented with 10% fetal bovine serum (FBS) and non essential

amino acids. Human OVCAR-4, OVCAR-5, OVCAR-8, and

SKOV-8 ovarian cancer cell lines were cultured in RPMI media
supplemented with 10% FBS. The SKOV-3 cell line was main-

tained in McCoy’s media with 10% FBS.

2.2. RNA interference

Transfection of 21-nucleotide siRNA duplexes (Ambion) was

carried out using OligofectAMINE (Invitrogen) or Lipofect-

amine RNAiMAX (Invitrogen) and OPTI-MEM media (GIBCO)

without FBS. After 4 h media was changed to normal media

containing FBS, and after additional 24 h cells were used for

further experiments.

2.3. Flow cytometry (propidium-iodide assay)

Cells were seeded at a density of 2� 104 or 3� 104 cells/well

into 12-well plates. The next day, media was changed and

cells were treated. After 72 h of cultivation in the presence

of inhibitors and FBS, the supernatant was collected and com-

bined with the trypsinised cells, centrifuged, and incubated

with 0.1% Triton, 0.1% sodium citrate and 0.02 mM propi-

dium-iodide (Sigma) in the dark at 4 �C. After 2 h, cells were

analysed by flow cytometry (FACS-Calibur, BD Bioscience) us-

ing the CellQuest Pro Software. The sub-G1 population was

counted as the apoptotic population and presented as fraction

of the total cells counted.

2.4. Caspase 3/7-Glo assay (Promega)

Cells were seeded at a density of 2000e3000 cells/well into 96

well plates in a volume of 50 ml and treatment of cells was ini-

tiated the next day. After additional 24 h, 50 ml of Caspase 3/7-

Glo assay buffer was added and cells were incubated in the

dark at room temperature. After 1 h, 50 ml was transferred to

a white 96-microwell plate and measured in a microplate

luminometer (LB96V, EG&G Berthold). The Caspase 3/7-Glo as-

say is a luminescence assay that measures activities of execu-

tioner caspases-3 and -7.

2.5. Western blotting

Cells were cultivated, lysed with buffer containing 1% Triton

X-100, and equal amounts of protein were resolved by SDS-

PAGE. Proteins were transferred to nitrocellulose membrane

(Schleicher & Schuell), blocked for several hours in NET-

gelatin and incubated at 4 �C overnight with the correspond-

ing primary antibody in NET-gelatin. Anti P-HER3 (Y1289)

#4791, P-HER2 (Y1248) #2247, P-EGFR (Y1173) #4407, HER4

#4795, EGFR #2232, and P-AKT (S473) #9271 antibodies were

purchased from Cell Signalling. The HER3 (2F12) #05-390,

HER3 blocking Ab (105.5) #05-471, HER2 #06-562, and p85 #06-

496 antibodies were bought from Millipore and the anti-

Tubulin #T9026 antibodywas purchased from SigmaeAldrich.

The anti-ADAM17 #AB19027 antibody was purchased from

Chemicon. Membranes were washed three times with

NET-gelatin and incubated with a horseradish peroxidase-

conjugated anti-rabbit or anti-mouse secondary antibody

diluted in NET-gelatin for 1 h at room temperature. After addi-

tional washing, detection was done using enhanced chemilu-

minescence (ECL; Western Lightning, Perkin Elmer) on X-ray

films.
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2.6. Immunoprecipitation

Cell lysates were pre-cleared with 20 ml of protein A- or G-

Sepharose for 1 h. Respective antibodies were pre-coupled to

40 ml Sepharose beads in lysis buffer for 1 h and washed twice

with lysis buffer. Lysates and pre-coupled antibody-beads

were incubated at 4 �C for 4 h and precipitates were washed

three times with 700 ml lysis buffer, suspended in 3� Laemmli

buffer, boiled for 10 min, and directly subjected to western

blot analysis. Antibodies used for IP were purchased from

Millipore (HER3, #05-390) and from Santa Cruz (HER4, #sc-283).

2.7. Small molecule inhibitors and therapeutic
monoclonal antibodies

Lapatinib as well as erlotinib was purchased from Vichem

Chemie (Hungary) and LY294002 was bought from Cell Signal-

ling. The therapeutic monoclonal antibodies Herceptin and

Erbitux were purchased from the Max-Planck Pharmacy in

Martinsried.
3. Results

3.1. Doxorubicin treatment induces activation of the
HER3-PI3K-AKT anti-apoptotic signalling cascade

We detected a doxorubicin-dependent increase in HER3

(Tyr1289) and AKT (Ser473) phosphorylation upon treatment

with 1 mM of doxorubicin for 24 and 48 h in three (OVCAR-3,

OVCAR-4, SKOV-6) out of nine tested ovarian cancer cell lines

(Figure 1A). All cell lines analysed (OVCAR-3, OVCAR-4,

OVCAR-5, OVCAR-8, SKOV-3, SKOV-6, SKOV-8, 2774, 2780)

originate from either untreated or pre-treated ovarian cancer

patients (Freedman et al., 1978; Hamilton et al., 1983; Louie

et al., 1986; Provencher et al., 1993; Schilder et al., 1990). The

observed, doxorubicin-mediated phosphorylation of AKT ki-

nase was effectively abrogated when OVCAR-3 and OVCAR-4

cells were treatedwith the PI3K inhibitor LY294002 in addition

to doxorubicin (Figure 1B). Moreover, precipitation of the PI3K

subunit p85 together with the HER3 receptor was clearly en-

hanced in cells previously treated with doxorubicin

(Figure 1C). We therefore analysed if the cytotoxic effect of

doxorubicin can be increased by blocking the doxorubicin-

mediated activation of AKT with LY294002. Cellular apoptosis

was detected (72 h after treatment) by measuring the sub-G1

content by FACS analysis (propidium-iodide (PI) assay) repre-

senting the apoptotic fraction of total cells counted as well

as by measuring the activation of the caspase cascade 24 h af-

ter addition of drugs (Caspase 3/7-Glo assay). Interestingly, ap-

optosis was markedly increased in both cell lines when

doxorubicin was combined with the PI3K inhibitor LY294002

(Figure 1D).

3.2. Downregulation of the HER3 receptor increases
doxorubicin-mediated apoptosis

To validate the importance of the HER3 receptor in the context

of chemosensitivity HER3 was transiently downregulated by

RNAi. Cell lines were either treated with HER3 specific siRNA
or with control siRNA against luciferase (Gl2). As visualised

in Figure 2A, total amounts of HER3 could be effectively dimin-

ished in all three cell lines and the knockdown completely ab-

rogated the doxorubicin-mediated increase in HER3

phosphorylation in OVCAR-3 and OVCAR-4 cells. Apoptosis

(sub-G1 content) was measured 72 h after the addition of

doxorubicin to previously siRNA treated cells (Figure 2B). As

anticipated, downregulation of HER3 combined with doxoru-

bicinwas superiorwhen compared to single treatments. Inter-

estingly, no beneficial effect on apoptosis could be observed in

the OVCAR-8 cell line used as negative control in this experi-

ment (negative control¼no increase in P-HER3 and P-AKT

upon addition of doxorubicin).

3.3. Lapatinib and erlotinib block doxorubicin-mediated
phosphorylation of HER3 and AKT and enhance cellular
apoptosis

It is widely accepted that the HER3 receptor has an impaired

kinase activity or at least high substrate selectivity (Guy et al.,

1994; Jura et al., 2009; Pinkas-Kramarski et al., 1996; Sierke

et al., 1997; van der Horst et al., 2005). Nevertheless, it repre-

sents an important heterodimerisation partner for other

members of the EGFR family like the HER2 receptor. Based

on this information, we aimed to identify the potential dimer-

isation partner of HER3 in our ovarian cancer cell line model

system. We targeted two well known HER3 interaction part-

ners namely the EGFR and HER2 by using two “specific” tyro-

sine kinase inhibitors, lapatinib (Tykerb) and erlotinib

(Tarceva). Lapatinib, a dual kinase inhibitor, is approved by

the FDA for the treatment of breast cancer and is capable of

inhibiting the kinase activity of EGFR and HER2. Erlotinib is

a “selective” inhibitor of the EGFR and is approved for treat-

ment of non-small cell lung cancer and pancreatic cancer. In-

terestingly, both inhibitors have the potential to inhibit other

members of the EGFR family. In this regard, erlotinib also

blocks HER2 activity at submicromolar concentrations by di-

rect interaction with the receptor, whereas lapatinib binds

to the HER4 receptor as well (Qiu et al., 2008; Schaefer et al.,

2007; Wood et al., 2004). Both inhibitors can therefore be con-

sidered as potential HER2 inhibitors at concentrations used in

our experiments (Suppl. Figure 1A). Applying these inhibitors,

we analysed whether a combinatorial treatment of either

lapatinib or erlotinib with doxorubicin abrogates the detect-

able increase in HER3 phosphorylation as well as activation

of AKT. Interestingly, both inhibitors effectively blocked the

doxorubicin-induced increase in HER3 and AKT phosphoryla-

tion with lapatinib being superior to erlotinib (Figure 3A). In

addition, we analysed the efficacy of this combinatorial treat-

ment on the level of apoptosis induction in OVCAR-3 and

OVCAR-4 cells to further evaluate a potential clinical applica-

tion of this combinatorial approach. Cell lines were treated

with lapatinib or erlotinib in combination with doxorubicin

and activation of caspases was measured 24 h later. Treat-

ment with lapatinib as well as erlotinib resulted in about

two fold increased caspase activation when compared to un-

treated cells (Figure 3B; upper graphs). Single administration

of these inhibitors or doxorubicin revealed only minor effects.

Moreover, DNA fragmentation was analysed 72 h after treat-

ment and an increase in apoptosis could be detected

http://dx.doi.org/10.1016/j.molonc.2012.07.001
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Figure 1 e Doxorubicin induces activation of the HER3-PI3K-AKT anti-apoptotic signalling pathway. (A) Phosphorylation of HER3 (P-tyr

1289) and AKT kinase (P-ser 473) was analysed 24 h as well as 48 h after addition of 1 mM doxorubicin. Total amounts of HER3 were determined

with the HER3 antibody (2F12, Millipore) while Tubulin is shown as loading control. The OVCAR-8 cell line is displayed as a negative control

representing non-responding cell lines in this context. (B) Cells were treated with or without doxorubicin (1 mM) for 24 h in combination with

indicated concentrations of the PI3K inhibitor LY294002 and compared to DMSO treated cells. (C) Cells were treated with or without

doxorubicin (1 mM) for 24 h. The HER3 receptor was immunoprecipitated with a commercially available HER3 specific antibody (Millipore, 2F12)

which recognises the intracellular part of the receptor as well as with a homemade antibody (1B4C3) detecting the N-terminal part of HER3.

Immunoblots for total HER3, phospho-tyrosine (P-tyr) as well as for p85 (regulatory subunit of PI3K) are shown. (D) Cell lines were incubated

with 20 mM of LY294002 in combination with doxorubicin (OVCAR-3 [ 1 mM and OVCAR-4 [ 2 mM) and induction of apoptosis (analysed

after 24 h) was compared to single treatments and DMSO control. Relative luciferase activity reflects the activation of executioner caspases-3 and

-7 (Caspase 3/7-Glo assay) in relation to caspase activity of DMSO control treated cells. Mean values and SEM of three independent experiments

are shown (upper graphs). Sub-G1 content (%) was analysed 72 h after treatment with 20 mM of LY294002 in combination with doxorubicin

(OVCAR-3 [ 1 mM and OVCAR-4 [ 2 mM) and was compared to single treatments and DMSO control. Mean values (n [ 3) and SEM are

indicated (lower graphs).
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(Figure 3B; lower graphs). As opposed to this, neither the ad-

dition of lapatinib nor erlotinib in combination with doxoru-

bicin resulted in a significant increase in apoptosis of the

“control” cell line OVCAR-8 when compared to doxorubicin
single treatment (Figure 3C; upper and lower graph). These re-

sults are remarkable, because both cell lines exhibit only

a moderate expression of the EGFR and HER2 receptors

(Suppl. Figure 2A).
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Figure 2 e Doxorubicin-induced apoptosis is increased upon downregulation of HER3. (A) Doxorubicin-mediated phosphorylation of HER3 was

analysed after siRNA-mediated downregulation of HER3 and compared to siRNA control. Cells were additionally treated with or without

doxorubicin (1 mM) for 24 h and 48 h. Immunoblot analysis of total HER3 as well as phospho-HER3 (P-tyr 1289) levels are demonstrated while

Tubulin serves as loading control. (B) Apoptosis (sub-G1 content in %) was analysed 72 h after addition of doxorubicin (OVCAR-3 [ 1 mM,

OVCAR-4 [ 2 mM, OVCAR-8 [ 1 mM). Mean values and SEM for the HER3 knockdown (KD HER3) combined with or without doxorubicin

(Dox), as well as for siRNA control (control) treated cells are illustrated. All experiments were performed at least five times. Knockdown

experiments in OVCAR-3 and OVCAR-4 cells were separately performed with two different HER3 specific siRNAs with the Oligofectamine

transfection reagent (Invitrogen) and results were then validated by using a mixture of three HER3 siRNAs with the RNAiMax transfection

reagent (Invitrogen).
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3.4. Doxorubicin-induced activation of HER3 is ligand-
mediated and dependent on ADAM17 metalloprotease
activity

We next examined if the doxorubicin-mediated increase in

HER3 phosphorylation is elicited by an autocrine or paracrine

activation loop. Therefore, we analysed NRG1 (HER3 ligand)

expression upon treatment with doxorubicin. Cell lines were

incubated with doxorubicin for 14 and 24 h, total RNAwas iso-

lated, reverse-transcribed and isoform-specific primers were

used for PCR mediated amplification of NRG1 isoforms. As an-

ticipated, expression of NRG1 b1 and b2 was upregulated in

both cell lines upon doxorubicin treatment (Figure 4A).

Ligands of the EGFR family are generated as membrane-

anchored precursor proteins that can be proteolytically

cleaved by metalloproteases and are thereby released from

the cell (Blobel, 2005). Batimastat is a broadband inhibitor of

the ADAM family of metalloproteases and blocks

shedding of EGFR ligands (Borrell-Pages et al., 2003; Dong

et al., 1999). Batimastat was used in combination with doxoru-

bicin to block the potential shedding of HER3 ligands and sub-

sequent activation of the HER3 receptor. Interestingly, the
doxorubicin-mediated increase of the HER3 phospho-signal

was completely abrogated when cells were incubated with

doxorubicin in combination with batimastat (Figure 4B; upper

graphs). Moreover, a strong induction of caspase activation

wasmeasured in both cell lines for the combinatorial drug set-

ting, whereas only a marginal apoptotic effect was detectable

upon single treatment with batimastat or doxorubicin

(Figure 4B; lower graphs).

ADAM17 deficient cells are defective in shedding several

EGFR ligands like TGFa, HB-EGF and amphiregulin (Merlos-

Suarez et al., 2001; Peschon et al., 1998; Sunnarborg et al.,

2002). Recently, the major role of ADAM17 in the cleavage of

the three EGFR ligands mentioned above and epiregulin as

a new substrate has been strengthened by Sahin and col-

leagues (Sahin et al., 2004). In NSCLC, activation of the HER3

receptor correlated with the expression of ADAM17 but not

with ADAM10 and only the downregulation of ADAM17 but

not ADAM9, ADAM10 or ADAM15 had an effect on HER3 and

AKT activity in A549 lung cancer cells (Zhou et al., 2006).

Therefore, we investigated whether ADAM17 is also involved

in shedding of HER3 ligands in our system. As anticipated,

the doxorubicin-induced activation of the HER3 receptor was

http://dx.doi.org/10.1016/j.molonc.2012.07.001
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Figure 3 e Lapatinib and erlotinib block the doxorubicin-mediated induction of HER3 and AKT phosphorylation and increase apoptosis. (A)

OVCAR-3 and OVCAR-4 cells were treated with lapatinib (5 mM), erlotinib (5 mM) or DMSO in combination with or without 1 mM of

doxorubicin. Cells were lysed 24 h after addition of drugs and 50 mg (total protein amount) was subjected to SDS-PAGE, blotted and probed with

corresponding antibodies. Representative immunoblots for P-HER3, P-AKT, total HER3, and Tubulin are shown. (B) Relative luciferase activity

representing the increase in caspase activity (Caspase 3/7-Glo assay) of cells treated with inhibitor and doxorubicin relative to DMSO control

treated cells. Mean values and SEM (n [ 5 for OVCAR-3 and n [ 4 for OVCAR-4) are shown. Cells were incubated for 24 h with lapatinib

(10 mM), erlotinib (10 mM) or DMSO in combination with 1 mM (OVCAR-3) and 2 mM (OVCAR-4) of doxorubicin (upper graphs). Mean values

and SEM (n [ 3) of the cellular sub-G1 content (%) upon treatment with lapatinib or erlotinib (5 mM) in combination with doxorubicin

(1 mM [ OVCAR-3, 2 mM [ OVCAR-4) for 72 h (lower graphs). (C) OVCAR-8 served as a “negative” control in this experiment (upper and

lower graph). Caspase activity and sub-G1 content was analysed as described for the OVCAR-3 and OVCAR-4 cell line.
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Figure 4 e Doxorubicin-induced activation of HER3 is ligand-mediated and dependent on ADAM17 metalloprotease activity. (A) RNA was

extracted from OVCAR-3 and OVCAR-4 and reverse transcribed after cells were treated with or without doxorubicin (1 mM) for indicated time.

Expression of ligands was analysed by semiquantitative PCR using NRG1a, NRG1b1 and NRG1b2 specific primers. GAPDH serves as loading

control. (B)Representative immunoblots of cells treatedwith batimastat (5mM) in combinationwith doxorubicin (1mM) for 24 h compared to control

treated cells (upper graphs). Caspase activity (Caspase 3/7-Glo assay) was measured upon treatment of cells with batimastat and doxorubicin and

compared to single treatments andDMSO control.Mean values and SEM (n[ 6 for OVCAR-3 and n[ 5 for OVCAR-4). Cells were seeded in 96-

well plates, treated for 24 h with or without batimastat (5 mM) and/or doxorubicin (OVCAR-3 [ 1 mM, OVCAR-4 [ 2 mM), and were analysed

afterwards (lower graphs). (C)Western blot analysis of OVCAR-3 and OVCAR-4 cells upon downregulation of ADAM17 or HER3 in combination

with or without doxorubicin (1 mM) for 24 h. Representative immunoblots for ADAM17, P-HER3, total HER3, and Tubulin are shown. (D)

OVCAR-3 and OVCAR-4 were incubated with or without doxorubicin (1 mM) for 24 h and incubated with the HER3 blocking antibody 105.5

(Millipore) at a concentration of 10mg/ml for 2 h before lysis of cells. Representative immunoblots of P-HER3, totalHER3, P-AKT, andTubulin are

visualised.
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completely blocked in both cell lines upon knockdown of

ADAM17 with a comparable decline in signal intensity as ob-

served for the downregulation of HER3 (Figure 4C).

3.5. Exogenous addition of recombinant HER3 ligands
partially reverses the apoptotic effect of batimastat plus
doxorubicin

We next tried to reverse the induction of apoptosis apparent

upon combined treatment with batimastat and doxorubicin.
If our considerations were right, the exogenous induced re-

activation of the HER3-PI3K-AKT signalling cascade, upon

stimulation with HER3 ligands, should result in a decrease in

apoptosis of cells previously treated with doxorubicin and

batimastat. Cells were incubated with doxorubicin in combi-

nation with batimastat and different NRG1 isoforms were

added after 14 and 19 h. Activation of the caspase cascade

was monitored after 24 h. Interestingly, with the exception of

NRG1 a in OVCAR-4 cells, the addition of exogenous HER3

ligands partially reversed doxorubicin-induced apoptosis

http://dx.doi.org/10.1016/j.molonc.2012.07.001
http://dx.doi.org/10.1016/j.molonc.2012.07.001
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either when administered as single ligands or as combination

(Suppl. Figure 2B). However, no complete reduction of apopto-

siswas observable by the exogenousadditionof ligands,which

might be due to the artificial character of this experiment.

3.6. HER3 blocking antibody treatment effectively
abrogates the doxorubicin-mediated activation of HER3
and AKT

Therapeuticmonoclonalantibodies targeting theHER3receptor

are in clinical trials andmight soon become available as a novel

cancer therapy. We utilised the highly specific and commer-

cially available HER3 blocking antibody 105.5 (Millipore) for

which inhibition of ligand-mediated HER3 phosphorylation

was previously shown (Chen et al., 1996). Initially, we tested

whether this monoclonal HER3 antibody is capable of blocking

theNRG1-mediated increase inHER3 andAKTphosphorylation

inOVCAR-3andOVCAR-4cells, andwhether it abrogates recep-

tor activation induced by NRG1 isoforms (NRG1 a, NRG1 b1 and

NRG1b2).Asexpected,a remarkable reduction inHER3andAKT

phosphorylation was detected (Suppl. Figure 2C). Based on

these promising results, we slightly modified the experimental

setup. Insteadof stimulating cellswithexogenous ligands, they

were now incubatedwith doxorubicin for 24 h and the blocking

antibody was added for an additional time of 2 h before lysis.

Notably, the HER3 blocking antibody completely inhibited the

doxorubicin-induced increase of HER3 and AKT phospho-

signals in both cell lines whereas no effect was detected with

an isotype control antibody (Figure 4D).

3.7. Supernatant of doxorubicin treated cells increases
HER3 phosphorylation in MCF7 breast cancer cells

Tumours are characterised by genetically unstable, heteroge-

neous cell populations carrying DNA abnormalities that initi-

ated the malignant behaviour as well as many additional

genetic lesions thatemergedduring tumorigenesisduetoselec-

tive pressure in diversemicroenvironments. In this respect, we

wanted to know whether the doxorubicin-induced expression

of HER3 ligands and their assumed secretion has the potential

toactivate theHER3-PI3K-AKTsurvivalpathwayinsurrounding

tumour cells. For the detection of these ligands the well-estab-

lished breast cancer cell lineMCF7,whoseHER3 receptor canbe

effectively phosphorylated by different NRG1 isoforms, was

used. Media from OVCAR-3 and OVCAR-4 cells, cultivated in

the presence of doxorubicin for 24 h, was removed and utilised

for the stimulation of MCF7 cells. As assumed, the supernatant

potently activated theHER3 receptor inMCF7cellswhereasme-

dia fromuntreatedcellsdidnot (Suppl. Figure3A).Thisdata fur-

ther indicates that the expressed HER3 ligands, after being

cleaved bymetalloproteases, are soluble and capable to induce

activation of the HER3-PI3K-AKT pathway in an autocrine and/

or paracrine manner.

3.8. The HER4 receptor can be immunoprecipitated with
HER3 in the doxorubicin-untreated state and this
interaction is lost upon treatment with doxorubicin

With the exception of HER2, which exists in an “open” and

therefore active conformation, members of the EGF receptor
family normally exist as monomers in a “closed” inactive con-

formation (Cho et al., 2003; Garrett et al., 2003). Therefore, the

HER2 receptor is constitutively ready for dimerisation. In con-

trast, this conformation has to be stabilised by ligand binding

to the extracellular domain of the receptor in other EGFR fam-

ily members. It has been frequently reported that the HER3 re-

ceptor lacks an active kinase function due to sequence

substitutions. In addition, it is not capable to form homo-

dimers upon activation but nevertheless seems to be the pre-

ferred dimerisation partner of other EGFR family members

(Berger et al., 2004; Pinkas-Kramarski et al., 1996). To elucidate

the doxorubicin-mediated HER3 receptor activation in more

detail we employed a mass spectrometry-based approach

where we pulled down the receptor by immunoprecipitation

to identify potential HER3 interactors (data not shown). We

identified the HER4 receptor as HER3 dimerisation partner

with a HER3/HER4 interaction in the “unstimulated” (no doxo-

rubicin) state and observed an apparent decline of this inter-

action upon treatment with doxorubicin which seems to be

due to a decrease of total HER4 protein (Figure 5A). Neverthe-

less, the residual HER3/HER4 interaction could still be respon-

sible for the doxorubicin-mediated increase in HER3

phosphorylation. In this regard, we tested whether the doxo-

rubicin-induced phosphorylation of the HER3 receptor can

be blocked by RNAi mediated downregulation of HER4 but

no reduction of the doxorubicin-induced HER3 phosphoryla-

tionwas observed (Suppl. Figure 3B). Surprisingly, we detected

a clear increase in HER3 activationwhen cellswere depleted of

HER4 (siRNAmediated) and subsequently stimulated with dif-

ferent amounts of Heregulin b1 (Suppl. Figure 3C).

3.9. Trastuzumab but not cetuximab blocks
doxorubicin-mediated phosphorylation of HER3

Paradoxically, it was not possible to detect the potential HER3

interaction/dimerisation partner in the doxorubicin-induced

state responsible for the activation of HER3 bymass spectrom-

etry. However, co-treatment with either lapatinib or erlotinib

in combinationwith doxorubicin completely abrogated the in-

duced HER3 phosphorylation (Figure 3A). While these inhibi-

tors were developed against the EGFR only (erlotinib) or the

EGFR and HER2 (lapatinib), it has been reported that erlotinib

also inhibits the HER2 receptor by direct interaction whereas

lapatinib binds to HER4 as well (Qiu et al., 2008; Schaefer

et al., 2007; Wood et al., 2004). Based on this TKI unspecificity,

we tried to identify the potential HER3 dimerisation partner by

using two FDA approved and highly specific therapeutic

monoclonal antibodies namely trastuzumab (Herceptin) and

cetuximab (Erbitux). Cell lines were incubated with doxorubi-

cin for 24 h and treated with either trastuzumab or cetuximab

2 h before lysis. The potential decline in HER3 phospho-signal

was compared to the signal observed with the HER3 blocking

antibody. Notably, the doxorubicin-mediated increase of

HER3 phosphorylation was completely abolished in trastuzu-

mab treated cells (Figure 5B). The detectable decline of HER3

phosphorylation was comparable to the effect we observed

with the HER3 blocking antibody. In contrast, there was no ef-

fect on the HER3 phospho-signal intensity to be observed with

the EGFR blocking antibody cetuximab or with the isotype

control antibody, as expected. Interestingly, the mechanism

http://dx.doi.org/10.1016/j.molonc.2012.07.001
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Figure 5 eDoxorubicin-induced activation of HER3 is mediated by the HER2 receptor. (A) HER3 was immunoprecipitated with a HER3 specific

antibody (Millipore, 2F12) and the HER4 receptor was co-precipitated. Vice versa, HER3 was co-immunoprecipitated with the HER4 receptor

(Santa Cruz, sc-283). Immunoblots of HER3 and HER4 after immunoprecipitation are displayed. (B) OVCAR-3 and OVCAR-4 cells were

incubated with or without doxorubicin (1 mM) for 24 h and were then treated with the 105.5 (Millipore) HER3 blocking antibody (HER3 Ab),

trastuzumab (HER2 Ab), cetuximab (EGFR Ab) or isotype control (control Ab) antibody at a concentration of 10 mg/ml for an additional time of

2 h before cells were lysed. Representative immunoblots of P-HER3 (P-tyr 1289), HER3, and Tubulin are shown. (C) Representative immunoblots

of the siRNA-mediated downregulation of EGFR, HER2, HER3, and HER4 compared to siRNA control (Gl2) in OVCAR-3 and OVCAR-4

cells. Cells were additionally stimulated with or without doxorubicin (1 mM) and lysed after 24 h (48 h after the knockdown was initiated). 50 mg

(total protein amount) was subjected to SDS-PAGE, blotted and probed with corresponding antibodies (upper graphs). Two separate gels were

used to analyse differences in HER3 phosphorylation as well as to probe efficacy of EGFR, HER2, HER3, and HER4 knockdown. In addition, the

nitrocellulose membrane (knockdown) was cut in two halfs and separately probed with the different antibodies as indicated. Mean values and SEM

(n [ 3) of caspase activation (Caspase 3/7-Glo assay) upon downregulation of HER2 or HER4 in combination with doxorubicin relative to cells

treated with siRNA control. Cells were transfected with specific siRNAs for HER2 or HER4 and incubated with or without doxorubicin (1 mM

OVCAR-3 and 2 mM OVCAR-4) for additional 24 h (lower graphs). (D) Phosphorylation of 42 different human RTKs analysed with the “human

phospho-RTK-Array Kit” (R&D Systems). OVCAR-3 and OVCAR-4 cells were incubated with or without 1 mM of doxorubicin (24 h) and

phosphorylation of RTKs was analysed according to the manufacturer instructions.
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of action resulting in inhibition of the doxorubicin-induced

HER3 phosphorylation seems to differ between trastuzumab

and the kinase inhibitors lapatinib or erlotinib (Suppl.

Figures 1A and 1B).

3.10. HER2 is responsible for the doxorubicin-induced
activation of the HER3 receptor

To further validate the results we obtained with trastuzumab,

we transiently downregulated the EGFR as well as HER2 in

both cell lines and subsequently treated them with doxorubi-

cin. Both cell lines were incubated with specific siRNAs

against EGFR, HER2, HER3, or the HER4 receptor (downregula-

tion of HER4 and HER3 served as negative and positive con-

trols in this experiment), treated with doxorubicin, and

phosphorylation of HER3 was analysed. As anticipated, only

the knockdown of HER2 and HER3 abrogated the doxorubi-

cin-mediated increase of the HER3 phospho-signal

(Figure 5C; upper graphs). Moreover, a strong increase in apo-

ptosis was detected upon downregulation of HER2 and subse-

quent treatment with doxorubicin (Figure 5C; lower graphs).

In contrast, knockdown of the HER4 receptor combined with

the addition of doxorubicin did neither result in a beneficial

effect in regard to apoptosis nor did it abolish the phosphory-

lation of HER3.

3.11. Doxorubicin affects phosphorylation of EGFR family
members whereas no activation of other RTKs was detected

To further evaluate if other RTKs might be affected by the ad-

dition of doxorubicin we used a “Human Phospho-RTK Array”

to analyse the phosphorylation pattern of 42 different human

RTKs. OVCAR-3 and OVCAR-4 cells were treated with or with-

out doxorubicin for 24 h and differences in phosphorylation

were analysed. Confirming our previous data, we detected

a strong increase in HER3 phosphorylation, amoderate activa-

tion of HER2, and a clear reduction of HER4 signal intensity

uponaddition of doxorubicin (Figure 5D). Additionally, aminor

induction of EGFR phosphorylation could be detected in the

OVCAR-4 cell line. Treatment with doxorubicin did not result

in an increased signal of any other RTK analysedwith the “Hu-

man Phospho-RTK Array Kit”.

3.12. Cisplatin and doxorubicin increase activation of
HER3 while other chemotherapeutic drugs do not

Doxorubicin is currently used as second line treatment for re-

current ovarian cancer and the administration of a platinum-

based compound in combination with a taxane represents the

standard first-line treatment. Back in the 80s, when most of

the well characterised ovarian cancer cell lines were estab-

lished, the chemotherapeutic drug regimen for ovarian cancer

was different (Agarwal and Kaye, 2003). Interestingly, OVCAR-

3 and OVCAR-4 cell lines were previously established from

cancer patientswhohavebeenpre-treatedwith a combination

of doxorubicin, cyclophosphamide, and cisplatin (Hamilton

et al., 1983; Schilder et al., 1990) (Figure 6B). Based on this in-

formation, we further analysed whether the observed activa-

tion of HER3 might represent a generalised mechanism for

chemotherapeutic drug insensitivity or whether this response
is restricted to doxorubicin only. Cell lines were treated with

cisplatin, etoposide, fluorouracil, cyclophosphamide, dacar-

bazine, and doxorubicin as positive control. Interestingly,

out of these six chemotherapeutic drugs tested, only the addi-

tion of doxorubicin and cisplatin resulted in a clear increase in

HER3 phosphorylation (Figure 6A). As anticipated, no increase

in P-HER3 was detected in the negative control cell line

OVCAR-8.
4. Discussion

Most studies on chemotherapeutic drug resistance are based

on chemoinsensitive cancer cell lines generated by continu-

ous cellular exposure with the respective chemotherapeutic

drug.Many of these reports focus on differences in the cellular

expression levels of important anti-apoptotic proteins be-

tween insensitive cell lines and their respective sensitive

counterparts (Hui et al., 2008; Liu et al., 2007; Servidei et al.,

2008). We examined nine ovarian cancer cell lines which orig-

inate from either untreated or pre-treated patients and resem-

ble the natural occurrence of chemotherapeutic resistance

(Freedman et al., 1978; Hamilton et al., 1983; Louie et al.,

1986; Provencher et al., 1993; Schilder et al., 1990). In this

regard, the detected and doxorubicin-mediated increase in

HER3 and AKT phosphorylation could only be observed in

cell lines which were originally established from patients pre-

viously treated with a combination of chemotherapeutic

drugs. In contrast, it was not possible to detect an increase

in phosphorylation in cell lines established from previously

untreated patients. Notably, the doxorubicin-induced long-

term increase in AKT phosphorylation was dependent on ac-

tivation of the HER3 receptor. We assumed and confirmed

that the increase in HER3 phosphorylation correlates with

an upregulated expression of HER3 ligands and that they

bind to the HER3 receptor in an autocrine or paracrine way.

All ligands of the EGFR family are generated as membrane-

anchored precursor proteins that can be proteolytically

cleaved by metalloproteases and are thereby released from

cells (Blobel, 2005). We demonstrated the involvement of

a metalloprotease by successfully abrogating the

doxorubicin-mediated phosphorylation of HER3 with the

broadband metalloprotease inhibitor batimastat. The impor-

tance of ADAM17-mediated shedding of several ligands of

the EGFR family like TGFa, HB-EGF, amphiregulin and epiregu-

lin has been elucidated by several groups (Merlos-Suarez et al.,

2001; Peschon et al., 1998; Sahin et al., 2004; Sunnarborg et al.,

2002). In accordance to this, downregulation of ADAM17 com-

pletely abrogated the doxorubicin-induced increase in HER3

phosphorylation in our experiments. Therefore, these results

fully support our assumption that the doxorubicin-induced

activation of the anti-apoptotic HER3-PI3K-AKT pathway is

based on an upregulated expression of HER3 ligands as well

as the involvement of metalloprotease ADAM17.

We further aimed to identify the dimerisation partner of

the HER3 receptor responsible for the doxorubicin-mediated

activation of the HER3-PI3K-AKT axis in our system. Two ap-

proved TKIs, lapatinib and erlotinib, targeting HER2 and

EGFR or only EGFR respectively were used in combination

with doxorubicin (Pollack et al., 1999; Xia et al., 2002).

http://dx.doi.org/10.1016/j.molonc.2012.07.001
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Figure 6 e Doxorubicin and cisplatin induce phosphorylation of HER3 while other chemotherapeutic drugs do not. (A) Cell lines were treated

with indicated concentrations of different chemotherapeutic drugs for 24 h. Phosphorylation of HER3 was analysed with the P-HER3 specific

antibody (P-tyr 1289). Tubulin serves as loading control. (B) Nine different ovarian cancer cell lines are grouped based on chemotherapeutic pre-

treatment of cancer patients from where cell lines have originally been established (Dox [ doxorubicin; Cis [ cisplatin;

Cyclo [ cyclophosphamide; Carbo [ carboplatin). The doxorubicin-induced increase in HER3 and AKT phosphorylation is indicated. (C)

Hypothetical cell signalling model representing the pathway which is induced upon addition of doxorubicin.
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Interestingly, treatment with either lapatinib or erlotinib

resulted in the complete abrogation of the doxorubicin-medi-

ated increase in HER3 phosphorylation. Considering the com-

plete loss of HER3 phosphorylation and the significant

increase in apoptosis observed with both inhibitors onemight

assume that the EGFR is responsible for the doxorubicin-

induced increase in HER3 phosphorylation. However, lapati-

nib as well as erlotinib have the potential to inhibit other

members of the EGFR family besides their main targets (Guix
et al., 2008; Qiu et al., 2008; Schaefer et al., 2007). In a mass

spectrometry experiment, HER4was detected as heterodimer-

isation partner of HER3 in the untreated state (data not

shown). However, siRNA-mediated downregulation of HER4

did not abolish the doxorubicin-induced activation of HER3.

Interestingly, a recent report provides a possible explanation

for the occurrence and importance of the HER3/HER4 interac-

tion in the untreated state (Jura et al., 2009). Based on a struc-

tural analysis of the HER3 kinase domain, Jura and colleagues

http://dx.doi.org/10.1016/j.molonc.2012.07.001
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postulated that the formation of active heterodimers with

other members of the EGFR family is restricted by the forma-

tion of heterooligomers between the HER3 and the HER4 re-

ceptor. Notably, this observation is in agreement with the

increased, ligand-induced phosphorylation of HER3 upon

downregulation of HER4. Moreover, a tremendous reduction

of total HER4 protein was observed in our experiments upon

cellular exposure to doxorubicin. Therefore, the model pro-

posed by Jura et al. represents an interesting explanation. Fur-

ther experiments will be necessary to put more light on the

functional role of this interaction.

However, the HER2 dependency of the doxorubicin-in-

duced activation of the HER3-PI3K-AKT pathway was further

elucidated by the use of specific blocking antibodies. Precisely,

positive results which were obtained by using trastuzumab

(HER2 Ab) to block the doxorubicin-induced phosphorylation

of HER3 as well as the ineffectivity of cetuximab (EGFR Ab)

supported the important role of the HER2 receptor in this con-

text. Therefore, the observed abrogation of HER3 phosphoryla-

tion upon doxorubicin treatment and subsequent addition

of trastuzumab might be due to a decrease in HER2/HER3 in-

teraction although we could not detect this heterodimer

directly.

By inhibiting the doxorubicin-mediated activation of the

anti-apoptotic HER3-PI3K-AKT signalling cascade (see

Figure 6C) we significantly increased the sensitivity of ovarian

cancer cells to chemotherapy-induced apoptosis. According to

our results, trastuzumab and/or lapatinib could represent an

interesting option for clinicians for the treatment of recurrent

ovarian cancer when combined with doxorubicin. In addition,

therapeuticmonoclonal antibodies directly targeting the HER3

receptor hold tremendous potential for treatment of ovarian

or possibly other cancers when administered in combination

with doxorubicin or platinum-based drugs.
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