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Chapter 1 
 

1. Ovarian cancer 
 

 

1.1 Prevalence 

Ovarian cancer is the sixth most prevalent cancer type in the United States with an incidence rate 

of 14.2 per 100,000 women [1]. According to information from the Dutch Cancer Society 1100 new 

patients are diagnosed each year in the Netherlands. At diagnosis patients with epithelial ovarian 

carcinoma are usually older than 50 years of age [2]. Germ cell tumors of the ovaries are generally 

encountered in younger females. The relative lack of specific signs and symptoms of ovarian cancer, 

together with a lack of reliable screening methods, results in detection of disease in advanced stage 

in the majority of patients which is associated with a low chance of cure. The overall 5-year survival 

rate is approximately 45% [3]. 

 

 

1.2 Risk factors 

A variety of potential risk factors has been identified for the development of ovarian cancer of 

which many are under debate. In an extensive review on the subject by Zografos et al. (4) some of 

these risk factors have been addressed. A well known risk factor is a positive family history with 

mutations in the BRCA1 and BRCA2 genes as a major cause. Further risk factors include delayed 

menopause, abortions, height (body length) and diet (red meat, eggs, fat). Besides risk factors, the 

authors have also listed possible protective features: premature menopause, high number of full-

term pregnancies, lactation, contraceptive use and diet (white meat, milk, fish, oil, carbohydrates, 

carotenoids, vitamin E, calcium and, in particular, dietary fibers).  

 

 

1.3 Prognostic factors 

The course of ovarian cancer, usually expressed as survival from diagnosis, is related to several 

prognostic factors, of which some are universally accepted. The most important factor is the stage 

of disease (I-IV) according to criteria set by the International Federation of Gynecology and 

Obstetrics (FIGO, table I). Other prognostic factors include the histological subtype (serous, 

endometrioid, mucinous or clear cell) of which clear cell and small cell carcinomas are associated 

with worse prognosis. Further, diploid tumors are associated with better survival than aneuploid 

tumors in both early and advanced stages of disease. Additional well documented prognostic factors 

include performance status, age, residual disease after cytoreductive surgery, and response to 

chemotherapy [4]. A new area of interest is the use of molecular markers to predict prognosis. Very 

recently a number of these markers have been identified, such as loss of the IFNγ receptor [5], 

expression of the human leukocyte antigen class I antigen [6] and overexpression of c-Met [7], which 

seem all to be associated with unfavorable prognosis. 
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General Introduction 

Table 1. Ovarian cancer disease stages according to the International Federation of Gynecology 

and Obstetrics (FIGO; from: [8]) 

Stage Description 

0 No evidence of primary tumor 

I Tumor confined to ovaries 

IA Tumor limited to one ovary, capsule intact. No tumor on ovarian surface. No malignant cells 

in the ascites or peritoneal washings. 

IB Tumor limited to both ovaries, capsule intact. No tumor on ovarian surface. No malignant 

cells in the ascites or peritoneal washings. 

IC Tumor limited to one or both ovaries, with any of the following: capsule ruptured, tumor on 

ovarian surface, positive malignant cells in the ascites or positive peritoneal washing. 

II Tumor involves one or both ovaries with pelvic extensions. 

IIA Extension and/or implants in uterus and/or tubes. No malignant cells in the ascites or 

peritoneal washings. 

IIB Extension to other pelvic organ. No malignant cells in the ascites or peritoneal washings. 

IIC IIA/B with positive malignant cells in the ascites or positive peritoneal washings. 

III Tumor involves one or both ovaries with microscopically confirmed peritoneal metastasis 

outside the pelvis and/or regional lymph node metastasis. 

IIIA Microscopic peritoneal metastasis beyond the pelvis. 

IIIB Macroscopic peritoneal metastasis beyond the pelvis 2 cm or less in greatest dimension. 

IIIC Peritoneal metastasis beyond the pelvis more than 2 cm in greatest dimension and/or 

regional lymph nodes and/or metastasis. 

IV Distant metastasis beyond the peritoneal cavity. 

 

 

2. Ovarian cancer treatment 
 

Standard treatment of ovarian cancer consists of cytoreductive surgery followed by combination 

chemotherapy. Optimal debulking is defined as resection of the uterus, ovaries, oviducts and 

omentum, after which residual lesions should measure < 1 cm. For early disease stage it is of 

importance to consider possible routes of spread by means of peritoneal washing, peritoneal 

biopsies and biopsies of retroperitoneal lymph nodes. 

Chemotherapy for ovarian cancer has developed from single alkylating agents to 

combination therapy over the past 30 years. In the 1970’s and 1980’s the efficacy of single 

alkylating agents and various combinations of melphalan, chlorambucil, cyclophosphamide, 

hexamethylmelamine, methotrexate, 5-fluorouracil, doxorubicin and cisplatin have been explored. 

Eventually, platinum-based combination chemotherapy was adopted as standard cytotoxic regimen. 

At the end of the 1980s paclitaxel was identified as an active agent in ovarian cancer with a 

response rate of 24% in platinum-resistant disease [9]. Combination of paclitaxel with cisplatin, and 

11



Chapter 1 
 

currently with carboplatin, has improved progression-free survival and overall survival in patients 

with disease stage III and IV [10;11]. Nowadays, paclitaxel combined with carboplatin is considered 

as the standard chemotherapy in use for ovarian cancer.  

Despite all progress made, the majority of patients presenting with stage III and IV ovarian 

cancer are not cured and many patients display recurring disease with chemoresistant properties 

[3]. It is therefore of utmost importance to explore new treatment options. Similar to other tumor 

types, multiple classes of compounds directed against tumor cell targets have been explored. Thus 

far, none has yet replaced the most effective treatment of paclitaxel and carboplatin in ovarian 

cancer. There are, however, some approaches of interest among which are anti-invasive treatment, 

prevention of angiogenesis and tailor-made targeted therapy in combination with classical cytotoxic 

agents [12-14]. Gene and viral therapeutic approaches are also under study (reviewed in [15]). 

Presently, anti-angiogenic therapy (reviewed in [16] and highlighted in section 5.5) and compounds 

targeting key molecules in survival and growth receive much attention. Molecular targets include c-

Kit, Platelet Derived Growth Factor (PDGF) receptors, members of the Jak-STAT pathway, 

PI3K/Akt/mTOR and Erk family members (reviewed in [17]). Moreover, possible new targets are 

being explored, such as endothelin A, which promotes transition of epithelial to mesenchymal cells 

[18;19] and neuropilin-1, a receptor for both semaphorin and Vascular Endothelial Growth Factor 

(VEGF) [20]. Two other prominent molecular targets include cyclooxygenase-2 (COX-2) and members 

of the Human Epidermal growth factor Receptor (HER) family (highlighted in sections 7.1 and 7.2 

respectively).  

 

3. Docetaxel 
 

3.1 History of taxanes 

In 1964 Monroe Wall and Masukh Wani of the Research Triangle Institute, North Carolina, have 

discovered that an extract of the bark of the pacific yew (Taxus brevifolia) had anticancer activity. 

After another 6 years of research the active ingredient was identified and named paclitaxel. In 1979 

the group of Susan Horwitz [21] unraveled the unique mechanism of action of paclitaxel; it 

promotes microtubule assembly and prevents microtubule disassembly due to binding to and 

stabilization of microtubules [22]. After demanding research, Bristol-Myers Squibb was able to semi-

synthetically produce paclitaxel (Taxol®). In 1992 the US Food and Drug Administration (FDA) 

approved the drug for use after failure of first-line chemotherapy for advanced ovarian cancer [23]. 

Nowadays, the combination of paclitaxel and carboplatin is first-line treatment for this disease [24]. 

The discovery of a precursor of paclitaxel in the leaves of the European yew (Taxus baccata) 

in the mid-eighties opened the way for biosynthesis of docetaxel with even higher potency than 

paclitaxel. The chemical structures of docetaxel and paclitaxel differ slightly; docetaxel has a 

hydroxyl functional group on carbon 10 (paclitaxel has an acetate ester at this site) and a tert-butyl 

substitution on a phenylpropionate side chain [25]. Following its discovery docetaxel (Taxotere®) 

was further developed by Rhône-Poulenc Rhorer, which is now part of Sanofi Aventis. 
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General Introduction 

   
Fig. 1: Structural formulas of paclitaxel (left) and docetaxel (right). 

 

3.2 Mechanism of action 

Paclitaxel and docetaxel have similar, but not identical mechanisms of action. Taxanes stabilize 

microtubules preventing depolymerization. Microtubules are part of the cell’s cytoskeleton and are 

involved in cellular motility (discussed further in section 5.3) and chromosomal segregation during 

mitosis. A microtubule is a hollow cylinder with parallel and concentric protofilaments lined 

longitudinally at the side. A protofilament is a chain of tubulin heterodimers, consisting of an α- and 

β-tubulin subunit. Microtubules are dynamic structures subjected to constant polarization (build-up) 

and depolymerization (break-down) [26]. Taxanes are able to bind reversibly and with high affinity 

to β-tubulin subunits of intact microtubules [27], thereby avoiding depolymerization and shifting the 

dynamic equilibrium in favor of microtubule lengthening resulting in defective microtubule 

functioning. The principal effect of microtubule stabilization by taxanes is the prevention of mitotic 

spindle formation and, thus, the obstruction of cell division. Cells ultimately become apoptotic 

because of a prolonged mitotic arrest [28;29].  

Although paclitaxel and docetaxel have the same chemical background and share the same 

binding site on β-tubulin, there are some differences: docetaxel has approximately a 2-fold higher 

affinity for β-tubulin binding [27] and a longer intracellular retention. Altogether, docetaxel is more 

potent in the stabilization of microtubules than paclitaxel [30;31].  

 

3.3 Docetaxel in ovarian cancer 

Docetaxel was found to have greater antitumor activity than paclitaxel in tumor-bearing mice [32]. 

In platinum-refractory ovarian cancer patients docetaxel monotherapy provided response rates of 

30%. Docetaxel combined with platinum-containing regimens yielded promising response rates of 69-

87% (reviewed in [33]). In a study by Mori et al. (34) treatment with docetaxel+carboplatin has 

shown the same length of progression-free survival combined with a superior benefit in quality of 

life as compared to paclitaxel+carboplatin. Besides the classical taxane+platinum combination, 

docetaxel also showed promising activity when combined with CPT-11, topotecan or gemcitabine as 

second-line therapy (reviewed in [34]). Docetaxel may thus be considered as an alternative for 

paclitaxel for treatment of ovarian cancer. 
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Fig. 2: Microtubule architecture. Dimers of α- and β-tubulin bind in a concentric fashion to other dimers 

already present in the microtubule. The binding of paclitaxel or docetaxel is schematically visualized in the 

microtubule upper view cross section. 

 

In the clinic, docetaxel is mostly administered as a one-hour infusion once every 3 weeks at 

the highest dose possible to achieve maximal antitumor effects. In this thesis experimental data is 

presented in which docetaxel was combined with novel highly selective tumor-targeting compounds 

to explore new possibilities to enhance tumor cell kill. In addition, specific properties of docetaxel 

were examined with focus on inhibition of cellular motility and angiogenesis. These approaches are 

summarized in Fig. 3 and discussed in the chapters below. 

 

 

 

4. Inhibition of the angiogenic process 
 

4.1 Angiogenesis 

In order for tumor lesions to grow new blood vessels have to be formed from pre-existing adjacent 

vessels. An important stimulus for expansion of the vascular bed is hypoxia. Normally, cells are 

supplied with oxygen by means of simple diffusion. When tumor cells proliferate beyond the 

diffusion limit and become hypoxic, stabilization of the hypoxia-inducible factor 1α (HIF-1α) protein  
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Fig. 3: Effects of docetaxel on invasion and angiogenesis as well as combination of docetaxel with new 

targeting compounds for the treatment of ovarian cancer. 

 

will result in the production of pro-angiogenic proteins, among which are Platelet Derived Growth 

Factor (PDGF) and most prominently Vascular Endothelial Growth Factor (VEGF) [35]. Fig. 4 is a 

simplified illustration of the processes involved in tumor angiogenesis. 

The key players in the angiogenesis process are endothelial cells that line the vasculature. 

Endothelial cells are generally non-proliferating stationary cells forming a luminal surface in close 

contact with the subendothelial extracellular matrix. Upon wounding and also upon tumor growth 

endothelial cells are triggered to proliferate and migrate to form new blood vessels. More than 25 

years ago it has already been established that isolated primary endothelial cells are able to form 

capillary-like structures in vitro [36]. Experimental human endothelial cells are mainly derived from 

human foreskin (microvascular endothelial cells MVECs) and human umbilical veins (HUVECs). 

Freshly isolated HUVECs can be cultured during approximately seven passages in culture medium 

enriched with human serum on plastic coated with either fibronectin-collagen or gelatin [37]. The 

quality depends on a variety of donor habits. It has been pointed out that successful generation of 

HUVEC cultures is significantly distressed when the mother is a smoker or when HUVECs are isolated 

within 1 h after delivery [38]. In addition, isolated endothelial cells from healthy individuals differ 

from tumor-derived ECs that might be cytogenetically unstable [39]. These considerations indicate 

that experiments with HUVECs suffer from broad inter-donor differences and are not always 

representative for tumor conditions. Still, HUVECs are widely used as one of the best possible 

models for (tumor) vasculature, also because of their ability to form vessel-like structures on 

artificial extracellular matrices, such as Matrigel. 
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Fig. 4: The angiogenic process in tumors. Tumor cells secrete pro-angiogenic molecules, often as a response to 

hypoxia (A). Binding of these molecules to specific receptors result in the activation of complex signal 

transduction pathways in endothelial cells (B). Activated endothelial cells penetrate into the extracellular 

matrix in the direction of the concentration gradient of pro-angiogenic proteins (C). New blood vessels reach 

distant tumor cells (D) [40;41]. Pictures obtained from Pfizer and used with permission. Ang-1: angiopoietin-1, 

PDGF: Platelet Derived Growth Factor, VEGF: Vascular Endothelial Growth Factor, FGF: Fibroblast Growth 

Factor, MMPs: Matrix MetalloProteinases 

 

 

4.2 Cytoskeleton 

In the angiogenesis process, endothelial cells require an intact and proper functioning cytoskeleton 

to be able to invade and migrate towards the applied chemo-attractant gradient provided by, for 

instance, VEGF. The microtubule and actin cytoskeleton operate in close collaboration and together 

orchestrate endothelial cell motility [42]. Actin forms focal protrusions and contractile bundles 

through the cell body in the direction of movement. Actin bundles (stress fibers) form focal 

adhesions at the site of the cell membrane and are, in association with myosin filaments, able to 

contract, thereby initiating cell movement [43]. The microtubule cytoskeleton provides support by 

polarization (localization of the centrosome, the main microtubule organizing center) in the 

direction of movement and by filling up the actin protrusions [44].  
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4.3 RhoGTPases 

Actin and microtubule reorganization are tightly monitored by molecules of the RhoGTPase family, 

while vice versa RhoGTPase activity is also regulated by cytoskeleton dynamics. In endothelial cells 

Rho GTPases are typically activated by shear stress [45] and mechanical tensions [46]. The best 

known RhoGTPases are Cdc42, Rac1 and RhoA. Activation of Cdc42 by, for instance, integrins and 

cytokines is one of the first events in cell migration [47]. Cdc42 mediates cell polarization and 

orientation of the centrosome in the direction of movement [48;49]. Cdc42, but also several growth 

factors and polymerization of microtubules, activates Rac1 which consecutively induces assembly of 

thin protrusive structures (lamellipodia) in the direction of movement at the leading edge of the 

cell. In addition, it induces actin polymerization (formation of stress fibers) and the formation of 

new adhesion sites onto the extracellular matrix [43;50;51]. In turn, Rac1 is one of the activators of 

RhoA, which is present in the cell body to mediate assembly and contraction of myosin-actin 

filaments. In addition, RhoA activity at the back of the cell provokes release of the tail, while the 

formation of protrusions is induced at the leading edge [52]. These actions result in the eventual 

movement of the cell [51;53]. The sequence of events in a migrating cell is illustrated in Fig. 5. 

Because of their key function in endothelial cell motility RhoGTPases might provide a promising 

target for anti-angiogenic therapy [54;55]. Moreover, it has recently been reported that tumor-

associated endothelial cells display disturbed Rho activity and abnormal angiogenesis features in 

vitro [56]. At the moment, possible therapeutic strategies focus on post-translational processes and 

on downstream effectors of RhoGTPases [57]. 

 

4.4 Inhibition of angiogenesis 

The ultimate outcome of all events described above is the migration of endothelial cells towards 

the chemo-attractant gradient provided by tumor cells in agony, a process called tumor 

angiogenesis. Already in 1971 Folkman has proposed that inhibition of angiogenesis might impede 

tumor growth [58]. Only recently, targeting tumor vasculature has been explored as treatment 

approach for epithelial ovarian cancer [16]. 

Inhibition of tumor angiogenesis is possible at different levels. Firstly, the angiogenic 

process can be directly inhibited. Therapeutic agents might specifically inhibit endothelial cell 

proliferation (caplostatin), hinder endothelial cell motility (endostatin) or interfere with MMP 

functioning. Secondly, the angiogenic process can be hampered by indirect processes. Well known 

examples include the clearance of angiogenic growth factors, such as VEGF with the anti-VEGF 

antibody bevacizumab or blocking endothelial cell growth factor receptor functioning by receptor 

tyrosine kinase inhibitors, such as sunitinib and sorafenib [59]. Besides the vast array of specific 

anti-angiogenic compounds, microtubule-targeting anticancer agents, such as docetaxel, are 

potential candidates to interfere with endothelial cell motility and proliferation, either directly by 

obstructing microtubule dynamics or indirectly by interference with RhoGTPase activity.  
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Fig. 5: Involvement of RhoGTPases and the cytoskeleton in the migration of cells. Activity of Cdc42 results in 

polarization of the cell (a) and the subsequent orientation of the microtubule-organizing center in the 

direction of movement (b). Stable microtubules align in the direction of movement (c) and are triggered to 

grow (d). Cdc42 activity and microtubule growth induce activation of Rac1 in the leading edge, which in turn 

mediates formation of cellular extensions (e). RhoA is activated and myosin-actin filaments contract (f), while 

cell-substrate contacts in the rear are relieved (g). Because of the forward movement, microtubules buckle 

and break in the cell body (h) providing a positive feedback of RhoGTPases activity. The eventual effect is 

movement in the direction of the arrow (i). Adapted from [44] and [53]. CPA: CycloPiazonic Acid 

 

 

4.5 Inhibition of metastasis 

The molecular mechanisms responsible for metastatic properties of tumor cells are different from 

the molecular changes that result in primary tumor formation. Therefore, it might be possible to 

use molecular mediators of metastasis formation as therapeutic targets. Metastatic properties of 

tumor cells are orchestrated by intricately linked highly conserved signaling pathways, including 

mitogenic pathways (MAPK), stress activated pathways (JNK, p38), survival pathways (Akt) and 
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cytoskeletal signaling routes [60]. Moreover, activated molecules, such as the pro-angiogenic 

protein VEGF and the protein urokinase Plasminogen activator (uPa) involved in extracellular 

degradation, facilitate the metastatic process [61]. 

Currently, strategies are being explored to inhibit ovarian cancer metastasis formation. A 

combination of the mammalian Target Of Rapamycin (mTOR) inhibitor rapamycin and VEGF inhibitor 

bevacizumab has been found to be a potential approach to prevent metastasis in an intraperitoneal 

model of human ovarian cancer [62]. Experiments involving inhibition of uPa function by the 

protease inhibitor bikunin (both in vitro and in vivo) and prevention of VEGF production by blockage 

of estrogen receptors in vitro may also provide a possible means to delay or prevent metastases 

[63;64]. 

One family of molecules that is involved in virtually all signaling pathways described for 

tumor metastases is the RhoGTPase family. Moreover, the activities of Rac1, Cdc42 and RhoA can be 

upregulated in tumors, leading to increased proliferation and motility [65]. Targeting, either 

directly or indirectly (e.g. via inhibition of microtubule dynamics by docetaxel), might provide a 

successful method to inhibit both tumor cell metastases and tumor angiogenesis. 

 

 

5. Combination of docetaxel with targeting agents 
 

Tumor cells often differ from normal cells because of the presence of tumor-specific molecules 

either from overexpression or due to gene mutations that are involved in survival and proliferation, 

rendering these molecules as specific targets for treatment. Targeting agents in cancer therapy can 

be defined as drugs designed to interfere with the function of a specific molecule (mostly a protein) 

that has a critical role in tumor growth and progression. Nevertheless, classical cytotoxic drugs with 

established antitumor efficacy in the clinic remain important and their combination with targeting 

drugs might even improve treatment outcome, for instance when targeting proteins mediating 

chemotherapy resistance [66]. 

Docetaxel has been combined with a variety of targeting agents in preclinical and clinical 

studies to pursue better effective treatments of various tumor types. Examples include 

combinations with farnesyl transferase inhibitors, augmerosen (antisense oligonucleotide targeting 

Bcl-2 mRNA), cetuximab and trastuzumab, all with varying outcome [67]. More specifically, when 

docetaxel was combined with cetuximab in an in vivo xenograft model antitumor efficacy was 

increased 3.7-fold (single dose cetuximab) or 8.5-fold (double dose cetuximab) [68] and in another 

xenograft model study the antitumor activity of docetaxel was enhanced with 22% when 

trastuzumab was added [69]. To date, only a very limited number of studies have explored the 

combination of docetaxel with targeting drugs in ovarian cancer.  

As already stated earlier, most patients with stage III and IV ovarian cancer cannot be cured 

and many patients develop recurrent disease with chemoresistant properties [3]. Targeting specific 

key molecules involved in proliferation and survival of ovarian cancer cells is therefore of utmost 
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importance. Promising targets for this endeavor include cell cycle regulators (cyclin-dependent 

kinase 2, cyclin D1, cyclin E, Rb protein), regulators of apoptosis (Bcl-2, XIAP), immortality factors 

(telomerases), proteins involved in prostaglandin synthesis (COX-2), receptor tyrosine kinases 

(EGFR, HER2) and signal transduction pathways (PI3K-Akt, JAK-STAT) [70]. 

 

5.1 Celecoxib 

5.1.1 COX-2 

Cyclooxygenase (COX) enzymes catalyze the rate-limiting step in prostaglandin synthesis; the two-

step conversion of cellular arachidonic acid to prostaglandin H2 (PGH2; Fig. 6). In turn, PGH2 is a 

substrate for a variety of prostaglandin synthases, which are all involved in the production of 

specific bioactive prostaglandins or thromboxanes, such as Prostaglandin E2 (PGE2), Prostaglandin I2 

(PGI2), Prostaglandin F2α (PGF2α), Prostaglandin D2 (PGD2), and Thromboxane A2 (TXA2). Three COX 

enzymes have been characterized so far; COX-1 is a renowned homeostasis enzyme constitutively 

expressed in a variety of tissues, whereas the exact function of COX-3 is still a matter of debate. 

COX-2 is mainly undetectable in most tissues, but its expression is induced by growth factors, 

cytokines and oncogenes in premalignant as well as malignant tissues [71;72]. 

Initially, COX-2 was identified as a mediator of acute and chronic inflammation in an 

arthritis animal model [73]. Later, COX-2 was also found to provoke PGE2-induced fever (71). In 

colorectal cancer elevated concentrations of PGE2 were found due to the activity of COX-2 [74;75]. 

In healthy ovaries TNFα-induced COX-2 expression could be associated with the onset of ovulation 

[76]. In malignant ovarian lesions TNFα-independent COX-2 expression could be detected, which 

was correlated with reduced survival rates and poor response to chemotherapy [77;78]. In many 

malignancies COX-2 was also found to be inducible most probably due to the inflammatory response 

in tumor lesions. Induction of COX-2 activity in tumors was found to be associated with promotion of 

cell growth, inhibition of apoptosis and enhancement of motility and adhesion [79]. Notably, 

cytotoxic drugs, such as cisplatin and taxanes were also reported to have the ability to increase 

COX-2 mRNA and protein expression in tumor cells [80]. 

 

5.1.2 Celecoxib  

Given that COX-2 expression leads to pro-survival effects in tumor cells, COX-2 inhibitors might 

positively add to the antitumor effects of cytotoxic drugs, such as docetaxel. The use of specific 

COX-2 targeting agents is preferred over classical non-steroidal anti-inflammatory drugs (NSAIDS), 

because NSAIDs also target COX-1 possibly resulting in gastrointestinal injury [81]. Clinical studies 

indeed pointed out that selective COX-2 inhibiting agents demonstrated less gastrointestinal 

bleeding events as compared to treatment with NSAIDs [82]. 

Examples of specific COX-2 inhibitors include rofecoxib, valdecoxib, etoricoxib, lumiracoxib 

and celecoxib. Long-term use of rofecoxib and valdecoxib appeared to increase the risk of 

cardiovascular side-effects, a finding that led to the eventual withdrawal of the compounds from 

the pharmaceutical market in 2004-2005 [83]. Studies on the side-effects of celecoxib were 

inconclusive; in one study cardiovascular side-effects appeared to be associated with prolonged  
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Fig. 6: Cyclooxygenase 1/2-induced arachidonic acid conversion to prostaglandins and thromboxanes. Adapted 

from [84]. COX-1/2: Cyclooxygenase-1/2, PGG2: Prostaglandin G2, PGH2: Prostaglandin H2, PGE2: Prostaglandin 

E2, PGI2: Prostaglandin I2, PGF2α: Prostaglandin F2α, PGD2: Prostaglandin D2, TXA2: Thromboxane A2. 

 

 

celecoxib treatment [85], while another trial did not find an association [86]. Consequently, 

celecoxib is the only selective COX-2 inhibitor that has been approved by the FDA for treatment of 

patients with familial adenomatous polyposis [84]. 

In the clinic celecoxib has been reported to alleviate prostate tumor burden in prostate 

cancer patients [87] and to prevent the formation of colorectal adenomas [88]. The clinical 

potential of celecoxib is generally accepted, yet the risk versus the benefit of celecoxib treatment 

needs to be carefully considered because of its possible side-effects [89].  

Thus far, the benefit of celecoxib as an addition to cytotoxic regimens has not been 

established. A number of in vitro and in vivo studies indicated enhancement of chemotherapy 

efficacy when combined with celecoxib [90;91]. The cytotoxic activity of docetaxel was shown to be 

enhanced in vitro in squamous cell carcinoma cells of the head and neck [92], yet clinical trials in 

recurrent, previously treated non-small cell lung cancer patients and hormone-refractory prostate 

cancer patients showed no beneficial effects of cetuximab+docetaxel combination treatment 

[93;94]. Limited in vitro studies indicate that celecoxib is able to induce apoptosis in human ovarian 

cancer cell lines [95;96], necessitating more research in this field. Of particular interest is the 
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potential improvement of antitumor effects when celecoxib would be added to chemotherapy in 

ovarian cancer. Currently, this question is being addressed in a multicenter clinical study in the 

Netherlands using docetaxel plus carboplatin with/without celecoxib (DoCaCel) in ovarian cancer 

patients. 

 

5.2 Trastuzumab, pertuzumab and cetuximab 

5.2.1 HER receptor family 

Human Epidermal growth factor Receptors (HER) constitute a family of four cell surface receptors 

involved in transmission of signals controlling normal cell growth and differentiation. Family 

members include EGFR (HER1, ErbB1), HER2 (ErbB2, p185HER2), HER3 (ErbB3) and HER4 (ErbB4). All 

receptors consist of an extracellular ligand-binding domain, a single transmembrane region and a 

cytoplasmic tyrosine kinase domain. Binding of specific ligands to the extracellular region of the 

receptors leads to the formation of both homo- and heterodimers, which triggers phosphorylation at 

specific tyrosine residues in the cytoplasmic region resulting in further cellular signaling [97]. 

Despite the extensive homology with the other family members no ligand that binds HER2 with high 

affinity has been identified [98].  

Amplification of the HER genes leads to overexpression of receptors and disrupts normal 

control mechanisms [99;100]. Overexpression of EGFR has been observed in various tumor types, 

such as breast, lung, esophageal and colorectal cancer [101-104], while HER2 overexpression has 

been observed in head and neck, gastric, breast and lung cancer [105-108]. Overexpression of EGFR 

and HER2 is associated with poor clinical outcome. In ovarian cancer 33.3% of patients consistently 

express EGFR, while 20% of newly diagnosed patients overexpress HER2. The prognostic significance 

of EGFR and HER2 (over)expression in ovarian cancer remains unclear [109-111]. 

 

5.2.2 HER-targeting ligands 

HER-specific ligands each contain a domain that is responsible for binding to a specific receptor. 

Epidermal Growth Factor (EGF) specifically targets EGFR, whereas neuregulin 1 (NRG-1, also 

referred to as heregulin) binds specifically to HER3 and HER4 [112]. HER ligands are bivalent 

molecules that bind with high affinity to their specific receptor. Once the high affinity site has 

bound, the low affinity site is effectively immobilized on the plasma membrane thereby increasing 

the affinity for other HER receptors resulting in receptor dimerization [113]. 

Each homo- and heterodimers receptor complex may activate different signaling pathways 

that elicit specific cellular responses [114]. Downstream mediators of HER signaling include the Ras-

Raf-MAPK and PI3K-Akt pathways which lead to cell survival and proliferation (Fig. 7). 
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Fig. 7: HER-induced cell signaling after stimulation with either EGF or heregulin (HRG). Note that HER2 lacks 

a specific ligand, while HER3 has a deficiency in kinase (k) activity.  

 

 

Lacking a specific ligand, HER2 is believed to be the preferred co-receptor for EGFR, HER3 

and HER4 and is proposed as a master coordinator of the signaling network [115]. Moreover, HER2-

containing dimers (ERGFR-HER2 and HER3-HER2) were found to have superior signaling potency as 

compared to HER2-less homo- or heterodimers [116;117]. In breast cancer cells HER2 overexpression 

was associated with relative resistance against paclitaxel-induced apoptosis [118]. 

 Recent studies have addressed the potential role of EGF and HRG in ovarian cancer. 

Expression of HRG mRNA has been shown in the majority of ovarian tumors [119;120]. Proliferation 

of different human ovarian cancer cell lines stimulated with HRG correlated with HER2 expression 

levels, although cells with relatively higher levels of HER2 as compared to HER3 and HER4 levels 

seemed to be growth inhibited by HRG [120;121]. There is also conflicting data concerning 

stimulation of human ovarian cancer cells with EGF; responses are different in each cell line tested 

[122-124]. 

 

5.2.3 Trastuzumab, pertuzumab and cetuximab  

The HER receptors and their ligands are aberrantly expressed in a wide range of tumors, rendering 

them excellent tumor-associated proteins for targeted therapy. Several antibodies that bind to the 

extracellular domain of the receptors (e.g. trastuzumab, pertuzumab, cetuximab, matuzumab and 

panitumumab) and tyrosine kinase inhibitors (TKIs) interfering with the intracellular receptor kinase 

activity (e.g. gefitinib, erlotinib, lapatinib) are in clinical use or in clinical trials and others are 
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under development [125].  In contrast to TKIs, antibodies are able to recruit and activate immune 

cells, such as macrophages and monocytes that bind antibody Fc regions [126].  

Trastuzumab and pertuzumab both target HER2. Trastuzumab is a recombinant DNA-derived 

humanized monoclonal IgG1 antibody that binds with high affinity and specificity to the 

juxtamembrane region of the extracellular domain of HER2 [127]. Upon binding, trastuzumab is able 

to inhibit activation of intracellular tyrosine kinases, to block cleavage of the receptor, to induce 

antibody-dependent cell-mediated cytotoxicity and to promote endocytoxic degradation of the 

receptor [128]. Trastuzumab has been approved for treatment of patients with HER2-overexpressing 

breast carcinomas. In these patients trastuzumab in the adjuvant or neo-adjuvant setting in 

combination with paclitaxel or docetaxel improved disease-free survival, whereas it improved 

survival in metastatic disease [129]. 

Trastuzumab inhibits signal transduction primarily in HER2-overexpressing cells and does not 

influence NRG-induced signaling via HER3-HER2 heterodimerization. In contrast, pertuzumab, a 

humanized murine IgG1 monoclonal antibody, is unable to prevent HER2 cleavage, but potently 

hampers formation of HER2-containing heterodimers [130]. Unlike trastuzumab, pertuzumab 

treatment response seems to be dependent on HER2 activity status rather than HER2 overexpression 

[131]. Pertuzumab has already shown to be well tolerated and functional in ovarian cancer patients 

that relapsed from chemotherapy [132]. Although pertuzumab is well tolerated as a single agent as 

has been demonstrated in prostate cancer and non-small cell lung cancer patients, it lacked clinical 

activity in these malignancies [133-135]. The aforementioned studies called for clinical trials in 

which pertuzumab will be combined with chemotherapy. Combined treatment with docetaxel in a 

phase Ib study in patients with advanced solid tumors appeared to be safe with manageable side-

effects [136].  

Cetuximab is an IgG1 chimeric human-mouse monoclonal antibody directed against the 

extracellular part of the EGFR, thereby competing with natural ligands and preventing receptor 

activation. It is approved by the FDA for the treatment of irinotecan-refractory patients with EGFR-

expressing advanced colorectal cancer and in head and neck squamous cell carcinoma patients in 

combination with radiotherapy [137;138]. Phase II studies with celecoxib in other malignancies 

yielded differential outcomes; no clinical benefit was observed when added to 

platinum/gemcitabine in pancreatic cancer patients [139] and clinical outcome was suggested to 

improve upon addition to platinum/gemcitabine in non-small cell lung cancer [140]. In addition, a 

phase I/II trial showed that the combination of celecoxib with carboplatin/paclitaxel in stage IV 

non-small cell lung cancer patients was safe and well tolerated with a slight response advantage as 

compared to treatment with carboplatin/paclitaxel alone [141]. Cetuximab combined with FOLFOX-

4 (infusion of fluorouracil, leucovorin and oxaliplatin) proved to be highly active as first-line 

treatment of metastatic colorectal cancer [142]. Modest activity has been observed when 

cetuximab was added to carboplatin in EGFR-positive relapsed platinum-sensitive ovarian cancer 

patients [143].  
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5.2.4 Treatment with antibody combinations  

HER2 (over)expression has been shown to activate EGFR signaling, while signaling via HER2/HER3 

dimers may result in amplification of the EGFR gene [144]. It is therefore of interest to explore the 

antitumor effects of combinations of HER family-targeting antibodies. A number of in vitro and in 

vivo studies have demonstrated superior activity of combining EGFR- and HER2-targeting agents as 

compared to single agent activity (reviewed in [145]). Trastuzumab and cetuximab given together 

with flutamide in prostate cancer cells showed greater antitumor activity than flutamide given with 

either of the antibodies alone [146]. In squamous cell carcinoma cell lines the combination of 

trastuzumab and cetuximab yielded synergistic antiproliferative effects and additional antibody-

dependent cellular cytotoxicity in most of the cell lines investigated [147]. Another in vitro study 

has, however, shown in breast cancer cell lines that cetuximab did not add to cell growth inhibition 

induced by either trastuzumab or pertuzumab, most probably due to the dominance of 

overexpressed HER2 [148]. Conversely, delayed tumor growth was observed in HER2-overexpressing 

breast cancer xenograft models when trastuzumab or pertuzumab was combined with the EGFR-

targeting agent gefinitinib as compared to treatment with either of the agents alone [149]. Several 

as yet unpublished phase I studies underline the potential of combined treatments targeting both 

EGFR and HER2. For instance, the combination of the EGFR-targeting agent erlotinib plus 

trastuzumab and paclitaxel was well tolerated in patients, while responses were observed in breast 

cancer patients that had progressed on trastuzumab and paclitaxel [145].  

Taken together, the results obtained so far with EGFR- and HER2-targeting antibodies 

demand studies in ovarian cancer in which dual targeting of HER family receptors will be combined 

with classical cytotoxic agents, such as docetaxel. 

 

 

 

6. Outline of the study 
 

6.1 General aim 

Ovarian cancer is the leading cause of death from all gynecological malignancies. It is a dismal 

cancer type since in most patients the disease is detected in an already advanced stage. Ovarian 

cancer is often featured by excessive cell growth combined with a vast production of new blood 

vessels supplying nutrients to newly formed tumor tissue. Moreover, ovarian cancer is renowned for 

its intra-abdominal metastatic potential. At the moment, combination chemotherapy consisting of a 

platinum compound and a taxane is the standard treatment regimen, but still many patients are not 

cured and will display recurrent disease. Platinum compounds and taxanes possess recognized 

antitumor activity, but their mechanism of action is not specific for tumor cells only. Treatment 

with targeted agents exploiting specific molecular tumor characteristics might provide a more 

successful approach of ovarian cancer treatment. We selected docetaxel to explore combinations 

with novel agents as new treatment options for ovarian cancer patients. In this thesis four different 
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treatment strategies were tested in vitro to examine possible enhancement of the antitumor effects 

of docetaxel. 

 

6.2 Inhibition of angiogenesis and metastasis 

Cytotoxic drugs, such as Vinca alkaloids and taxanes, are known to possess anti-angiogenic activity. 

Docetaxel interferes with microtubule dynamics, thereby inhibiting the proper function of the 

motility machinery. We examined whether docetaxel would be able to inhibit the angiogenic 

properties of endothelial cells. In Chapter 2 the anti-angiogenic properties of docetaxel and two 

other microtubule-targeting agents (epothilone B and vinblastine) were explored in human umbilical 

vein endothelial cells (HUVECs). Cisplatin and doxorubicin were included as control cytotoxic 

agents. By using equitoxic concentrations of the various drugs differences in anti-angiogenic effects 

were explored in a wound assay and an invasion assay without affecting endothelial cell 

proliferation. In addition, effects of the drugs on the integrity of the microtubule and actin 

cytoskeleton as well as consequences of treatment on Rac1 and Cdc42 activity were examined.  

Interference with microtubule dynamics by docetaxel is likely to have an effect not only on 

endothelial cell motility, but also on movement of tumor cells required for metastasis formation. 

Therefore, we investigated whether subtoxic concentrations of docetaxel were able to inhibit 

metastatic properties of human ovarian cancer cells. In Chapter 3 the anti-metastatic property of 

docetaxel was investigated and compared with that of epothilone B, vinblastine, cisplatin and 

doxorubicin. Cytochalasin D as an inhibitor of actin polymerization was included in the experiments. 

For reasons of comparison, equitoxic concentrations of the agents were used. Apart from subtoxic 

concentrations, additional experiments were carried out with 50%-growth inhibiting concentrations. 

Differences in the anti-motility potential between the compounds were investigated in wound 

assays and invasion assays using the human ovarian cancer cell lines IGROV-1, OVCAR-3 and SKOV-3. 

Interference with microtubule or F-actin function was visualized. Inhibition of Rac1 and Cdc42 

activity was assessed with the use of equitoxic concentrations of docetaxel and cytochalasin D. 

 

6.3 Combination treatment with targeting drugs 

Besides the well-known prognostic factors for ovarian cancer, such as the  FIGO stage and the 

residual disease after cytoreductive surgery, recent emphasis has been put on a variety of 

molecular markers to predict prognosis. The presence of COX-2 seems to be associated with 

increased tumor cell survival. Given the fact that cytotoxic agents may upregulate COX-2 

expression, combination of chemotherapy with COX-2 targeting agents might improve antitumor 

efficacy. We investigated if celecoxib would be able to improve docetaxel-induced cytotoxicity in 

ovarian cancer. In Chapter 4 the antitumor effects of docetaxel (and cisplatin) combined with 

celecoxib were assessed in selected human ovarian cancer cell lines. The ovarian cancer cell lines 

used (A2780, H134, OVCAR-3, IGROV-1 and SKOV-3) do not express COX-2 protein; therefore, as a 

control, human colon cancer cell lines containing COX-2 were included. Antagonistic, additive or 

synergistic effects of the drug combinations were studied by means of the MTT assay and evaluated 

by the Chou and Talalay equation for analysis of multiple inhibitions [150]. In addition, cytotoxic 
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effects of docetaxel (or cisplatin) combined with celecoxib were assessed by analysis of changes in 

the cell cycle distribution and the activity of caspase-3. Also, possible molecular mechanisms 

underlying the antitumor effects of drug combinations were investigated. 

Other prognostic molecular markers include members of the HER family of cell surface 

receptors. EGFR and HER2 are frequently overexpressed resulting in increased cell growth and 

resistance to chemotherapy. Their role in ovarian cancer is not yet clear. We investigated if EGFR- 

and HER2-targeting agents were able to improve docetaxel treatment in ovarian cancer. In Chapter 

5 the effects of trastuzumab, pertuzumab, cetuximab (alone or in combination) on the antitumor 

activity of docetaxel were analyzed in OVCAR-3, IGROV-1 and SKOV-3 cells. These cell lines express 

EGFR, HER2, HER3 and HER4 in different degrees, which gave an opportunity to investigate drug 

effects in cells with differential EGFR and HER2 expression. We evaluated the antiproliferative 

effects of the different combinations in the MTT assay and apoptotic effects expressed by activation 

of caspase-3. Moreover, phosphorylation of receptors and downstream modulators of HER-induced 

signal transduction, such as Erk and Akt, were monitored in order to provide more insight into the 

molecular changes possibly accounting for the enhanced antitumor activity of docetaxel when 

combined with antibodies. 
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Summary 

Conventional anticancer agents may display anti-angiogenic effects, but the underlying mechanism 

is poorly understood. We determined the anti-angiogenic properties of cisplatin, doxorubicin and 

the microtubule-targeting agents docetaxel, epothilone B and vinblastine at concentrations not 

affecting cell proliferation. We also assessed tubulin and actin morphology and the activity of two 

key molecules in cell motility: the small Rho GTPases Cdc42 and Rac1. 

 The Highest Non-Toxic Concentration (HNTC) of each drug was defined as the concentration 

inhibiting a maximum of 10% Human Umbilical Vein Endothelial Cell growth upon a 1-h drug 

exposure, being for cisplatin 10 mM, doxorubicin 100 nM, docetaxel 10 nM, epothilone B 1 nM and 

vinblastine 10 nM. Comparative endothelial cell (EC) functional assays using HNTCs for an exposure 

time of 1 h indicated that EC migration in the wound assay, EC invasion in a transwell invasion 

system and EC formation into tube-like structures on a layer of Matrigel, were significantly inhibited 

by docetaxel, epothilone B and vinblastine (p<0.05), but not by cisplatin and doxorubicin. Docetaxel 

was slightly more efficient in the inhibition of EC motility than epothilone B and vinblastine. 

Fluorescence microscopy revealed that only the microtubule-targeting agents affected the integrity 

of the tubulin and F-actin cytoskeleton: disturbed microtubule structures, less F-actin stress fiber 

formation and appearance of nuclear F-actin rings. These observations were associated with early 

inhibition of Rac1 and Cdc42 activity. In conclusion, HNTCs of microtubule-targeting agents 

efficiently reduce EC motility by interference with microtubule dynamics preventing the activation 

of Rac1/Cdc42 and disorganizing the actin cytoskeleton. 

  

  

Introduction 

Recent interest has focused on the potential anti-angiogenic properties of cytotoxic agents that 

specifically target the cell’s motility apparatus by affecting the dynamics of microtubules, among 

which are the taxanes, epothilones and Vinca alkaloids [1]. Taxanes, such as paclitaxel and 

docetaxel, induce stability of microtubules, whereby the dynamic reorganization and 

depolymerization are inhibited. Taxanes can inhibit endothelial cell motility and proliferation, 

which leads to disrupted vessel formation on Matrigel or the chick chorioallantoic membrane, 

decreased vessel sprouting from aortic rings embedded in Matrigel and reduction of newly formed 

blood vessels in tumor-bearing mice [2-6]. Epothilones are structurally unrelated to taxanes, but 

share their ability to stabilize microtubules [7]. Evidence for anti-angiogenic properties of 

epothilone B has been provided by the observation that vessel formation was inhibited in vitro [8] 

and by studies on frequent low-dose administration which resulted in inhibition of proliferation of 

endothelial cells in culture [9]. Vinca alkaloids show a different mode of action than taxanes and 

epothilones; they inhibit both tubulin polymerization and the formation of the mitotic spindle. In 

vitro EC proliferation, motility and organization together with blood vessel formation in tumors in 

vivo were found to be potently inhibited by vinblastine [10,11]. 

While anti-angiogenic properties of microtubule-targeting agents have been recognized, it is 

also established that drug concentrations lower than those inhibiting EC proliferation are able to 
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suppress microtubule dynamics [1]. Interference with microtubule dynamics will not only affect 

endothelial cell motility, but also other cellular processes. For instance, the activity of Rho 

GTPases, a family of molecules that tightly coordinate motility, might be disturbed. Rho GTPases 

are activated upon binding of tumor-secreted VEGF to specific receptors on the surface of 

endothelial cells [12,13]. One of the best known family members, Cdc42, regulates polarity of the 

cell, enabling motility to be initiated in the desired direction [14]. Moreover, the orientation of the 

centrosome, the main microtubule-organizing center of the cell, towards the leading edge of the 

cell depends on Cdc42 function [15]. Another prominent Rho GTPase family member, Rac1, induces 

the formation of extensions (lamellipodia) and stimulates actin polymerization at the cell’s leading 

edge together with the formation of new adhesion sites to the matrix [16]. Member RhoA mediates 

assembly and contraction of actin-myosin filaments in the cell body and at the rear, which will 

result in a forward motion [17].  

Microtubules operate in close collaboration with the dynamics of the actin cytoskeleton and 

together they orchestrate cell motility [18]. One of the hallmarks of migrating cells is the formation 

of contractile actin bundles through the cell body in the direction of movement. These actin cables 

(stress fibers) form focal adhesions at the site of the cell membrane and are linked with myosin 

filaments that are able to contract and, thus, stimulate motility [16]. Because of actin 

polymerization in the leading edge of the cell, a retrograde flow of actin is formed which leads to 

buckling and breakage of actin-associated microtubules. These broken microtubules, in turn, 

polymerize in the direction of movement, thereby activating Rac1 [18]. It is likely that this positive 

feedback loop and the interactions with actin are prone to become disturbed after microtubule 

dysfunction.  

Research on mechanistic changes underlying the inhibition of EC motility by microtubule-

targeting agents is limited. Most studies on anti-angiogenic effects by these compounds focused on 

inhibition of motility and reduction of vessel formation. In the experiments often toxic drug 

concentrations were employed that also inhibit EC proliferation. Therefore, we designed a study in 

which the anti-angiogenic properties of classical cytotoxic agents affecting microtubules, docetaxel, 

epothilone B, vinblastine, were examined with the use of subtoxic, as well as equitoxic 

concentrations and included two other standard anticancer agents, cisplatin and doxorubicin, that 

both affect DNA integrity. We also examined the effects of microtubule dynamics disruption on the 

integrity of the actin cytoskeleton. In addition, activities of Rac1 and Cdc42 were measured to 

obtain insight into a possible interference in the regulation of EC motility on the level of Rho 

GTPases by the anticancer agents. 

  

 

Materials and methods  

 

Cell culture 

Human Umbilical Vein Endothelial Cells (HUVECs) were isolated from fresh umbilical cords according 

to the procedure described by Van Hinsbergh and Draijer [19]. HUVECs were cultured in gelatin-
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coated tissue culture flasks in complete medium: M199 medium (Invitrogen, Breda, the Netherlands) 

containing 10% Human Serum (HS; Invitrogen), 10% Fetal Calf Serum (FCS; Invitrogen), 300 mg/ml L-

glutamine, 100 U/ml penicillin, 100 mg/ml streptomycin (Bio-Whittaker, Verviers, Belgium), 5 IU/ml 

heparin and 50 mg/ml Endothelial Cell Growth Factor (ECGF isolated from bovine brain) at 37oC in 

5% CO2. HUVECs were used in passages 2 to 4. 

 

In vitro antiproliferative assay 

The antiproliferative effects of cisplatin (Bristol-Myers Squibb, Woerden, the Netherlands), 

doxorubicin (Pharmachemie, Haarlem, the Netherlands), docetaxel (Sanofi-Aventis, Antony, 

France), epothilone B (Novartis, Basel, Switzerland) and vinblastine (Eli-Lilly, Houten, the 

Netherlands) were analyzed in the MTT assay. Cells were plated in quadruplicate in culture medium 

in 96-well plates at 3,000 cells per well and were exposed to a drug concentration range for 1 h. 

After washing, cells were grown in culture medium for an additional 96-h period. The number of 

viable cells was determined by addition of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium-

bromide (MTT; Sigma Aldrich, Zwijndrecht, the Netherlands). The extinction of the formazan 

product was measured at 540 nm on a Multiscan plate reader (Thermo Biosciences, Breda, the 

Netherlands). Results were expressed in IC50 and IC10 values, being the drug concentrations 

responsible for 50% and 10% cell growth inhibition, respectively, as compared to control cell growth. 

The IC10 concentration, the Highest Non-Toxic Concentration (HNTC) of a drug, was used in all 

further experiments and was checked in parallel MTT assays for each experiment.  

 

Migration assay 

HUVECs were seeded in duplicate in gelatin-coated wells of a 24-well plate and grown to 

confluence. Cells were or were not treated with drugs (HNTC) for 1 h in culture medium. A scratch 

wound was applied in two perpendicular directions in the confluent cell-layer with a sterile pipette 

tip. Immediately after wounding (0 h) and at time-points 4, 8 and 12 h, wounds were captured at 

25x magnification by using a confocal laserscan microscope (TCS 4D; Leica, Jena, Germany) and 

Q500MC software (Leica). At all indicated time-points, the wound width was measured in four areas 

and compared to the initial width at time-point 0 h (set at 100%). 

 

Invasion assay 

EC invasion was measured in a 24-well plate transwell system (Falcon, Woerden, the Netherlands) 

containing inserts with a fluorescence-blocking filter and a pore size of 8 mm (HTS fluoroblock; 

Falcon). The inserts were coated on the bottom with 2 mg/ml fibronectin (ICN, Zoetermeer, the 

Netherlands), washed with phosphate-buffered saline (PBS; Bio Whittaker) and coated on the upper 

side with 5 mg Extracellular Matrix gel (ECM gel; Sigma-Aldrich) in 100 ml PBS. 2x105 HUVECs were 

seeded on top of the ECM gel layer (duplicate experimental samples) and allowed to settle for 4 h. 

Thereafter, HUVECs were exposed to drugs (HNTC) for 1 h, or were left untreated (control) in 

culture medium followed by replacement of drug-containing medium by fresh culture medium in the 

upper compartment. Culture medium, enriched with 25 ng/ml recombinant human Vascular 
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Endothelial Growth Factor (rhVEGF; Biosource, Nivelles, Belgium) as a chemoattractant was added 

to the lower compartment. The cells were allowed to invade for 24 h. Thirty minutes prior to 

analysis, 5 mM Calcein-AM (Molecular Probes, Leiden, the Netherlands) was added to the lower 

compartment, a substance that can be intracellularly converted to the polar fluorochrome calcein. 

Calcein fluorescence in the lower compartment was measured in a spectrafluor multiplate reader 

(Tecan, Gorinchem, the Netherlands) at  λexc 492 nm and λem 535 nm. 

 

Organization assay 

Wells of a 24-well plate were coated with 1 mg/100 ml ECM gel. HUVECs were pretreated or not 

with drugs (HNTC) for 1 h in M199/0.1% bovine serum albumin (BSA; ICN) and 105 cells were seeded 

in 1 ml fresh M199/0.1% BSA on top of the ECM gel. After 24 h, HUVEC organization patterns were 

captured by confocal laserscan microscopy and a video camera attached to a computer with 

Q500MC software (Leica) at 25x magnification. The number of HUVEC interconnections was 

calculated in the obtained images and expressed as a percentage of the number of connections 

formed by untreated cells (set at 100%).   

 

Immunocytochemistry 

HUVECs were seeded and grown to confluence on glass coverslips coated with 1% gelatin cross-

linked with 0.5% glutaraldehyde in a 24-well plate. Cells were then treated or not with drugs (HNTC) 

for 1 h. By gently stripping a layer of cells off the matrix using a 1-mm thick Polyvinylidene 

Difluoride (PVDF) membrane strip (Millipore, Etten-Leur, the Netherlands), a wound was formed in 

the confluent cell layer. Cells were washed twice with medium and culture medium was added for 

an 8-h period after which cells were fixed with 3.7% formaldehyde without prior PBS-washing steps 

in order to preserve cytoskeletal integrity. Fixed cells were made permeable with 0.2% Triton-X100 

(Sigma-Aldrich) in PBS and incubated with a monoclonal antibody against β-tubulin (1:50; Molecular 

Probes) for 2 h in 3% BSA/PBS. After washing, cells were incubated with Hoechst 33342 (1:500; 

Sigma-Aldrich) for nuclear staining and rhodamine-conjugated phalloidin (1:200; Molecular Probes) 

for F-actin staining. A secondary FITC-labeled mouse-IgG targeting antibody (1:120; DAKO, 

Amsterdam, the Netherlands) was used to visualize β-tubulin. After three washing steps of 15 min, 

coverslips were mounted in Vecta Shield (Vector Laboratories, Burlingame, CA) and digital imaging 

microscopic analysis was performed on a Zeiss Axiovert 200 Marianas™ inverted microscope (Zeiss, 

Leusden, the Netherlands). Images were captured by a digital camera (Sensicam, Cooke, 

Tonawanda, NY), applying identical exposure periods, through a 10x or 40x air lens and analyzed as 

well as processed by Slidebook™ software (Version 4.0; Intelligent Imaging Innovations, Denver, CO). 

The relative intensity of tubulin staining was obtained by calculation of the mean intensity signal 

above an arbitrary threshold. 

 

Rac1/Cdc42 activity assay 

HUVECs were grown to 80% confluence on gelatin-coated 10 cm petri-dishes and rendered quiescent 

in M199 containing 1% HS and 1% FCS overnight. Rac1/Cdc42 activation was provoked by addition of 
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complete culture medium, while at the same time drugs (HNTC) were added or not. One h 

thereafter, Rac1/Cdc42 activity was analyzed using the Rac/Cdc42 Activation Assay Kit (Chemicon, 

Chandlers Ford, United Kingdom) according to instructions provided by the manufacturers. In brief, 

after washing, cells were lysed in assay buffer (supplemented with 0.5 mM trypsin inhibitor, 0.5 

mg/ml leupeptin, 1 mM PMSF) and centrifuged to remove cell debris. To determine total 

Rac1/Cdc42 levels, 40 ml of each sample was stored at -80oC for separate analysis. The remaining 

960 ml of the supernatant was incubated with 10 mg of agarose-conjugated p21-binding domain of 

PAK-1, which binds both activated Rac1 and Cdc42, for 1 h at 4oC while tumbling. Agarose beads 

with bound active Rac1/Cdc42 were washed four times in assay buffer, resuspended in 30 ml of SDS-

sample buffer and boiled for 10 min.  

Active (GTP-bound) and total Rac1/Cdc42 protein levels in each sample were analyzed by 

Western blot. Samples obtained from the Rac1/Cdc42 activity assay were subjected to 12% 

polyacrylamide gel electrophoresis (130 V, 2 h). The separated proteins were transferred to a 

Polyvinylidene Difluoride membrane (PVDF; Millipore) by electrotransfer (400 mA, 2 h). The blots 

were blocked with 10% milk (Protifar; Nutricia, Zoetermeer, the Netherlands) in Tris-buffered saline 

– Tween 20 (TBS-T: 10 mM Tris, pH 8.0, 150 mM NaCl, 0.0025% Tween 20) at room temperature for 1 

h and incubated overnight at 4oC with the Kit-provided mouse monoclonal antibody directed against 

Rac1 (1:500; Chemicon) diluted in 5% BSA/TBS-T. After the membrane was washed three times for 5 

min with TBS-T it was incubated with 5% milk/TBS-T, containing horseradish peroxidase (HRP)-

linked anti-mouse IgG secondary antibody, for 1 h at room temperature. After three TBS-T washing 

steps of 15 min Rac1 protein was visualized on photography film by enhanced chemoluminescence. 

Cdc42 protein was visualized on the same blot. Therefore, the Rac1 blot was stripped for 15 min in 

stripping buffer (Pierce, Rockford, IL) and washed three times with TBS-T. After reassuring that no 

Rac1 signal was left on the membrane, the blots were blocked again with 10% milk in TBS-T for 1 h, 

incubated overnight with the Kit-provided mouse monoclonal antibody directed against Cdc42 

(1:250; Chemicon) and, thereafter, incubated with HRP-linked anti-mouse IgG secondary antibody 

for 1 h. Proteins were visualized on photography film by enhanced chemoluminescence. The films 

were scanned and band intensities of active and total protein levels were quantified using TINA 

quantification software (Raytest, Straubenhardt, Germany) and expressed relative to the band 

intensities of untreated samples (set at 1.00). 

 

Statistical analysis 

The differences in the effects among the anticancer agents on migration, invasion, organization and 

the activities of Rac1/Cdc42 were statistically analyzed by one-way ANOVA followed by the LSD 

adjustment, using SPSS software (SPSS Inc, Chicago, IL). The level of significance was set at p<0.05.  
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Results 

 

Determination of highest non-toxic concentrations of drugs in HUVECs 

The antiproliferative effects of cisplatin, doxorubicin, docetaxel, epothilone B and vinblastine in 

HUVECs were determined by the MTT assay. Cells were exposed to the drugs for 1 h, followed by a 

96-h drug-free period. The IC50 (mean values) and the HNTC values, as fixed concentrations used in 

the experiments, are shown in Table 1. Epothilone B was most potent in inhibiting HUVEC 

proliferation (HNTC: 1 nM), followed by docetaxel (10 nM), vinblastine (10 nM), doxorubicin (100 

nM) and cisplatin (10 mM). Mean IC50 values were 2- to 15-fold higher than HNTCs and potency 

followed the same sequence of the drugs. In all further experiments, parallel MTT assays were 

performed to check for drug effects at HNTCs on proliferation, because ECs were derived from 

umbilical veins of different donors. Inhibition of treated cell growth had to be less than 10% as 

compared to control cell growth to ensure the use of HNTCs. The last column of Table 1 shows the 

mean percentage of cell growth when HUVECs were exposed to HNTCs. 

 

Microtubule-targeting agents inhibit HUVEC migration 

Migration of HUVECs was analyzed in the wound assay. A time course of the wound closure up to 12 

h is illustrated by a representative experiment (Fig. 1A). Control cells filled the wound for about  

 

 

Table 1: Antiproliferative effects and Highest Non-Toxic Concentrations (HNTC, fixed) of the different 

anticancer agents in Human Umbilical Vein Endothelial Cells (HUVECs) after a 1-h drug exposure 

period followed by a 96-h drug-free period 

 

Drug IC50
a HNTCb EC growth at HNTCc

  nM ± SD nM % ± SD 

Cisplatin 58,500 ± 5,300 10,000    96.9 ± 14.6 

Doxorubicin   1,500 ± 1,400 100   94.9 ± 7.5 

Docetaxel 21.3 ± 2.1 10    98.4 ± 13.1 

Epothilone B   1.9 ± 1.9 1 100.1 ± 6.4 

Vinblastine 71.5 ± 4.9 10   84.5 ± 6.0 

a  Drug concentration resulting in 50% growth inhibition as compared to control cell growth 

b Highest Non-Toxic Concentration, concentration of the drug not yet interfering with proliferation 

c  Endothelial cell growth at HNTC expressed as a percentage of control cell growth 
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50% after 12 h. Docetaxel, and to a minor extent epothilone B and vinblastine, slowed down the 

migration of HUVECs. Fig. 1B depicts wound closure at 12 h after treatment as a percentage of 

control wound width. HNTCs of cisplatin and doxorubicin did not affect motility of HUVECs; wound 

closure was 91.8% ± 5.5% (mean ± SEM) and 89.5% ± 5.7%, respectively. The microtubule-targeting 

agents significantly inhibited HUVEC migration at HNTCs. Inhibition by docetaxel was most 

pronounced; at 12 h only 44.3% ± 3.9% of the wound was filled as compared to control migration 

(p<0.001). Upon exposure to epothilone B and vinblastine wound closure was 58.9% ± 5.2% (p<0.001) 

and 69.7% ± 6.3% (p<0.001), respectively. Docetaxel was more effective in the inhibition of 

migration than epothilone B (p<0.05) and vinblastine (p<0.01). 

 

Microtubule-targeting agents inhibit HUVEC invasion through Matrigel 

HUVEC invasion was investigated in a transwell system, in which cells were allowed to 

invade through Matrigel in the direction of a chemoattractant (rhVEGF) for 24 h. In 

agreement with the results obtained from the migration assay, docetaxel showed to be 

most effective in the inhibition of HUVEC invasion as compared to that induced by the 

other microtubule-targeting agents, although the differences between these agents were 

not significant (Fig. 2). When the invasion of untreated cells was set at 100%, only 

46.0% ± 8.2% (mean ± SEM) cell invasion was measured after docetaxel treatment 

(p<0.001). Epothilone B-treated cells invaded 63.8% ± 7.4% (p<0.01), while 

vinblastine-treated cells invaded 67.3% ± 10.4% (p<0.02). Cisplatin and doxorubicin did 

not significantly influence HUVEC invasion, as the percentages were 85.7% ± 7.1% and 

87.5% ± 5.4%, respectively. 

 

Microtubule-targeting agents inhibit HUVEC organization 

Organization of ECs into pre-cord like structures on Matrigel can be regarded as an early onset of 

tube formation. Organization patterns of HUVECs were captured after 24 h. Untreated cells formed 

the well-known cord-like structures which were also visible in samples that were treated with either 

cisplatin or doxorubicin (Fig. 3A-C). Quantification revealed that the relative number of cell-cell 

contacts for cisplatin was 110.1% ± 7.6% (mean ± SEM) and for doxorubicin this was 104.2% ± 16.6%, 

which was not significantly different from the number of contacts in control cells (set at 100%; Fig. 

3G). Aberrant organization structures were observed after treatment with microtubule-targeting 

agents; HUVECs showed less contacts with neighboring cells and extensions emerging from single 

cells did not reach far enough to contact adjacent cells (Fig. 3D-F). Docetaxel (30.0% ± 6.2%), 

epothilone B (20.7% ± 11.2%) and vinblastine (30.5% ± 10.1%) all significantly prevented the 

formation of cell-cell contacts as compared to control cells (p<0.001). 
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Fig. 1: Migration assay. HUVECs were seeded to confluence and incubated with drugs (HNTC) for 1 h. A wound 

was then applied with a pipette tip and the cells were allowed to migrate for 12 h. A) Typical experiment 

showing a time course of a wound refilling with HUVECs: - - control cells, - - 10 mM cisplatin, - - 100 nM 

doxorubicin, - - 10 nM docetaxel, - - 1 nM epothilone B, - - 10 nM vinblastine. B) Wound closure at 12 h of 

the treated HUVECs as compared to that of control cell migration (set at 100%). Mean values are given of at 

least three separate experiments, each with eight distinct wound thickness measurements. Bars, SEM; * 

p<0.001. 

 

Microtubule-targeting agents affect the integrity of the cytoskeleton 

The structural changes in EC morphology upon inhibition of motility was examined by visualization 

of two key components of the cytoskeleton, tubulin and F-actin, after a 1-h drug exposure (HNTCs) 

and subsequent wounding of the cell monolayer. At 8 h after wounding images from the structures 

of the tubulin and actin cytoskeleton were captured by digital imaging microscopy and the intensity 

of the tubulin staining signal was measured (Fig. 4). Untreated cells migrated from the monolayer in 

a left direction into the wound (Fig. 4A). Actin stress fibers were formed in the cell body and 

cellular actin protrusions in the direction of the wound were filled with tubulin, which indicated 

correct polarization and an active role for both cytoskeletal components in HUVEC motility. The 

same patterns were visible in cells treated with cisplatin or doxorubicin (Fig. 4B-C) and the intensity 

of tubulin staining (mean ± SEM) was not significantly different from that of control cells (relative 

intensity 1.0 ± 0.03 and 0.99 ± 0.02 as compared to control cells, respectively). It is apparent that 

these agents do not interfere with tubulin and actin integrity at subtoxic concentrations.  

HUVECs treated with microtubule-targeting agents (HNTC) displayed a dissimilar  pattern of 

tubulin and actin than that of control cells. Cells seemed to reside on the edge of the monolayer 

and showed no clear intention to move into the wound. Both docetaxel (1.2 ± 0.03) and epothilone 

B (1.17 ± 0.04) treatment led to a significantly higher signal intensity of tubulin staining as 

compared to that of control cells (p<0.01) (Fig. 4D-E), but the visually less intensive staining pattern  
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Fig. 2: Invasion assay. HUVECs were seeded on top of a Matrigel layer (5 mg) in a transwell insert. Cells were 

treated with drugs (HNTC) for 1 h (10 mM cisplatin, 100 nM doxorubicin, 10 nM docetaxel, 1 nM epothilone B, 

10 nM vinblastine) after which a chemoattractant (25 ng/ml rhVEGF) was added to the lower compartment of 

the transwell system. The number of invaded cells was assessed after 24 h by measuring the amount of 

liberated calcein from calcein-AM (5 mM) that was added to the lower compartment. Invasion towards the 

applied VEGF gradient by untreated cells was set at 100%. Mean values are shown of at least three separate 

experiments. Bars, SEM; * p<0.02, ** p<0.01, *** p<0.001. 

 

 

of vinblastine-treated cells (0.98 ± 0.03) was not significantly different from that of control cells 

(Fig. 4F). Thus, a short exposure period to very low concentrations of microtubule-targeting agents 

seems to be sufficient to impede tubulin integrity, which will likely influence the proper functioning 

of the actin cytoskeleton.  

In a separate experiment, the F-actin structure of endothelial cells at the edge of a wound 

was visualized in more detail (Fig. 5). Control cells (Fig. 5A) displayed actin extensions at the rim of 

the cell and actin stress fibers throughout the cell body, both in the direction of movement 

(indicated by the arrow). The overall actin arrangement in cells treated with either cisplatin (Fig. 

5B) or doxorubicin (Fig. 5C) was similar to that of control cells. HUVECs treated with the 

microtubule-targeting agents, however, contained less actin stress fibers. Instead, rings of F-actin 

formed around the nucleus suggesting loss of correct cell polarization. Moreover, actin protrusions 

in the direction of movement were virtually absent at the leading edge of most cells (Fig. 5D-F).  

 

Microtubule-targeting agents inhibit activity of Rac1 and Cdc42 

Since motility of endothelial cells is dependent on the functioning of Rac1 and Cdc42, the activities 

of these molecules were measured after drug treatment. Activity of both Rac1 and Cdc42 is tightly 

regulated by actin and tubulin dynamics; disturbances in the microtubule/actin integrity induced by 

docetaxel, epothilone B or vinblastine might result in a loss of function of these two key molecules 

in the onset of cell migration.  

After a 1-h drug exposure, active Rac1 and Cdc42 were pulled down from total cell lysates 

and compared to total levels of the proteins by Western blot (Fig. 6A, B). Total levels of both Rac1 

and Cdc42 remained the same in HUVECs after treatment with each of the drugs. Ratios between 

active and total protein levels were calculated to analyze drug effects on the activity of Rac1 (Fig. 

6C) and Cdc42 (Fig. 6D). Cisplatin (respective ratios of 1.04 ± 0.02 and 1.05 ± 0.37; mean ± SD) and 
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Fig. 3: Organization assay. HUVECs were collected in test tubes in which they were exposed to drugs (HNTC) 

for 1 h. Thereafter, cells were seeded on top of a Matrigel layer. Organization structures were visualized 

after 24 h by confocal laserscan microscopy. Untreated HUVECs (A), HUVECs treated with 10 mM cisplatin (B), 

100 nM doxorubicin (C), 10 nM docetaxel (D), 1 nM epothilone B (E) and 10 nM vinblastine (F). Images are 

representative for three separate experiments (25x magnification, horizontal bar = 200 mm). G, Number of 

cell-cell contacts of treated HUVECs as compared to the number of control cells (set at 100%). Mean values are 

given from at least three experiments. Bars, SEM; * p<0.01. 

 

 

doxorubicin (respective ratios of 0.99 ± 0.11 and 0.97 ± 0.46) had no effect on the activities 

of these Rho GTPases. Activity of both Rac1 and Cdc42 was potently inhibited by the microtubule-

targeting agents. Docetaxel treatment resulted in activity ratios of 0.58 ± 0.04 and 0.53 ± 0.23 for 

Rac1 and Cdc42, respectively. Epothilone B activity ratios were 0.76 ± 0.17 and 0.51 ± 0.23, while 

vinblastine ratios were 0.63 ± 0.10 and 0.34 ± 0.10, for Rac1 and Cdc42, respectively. When Rac1 

(p<0.05) and Cdc42 (p<0.02) activity ratios for all microtubule-targeting agents were grouped and 

compared to control ratios a significant difference was calculated. 
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Fig. 4: Effects of anticancer agents on the composition of the actin and tubulin cytoskeleton of HUVECs. β-

tubulin (green), F-actin (red) and nuclear (blue) staining of cells after they have grown to confluence, treated 

with drugs (HNTC) for 1 h, wounded with a Millipore membrane and allowed to migrate for 8 h. In all images, 

acquired by live- image fluorescence microscopy, the cell monolayer is on the right and the wound on the left. 

Untreated HUVECs (A), HUVECs treated with 10 mM cisplatin (B), 100 nM doxorubicin (C), 10 nM docetaxel (D), 

1 nM epothilone B (E) and 10 nM vinblastine (F). Bar = 50 mm. G, Intensity of tubulin staining of treated 

HUVECs as a ratio of control cell staining (set at 1.0). Mean values are given of at least eight microscopy 

images collected in four individual experiments. Bars, SEM; * p<0.01 

 

 

Discussion 

 

We demonstrate that subtoxic concentrations of microtubule-targeting agents (docetaxel, 

epothilone B and vinblastine) potently inhibit in vitro angiogenesis features in HUVECs, i.e. EC 

migration, EC invasion and EC formation into tube-like structures, while subtoxic doses of cisplatin 

and doxorubicin do not display such effects. Although the net result of equitoxic concentrations on 

the inhibition of EC motility was similar for the three classes of microtubule-targeting agents, 

docetaxel, epothilone B and vinblastine, slight differences were observed. Docetaxel was most 
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Fig. 5: Effects of anticancer agents on the composition of the actin cytoskeleton of HUVECs. F-actin (red) and 

nuclear (blue) staining of HUVECs that received the same treatment as described in Fig. 5. Images were 

acquired by live image fluorescence microscopy. The arrows point towards the direction of supposed cell 

movement. Untreated HUVECs (A), HUVECs treated with 10 mM cisplatin (B), 100 nM doxorubicin (C), 10 nM 

docetaxel (D), 1 nM epothilone B (E) and 10 nM vinblastine (F). Bar = 10 mm. 

 

 

efficient in the inhibition of migration (p<0.05) and invasion, although the latter finding was not 

significant. Both inhibition of tubulin polymerization by vinblastine and depolymerization by 

docetaxel and epothilone B impeded cytoskeletal changes required for movement. All three 

compounds prevented activation of both Rac1 and Cdc42, resulting in disturbance of actin stress 

fiber formation and the appearance of F-actin rings around the EC nucleus.  

To our knowledge, this is the first study that compares the anti-angiogenic properties of 

different anticancer agents at both subtoxic and equitoxic concentrations. To exclude an effect on 

EC proliferation each individual experiment was monitored with a parallel MTT assay; the degree of 

cell growth after treatment had to be approximately 90% as compared to control cell growth for 

that experiment to be valid. A set of well-known in vitro angiogenesis assays (wound assay, 

transwell invasion assay, organization assay) was chosen. HUVECS of different donors were used to 

exclude observations that can only be attributed to a particular EC source or immortalized cell line. 

We expect that the angiogenic behavior of HUVECs reflects that of microvascular ECs derived from 

tumor tissue. Drug-exposure periods of 1 h were selected, because in patients the anticancer agents 

analyzed are either given by bolus injections or infusions of 1 to 3 h. In our experiments, HNTC of 

the different anticancer agents were well below the peak plasma concentrations that are generally 

reached in patients. For cisplatin, a one-hour infusion of 75 mg/m2 will lead to a maximum plasma 

concentration of approximately 14 mM of intact cisplatin [20]. The concentrations are for 
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Fig. 6: Effects of anticancer agents on the activity of Rac1 and Cdc42 in HUVECs. Semiconfluent cells in 

minimal medium were stimulated by adding complete culture medium in the presence or absence of the drugs 

(HNTCs) for 1 h (10 mM cisplatin, 100 nM doxorubicin, 10 nM docetaxel, 1 nM epothilone B, 10 nM vinblastine). 

Thereafter, total protein was isolated from the cells and active Rac1/Cdc42 was separated. Both the total 

protein and active Rac1/Cdc42 samples were subjected to 12% polyacrylamide gel electrophoresis, followed by 

Western blot. In order to acquire comparable signal intensities the signal for active Rac1/Cdc42 was obtained 

by capturing the chemiluminescence reaction for 30 min, while total Rac1/Cdc42 was obtained after a 15 min 

exposure. The ratio between the intensity of the active Rac1/Cdc42 signal and the intensity of the total 

Rac1/Cdc42 signal was calculated. The ratios of untreated cells were set at 1.00. The top panel of each 

section shows bands of active and total Rac1 (A) and Cdc42 (B) from a representative experiment. The lower 

panels contains a graph with mean active versus total Rac1 (C) and Cdc42 (D) protein ratios from three 

separate experiments. Bars, SEM. 

 

 

doxorubicin approximately 1 mM, when given as a bolus injection of 60 mg/m2 [21], for docetaxel 

approximately 4 mM upon infusion of 75-100 mg/m2 for 1 h [22] and for vinblastine approximately 

160 nM when given as a bolus injection of 7-10.8 mg/m2 [23]. Peak plasma levels of Epothilone B in 

humans have yet to be reported. 

Cisplatin does not inhibit in vitro angiogenesis at a subtoxic concentration in our 

experiments. These observations are in agreement with other studies in which non-toxic 

concentrations of cisplatin did not interfere with angiogenic features [24-26]. For doxorubicin we 

also showed that 1-h incubations with a subtoxic concentration did not have any anti-angiogenic 

effects. This is also in concert with earlier findings in which is shown that only toxic concentrations 

of doxorubicin are able to inhibit angiogenic properties [9, 25]. We conclude that compounds 

affecting DNA integrity do not directly interfere with cell motility. 

Members of three classes of microtubule-targeting agents used in this study were able to 

inhibit angiogenic features of HUVECs at HNTCs. The Taxane family of anticancer agents has been 

reported to possess anti-angiogenic potential. When compared to paclitaxel, docetaxel inhibits 

angiogenesis more potently [4,6,27], but drug concentrations used in the experiments often 

inhibited EC proliferation as well. Hotchkiss et al. [5] have been the first to highlight the potential 
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of non-toxic docetaxel concentrations in angiogenesis inhibition. The Epothilones are a relatively 

new class of anticancer agents and evidence for anti-angiogenic properties is limited. Epothilone B 

has been described to have superior potency to paclitaxel in inhibition of EC proliferation in vitro 

after continuous low-dose administration [9]. Woltering et al. [8] have reported that Epothilone B 

inhibits in vitro angiogenesis at relatively high concentrations. Both observations do not provide 

insight in angiogenesis inhibition at subtoxic concentrations. Little is known about the potency of 

the different family members of the Vinca alkaloids in inhibiting angiogenesis. It has been reported 

that vincristine, vinorelbine and vinflunine are all able to shut down tumor vasculature in in vivo 

models [28]. The anti-angiogenic effects of low vinblastine concentrations are well established in a 

variety of in vitro and in vivo experiments [10,11]. Our data underline the ability of microtubule-

targeting agents to inhibit in vitro angiogenesis at subtoxic concentrations of which docetaxel 

appeared slightly more efficient in inhibiting EC motility than epothilone B and vinblastine. 

Furthermore, we established the anti-angiogenic potential of subtoxic concentrations of epothilone 

B. 

Microtubules are essential in the orchestration of endothelial cell motility [16]. It is likely 

that the specific mechanism of action of docetaxel, epothilone B and vinblastine, namely 

interference with microtubule dynamics, is responsible for inhibition of the angiogenic process. 

Indeed, in our ECs treated with docetaxel or epothilone B (Fig. 4D-E) the β-tubulin staining was 

significantly more intense as compared to control cells, indicating stabilization of the microtubules 

already after treatment with low concentrations. Hotchkiss et al. [5] have reported that docetaxel 

did not visibly interfere with microtubule morphology at non-toxic (1 nM, 24-h incubation), yet 

angiogenesis-inhibiting concentrations. When in that same experiment 10 nM docetaxel was applied 

for 24 h changes in microtubule structures were visible, but EC proliferation was also affected. We 

observed that a 1-h docetaxel exposure of 10 nM did not yet inhibit cell growth, but rapidly altered 

microtubule morphology. The vinblastine-treated cells (Fig. 4F) showed less intense tubulin staining 

images, but quantification was not different from control cell fluorescence intensity. Still, a 1-h 

exposure to the non-toxic concentration of 10 nM already resulted in inhibition of polymerization. 

Microtubules and actin are known to cooporate to modify cell shape and establish cell 

polarity either directly or by regulation of signaling molecules, such as the Rho GTPases [29]. Actin 

stress fibers are visible in migrating cells at the edge of a wound as visualized in our control cells 

(Fig. 5A). These fibers were absent in cells at the leading edge after treatment with the 

microtubule-targeting agents (Fig. 5D-F). Instead of stress fiber formation, we observed a ring of F-

actin around the nucleus in a subset of cells. Nuclear actin ring formation has been observed in 

MCF-7 cells treated with either paclitaxel or docetaxel [30]. In addition, Pletjushkina et al. [31] 

have reported the development of circumferential actin bundles instead of straight bundles in rat 

fibroblasts after treatment with paclitaxel. Thus, stabilization of microtubules or inhibition of 

microtubule depolymerization results in changes in actin organization. Since microtubule 

polymerization is required for actin polymerization [29], a process inhibited by vinblastine, this is 

manifested by disorganized F-actin as well (Fig. 5F).  
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Disturbances in actin structures may be the consequence of inhibition of Rho GTPases 

action. Docetaxel and epothilone B prevented Rac1 activation (Fig. 6A), which might clarify the 

absence of actin stress fibers in ECs after treatment. Rac1 is activated in lamellipodia upon 

microtubule polymerization and stimulates actin stress fiber assembly. Actin polymerization, in 

turn, leads to retrograde actin flow and rupture of buckled actin-associated microtubules and 

subsequent microtubule polymerization [32]. Based on our findings we propose that interference in 

this positive feedback loop through inhibition of microtubule dynamics will result in a decrease of 

Rac1 activity and subsequent inhibition of actin stress fiber formation. Although Rac1 is activated 

upon microtubule polymerization [32], our results show that stabilization of microtubules or 

inhibition of polymerization prevents actvation of Rac1. This is most probably due to reduced 

microtubule dynamics, as is the consequence from Taxane treatment [33]. In our experiments Rac1 

activity was already inhibited 1 h after treatment implicating an essential role for microtubule 

dynamics in the onset of migration. The fact that microtubule-targeting agents inhibit Rac1 activity 

in HUVECs is in line with the observation of Hu et al. [34] that paclitaxel decreased the shear stress-

induced Rac1 activation and concomitant migration speed of bovine aortic ECs. In addition, 

paclitaxel can prevent the formation of Rac1-GTP levels as shown in fibroblasts stimulated to 

initiate microtubule polymerization [35]. The same group of Waterman-Storer et al. [35] has also 

shown that an inhibitor of microtubule polymerization, nocodazole, reduced Rac1-GTP to levels in 

control fibroblasts, while washout of drug rapidly resulted in increasing Rac1-GTP amounts. In line, 

we demonstrated that inhibition of polymerization by vinblastine also reduced active Rac1. 

We hypothesized that the decreased EC motility, lack of contractile actin bundles and in 

particular the formation of F-actin rings around the nucleus in cells treated with microtubule-

targeting agents would be associated with disturbed polarization of the cells and blocked activity of 

Cdc42 (Fig. 6B). If not inhibited, Cdc42 mediates correct polarization of cells to migrate in the 

proper direction [36]. Moreover, Cdc42 regulates the precise orientation of the centrosome in 

migrating cells [14,37]. Hotchkiss et al. [5] have shown that docetaxel impairs repositioning of the 

centrosome in migrating cells, hence supporting our finding that docetaxel inhibits Cdc42 activity. It 

is also known that microtubule dynamics are essential for activity of Rho Guanine nucleotide 

Exchange Factors (Rho-GEFs), which in turn activate the Rho GTPases [38]. It is likely that inhibition 

of microtubule dynamics interfere with Rho-GEF activity and Rho GTPase function, which already 

occurs within 1 h after treatment. The exact mechanism of Cdc42 inhibition upon treatment with 

microtubule-targeting agents should be further explored as well as the possible involvement of 

other family members of the Rho GTPases. 

In conclusion, interference with microtubule dynamics by treatment of ECs with 

microtubule-targeting agents prevents activation of Rac1 and Cdc42. This is associated with a 

negative effect on correct polarization, the formation of lamellipodia, actin polymerization and 

subsequent stress fiber formation. As a consequence, the cells are not able to pinpoint the direction 

of movement while motility itself is physically hampered by disordered microtubule and actin 

cytoskeleton structures. Furthermore, communication between endothelial cells is disturbed, 

because of which pre-capillary organization is obstructed. The overall effect of the anti-angiogenic 
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properties of subtoxic concentrations of microtubule-targeting agents will result in reduced vessel 

formation in vivo. Therefore, these compounds might not only provide opportunities for inhibition of 

angiogenesis in malignancies, but also in diseases associated with an abnormal neovascularization 

process. 
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Summary 

Cellular movement is mainly orchestrated by the actin and microtubule cytoskeleton in which 

RhoGTPases closely collaborate. We studied whether cytoskeleton-interfering agents at subtoxic 

and 50% growth-inhibiting concentrations affect motility of 5 unselected human ovarian cancer cell 

lines. Cisplatin and doxorubicin as control cytotoxic agents were not effective, the microtubule-

targeting agents docetaxel, epothilone B and vinblastine only marginally inhibited cell motility, 

while the actin-targeting agent cytochalasin D was most potent in hampering both cell migration 

and invasion. Disturbance of microtubule dynamics by docetaxel did not importantly affect the 

cellular structures of β-tubulin and F-actin. In contrast, hindrance of actin dynamics by cytochalasin 

D resulted in loss of lamellipodial extensions, induced thick layers of F-actin and disorder in cellular 

organization. In OVCAR-3 cells the activity of Rac1 was only slightly diminished by docetaxel, but 

clearly reduced by cytochalasin D. In conclusion, targeting the actin cytoskeleton might provide a 

means to prevent metastasis formation. 

 

 

Introduction 

Ovarian cancer is the fifth leading cause of cancer death in the western world. The lethality of 

ovarian cancer is mainly due to the fact that more than 70% of patients show distant metastases at 

the time of diagnosis. Treatment of ovarian cancer consists of optimal debulking surgery combined 

with platinum-taxane combination chemotherapy. Survival in advanced ovarian cancer largely 

depends on the size of residual tumor lesions  [1]. The metastatic potential of ovarian cancer cells 

is unique as compared to other tumor types: at early stage the tumor cells reside in an intact ovary, 

but at later stages the ovary disrupts which enables tumor cells to invade directly into the 

peritoneal lining of the abdominal cavity or to spread through the lymphatics that drain the ovaries 

[2]. Understanding the molecular mechanism of ovarian cancer cell motility might facilitate the 

development of possible inhibitors of migration and invasion as a novel approach for treatment. 

Cellular movement is orchestrated by microtubules and the actin cytoskeleton. Together 

they provide cell shape and maintain cellular structure and polarization. Actin provides the driving 

force during the process of cell migration via the formation of contractile bundles (stress-fibers) 

through the cell body and the creation of lamellipodia at the leading edge. Microtubules support 

movement by filling in cellular extensions, and activating molecules that provide positive feedback 

in the motility process [3,4]. These activating molecules include members of the Rho GTPase 

family. Detailed analysis of how Rho GTPases work in cells is very complex. Most knowledge of their 

role as regulators of cytoskeleton dynamics has been acquired from members Cdc42, Rac1 and RhoA 

[5-7]. Cdc42 mediates polarity of the cell, enabling motility to be initiated and propagated in the 

desired direction [8]. Rac1 induces the development of cellular extensions (lamellipodia) at the 

leading edge, actin polymerization and formation of new adhesion sites to the matrix [5,6]. RhoA 

mediates assembly and contraction of actin-myosin filaments in the cell body and at the rear, 

resulting in forward movement [5,6]. Interference with actin or microtubule dynamics by 

cytoskeleton-targeting anticancer agents will result in decreased cell motility.  
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Standard cytotoxic agents that target the cytoskeleton are mainly used to interfere with the 

mitotic machinery leading to tumor cell death. Earlier, we have shown in endothelial cells that 

subtoxic concentrations of microtubule-targeting agents that do not affect cell proliferation can 

already inhibit migration and invasion [9]. We hypothesized that low concentrations of these 

compounds might interfere with motility of tumor cells as well. Earlier, it has been suggested that 

the actin cytoskeleton may also be a target for cancer treatment [10]. Metronomic therapy directed 

towards microtubule and actin filament polymerization dynamics might be a useful approach to 

inhibit cell kinetics and, as a result, metastasis formation.  

This study aims to provide insight into the capacity of microtubule- and actin-interfering 

agents to inhibit human ovarian cancer cell motility. We selected representatives of four classes of 

cytoskeleton-targeting agents: taxanes, epothilones, Vinca alkaloids and cytochalasins. Taxanes 

stabilize microtubules, whereby the dynamic reorganization and depolymerization are inhibited. 

Epothilones are structurally unrelated to taxanes, but share their ability to stabilize microtubules 

[11]. Vinca alkaloids also affect microtubule integrity, but display a different mode of action than 

taxanes and epothilones; they inhibit tubulin polymerization and formation of the mitotic spindle. 

Whereas docetaxel, epothilone B and vinblastine interfere with microtubule function, cytochalasin 

D inhibits F-actin polymerization. It will reduce actin filament mass and stabilizes the barbed end 

dynamics of the filaments [10,12]. Cisplatin and doxorubicin were included as standard cytotoxic 

agents that do not target the cytoskeleton. The drug concentrations used were subtoxic and 50% 

growth-inhibiting concentrations as well as equitoxic to be able to compare the potency of the 

different compounds. In addition, the interference with microtubule or actin function associated 

with the integrity of the cytoskeleton was studied concurrently with possible changes in the 

activities of Rac1 and Cdc42. 

  

 

Materials and methods 

 

Cell culture 

Five human ovarian cancer cell lines were used: A2780, H134, OVCAR-3, IGROV-1 and SKOV-3 

[13,14]. The cells were grown in tissue culture flasks in Dulbecco’s Modified Eagle’s Medium (DMEM; 

Invitrogen, Breda, the Netherlands) supplemented with 10% Fetal Calf Serum (FCS, Invitrogen), 100 

U/ml penicillin and 100 mg/ml streptomycin (Bio-Whittaker, Verviers, Belgium) at 37oC in 5% CO2.  

 

In vitro antiproliferative assay 

The antiproliferative effects of cisplatin (Bristol-Myers Squibb, Woerden, the Netherlands), 

doxorubicin (Pharmachemie, Haarlem, the Netherlands), docetaxel (sanofi aventis, Antony, France), 

epothilone B (Novartis, Arnhem, the Netherlands), vinblastine (Eli-Lilly, Houten, the Netherlands) 

and cytochalasin D (Sigma-Aldrich, Zwijndrecht, the Netherlands) were analyzed in the MTT assay. 

Molar stock solutions were further diluted in culture medium immediately before use. Cells were 

plated in culture medium in 96-well plates at 3,000 cells per well in quadruplicate and were 
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exposed to a drug concentration range for 1 h. After washing, cells were grown in culture medium 

for an additional 96-h period. The number of viable cells was determined by addition of 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT; Sigma-Aldrich). The extinction of the 

formazan product after conversion of MTT by mitochondria of metabolically active cells was 

measured at 540 nm on a multiscan plate reader (Thermo Biosciences, Breda, the Netherlands). 

Results were expressed in IC50 and IC10 values, being the drug concentrations responsible for 50% 

and 10% growth inhibition, respectively, as compared to control cell growth. Both the IC50 and the 

IC10 concentrations were used in further experiments. The IC10, the Highest Non-Toxic 

Concentration (HNTC) of a drug, was checked in parallel MTT assays. 

 

Migration assay 

Ovarian cancer cells were seeded in duplicate in wells of a 24-well plate and grown to confluence. 

The cells were treated with drugs (HNTC, IC50) for 1 h followed by replacement by culture medium. 

With a sterile pipette tip a wound was applied in two perpendicular directions in the confluent cell 

layer. Immediately after wounding and at time-point 12 h wounds were captured at 25x 

magnification by using a confocal laserscan microscope (TCS 4D; Leica, Jena, Germany) and Q500MC 

software (Leica). At time-point 12 h wound width was measured in four areas and expressed as a 

percentage of the wound width at time point 0 h. 

 

Invasion assay 

Ovarian cancer cell invasion was measured in a 24-well plate transwell system (Falcon, Woerden, 

the Netherlands) containing inserts with a fluorescence-blocking filter and a pore size of 8 mm (HTS 

fluoroblock; Falcon). The inserts were coated on the bottom with 2 mg/ml fibronectin (ICN, 

Zoetermeer, the Netherlands), washed with phosphate- buffered saline (PBS; Bio-Whittaker) and 

coated on the upper side with 5 mg Extracellular Matrix gel (ECM gel / Matrigel; Sigma-Aldrich) in 

100 ml PBS. A number of 2x105 tumor cells were seeded on top of the ECM gel layer in each well in 

duplicate and were allowed to settle for 4 h. Thereafter, cells were exposed to drugs (HNTC, IC50) 

for 1 h, or were left untreated (control) followed by replacement by culture medium containing 1% 

FCS in the upper compartment. Culture medium containing 10% FCS was added to the lower 

compartment of the system to elicit tumor cell invasion through the ECM gel layer. The cells were 

allowed to invade for 48 h. Thirty min prior to analysis, 5 mM calcein-AM (Molecular Probes, Leiden, 

the Netherlands) was added to the lower compartment, a substance that will be intracellularly 

converted to the polar fluorochrome calcein, including by cells still attached to the bottom of the 

filter. Calcein fluorescence in the lower compartment was measured in a spectrafluor multiplate 

reader (Tecan, Gorinchem, the Netherlands) at λexc 492 nm and λem 535 nm. 

 

Immunocytochemistry 

Ovarian cancer cells were seeded and grown to confluence on glass coverslips in a 24-well plate. 

Cells were then treated or not with drugs (IC50) for 1 h. A wound was formed in the confluent cell 

layer by a gentle scrape with a sterile pipette tip. Cells were washed with medium and culture 
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medium was added for an 8-h period after which cells were fixed with 3.7% formaldehyde without 

prior PBS-washing steps in order to preserve cytoskeletal integrity. Fixed cells were made 

permeable with 0.2% Triton X-100 (Sigma-Aldrich) in PBS and incubated with a monoclonal antibody 

against β-tubulin (1:50; Molecular Probes) for 2 h in 3% bovine serum albumin (BSA; ICN) in PBS. 

After washing, cells were incubated with Hoechst 33342 (1:500; Sigma-Aldrich) for nuclear staining 

and rhodamine-conjugated phalloidin (1:200; Molecular Probes) for F-actin staining. A secondary 

FITC-labeled mouse-IgG targeting antibody (1:120; DAKO, Amsterdam, the Netherlands) was used to 

visualize β-tubulin. After three washing steps of 15 min, coverslips were mounted in Vecta Shield 

(Vector Laboratories, Burlingame, CA) and digital imaging was performed on a Zeiss Axiovert 200 

Marianas™ inverted microscope (Zeiss, Leusden, the Netherlands). Images were captured by a digital 

camera (Sensicam, Cooke, Tonawanda, NY) through a 10x and 40x air lens and analyzed by 

Slidebook™ software (version 4.0; Intelligent Imaging Innovations, Denver, CO). 

 

Rac1/Cdc42 activity assay 

Ovarian cancer cells were grown to 80% confluence in 10 cm petri-dishes and rendered quiescent in 

culture medium with 1% FCS overnight. Rac1/Cdc42 activation was provoked by addition of 

complete culture medium (10% FCS), while at the same time drugs (IC50) were added or not. One h 

thereafter, Rac1/Cdc42 activity was analyzed using the Rac1/Cdc42 Activation Assay Kit (Chemicon, 

Chandlers Ford, United Kingdom) according to instructions provided by the manufacturers. Briefly, 

after washing cells were lysed in assay buffer (supplemented with 0.5 mM trypsin inhibitor, 0.5 

mg/ml leupeptin, 1 mM PMSF) and centrifuged to remove cell debris. To determine total 

Rac1/Cdc42 levels, 40 ml of each sample was stored at –80oC for separate analysis. The remaining 

960 ml of the supernatant was incubated with 10 mg of agarose-conjugated p21-binding domain of 

PAK-1, which binds both activated Rac1 and Cdc42, for 1 h at 4oC while tumbling. Agarose beads 

with bound active Rac1/Cdc42 were washed four times in assay buffer, resuspended in 30 ml SDS-

sample buffer (10% glycerol, 3% SDS, 20 mg/ml bromophenol blue, 25 mg/ml β-mercaptoethanol, 

0.6 M Tris pH 6.7) and boiled for 10 min. 

 Active (GTP-bound) and total Rac1/Cdc42 protein levels in each sample were analyzed by 

Western blot. Samples obtained from the Rac1/Cdc42 activity assay were subjected to 12% 

polyacrylamide gel electrophoresis (75 V, 30 min followed by 125 V, 1 h). The separated proteins 

were transferred to a polyvinylidene fluoride membrane (PVDF; Millipore, Etten-Leur, the 

Netherlands) by electrotransfer (400 mA, 2 h). The blots were blocked with 10% milk (Protifar; 

Nutricia, Zoetermeer, the Netherlands) in Tris-buffered saline – Tween 20 (TBS-T: 10mM Tris pH 8.0, 

150 mM NaCl, 0.0025% Tween 20) at room temperature for 1 h and incubated overnight at 4oC with 

the Kit-provided mouse monoclonal antibody against Rac1 (1:500; Chemicon) diluted in 5% BSA/TBS-

T. After the membrane was washed three times for 5 min with TBS-T it was incubated with 5% 

milk/TBS-T, containing horseradish peroxidase (HRP)-linked anti-mouse IgG secondary antibody, for 

1 h at room temperature. After three TBS-T washing steps of 15 min Rac1 protein was visualized by 

enhanced chemoluminescence. Cdc42 protein was visualized on the same blot. To that end, the 

Rac1 blot was stripped for 15 min in strip buffer (Pierce, Rockford, IL) and washed three times with 
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TBS-T. Subsequently, the blots were blocked again with 10% milk in TBS-T for 1 h, incubated 

overnight with the Kit-provided mouse monoclonal antibody directed against Cdc42 (1:250; 

Chemicon) and thereafter, incubated with HRP-linked anti-mouse IgG secondary antibody for 1 h. 

Proteins were visualized on photography film (Pharmacia, Uppsala, Sweden) by enhanced 

chemoluminescence. 

 

Statistics 

The effects of the agents on cellular migration and invasion were subjected to statistical analysis by 

one-way ANOVA followed by the Bonferroni adjustment, using SPSS software (SPSS Inc, Chicago, IL). 

The level of significance was set at p<0.05. 

  

 

Results 

 

Determination of highest non-toxic drug concentrations (HNTCs) and IC50 values in ovarian 

cancer cell lines 

The antiproliferative effects of cisplatin, doxorubicin, docetaxel, epothilone B, vinblastine and 

cytochalasin D in a panel of ovarian cancer cell lines were determined by the MTT assay and 

expressed as HNTC and IC50. Cells were exposed to the drugs for 1 h, followed by a 96-h drug-free 

period. Table 1 shows HNTCs (fixed concentrations, first column) and the mean percentage of cell 

growth when cells were exposed to HNTCs (second column). Table 2 depicts the mean IC50 values of 

the drugs in the different cell lines. Epothilone B was most potent and inhibited 50% of ovarian 

cancer cell growth at a concentration varying between 0.8-5.0 nM. Cisplatin was least potent and 

concentrations varying between 8-50 mM were required to achieve a 50% growth-inhibiting effect.  

 

Table 1:  Antiproliferative effects of highest non-toxic concentrations (HNTC) of cytotoxic agents in ovarian 

cancer cell lines after a 1-h drug exposure period followed by a 96-h drug-free period  

 
HNTCa A2780 H134 OVCAR-3 IGROV-1 SKOV-3 

  HNTC Growthb HNTC Growthb HNTC Growthb HNTC Growthb HNTC Growthb

Cisplatin (µM) 6.3 94.9 ± 7.2 6.3 95.9 ± 9.8 1.7 92.2 ± 4.4 1.0 96.6 ± 7.3 7.6 101.0 ± 5.4 

Doxorubicin (nM) 9.8 93.6 ± 2.5 39.0 100.4 ± 2.2 48.8 97.6 ±  4.2 175.0 91.2 ± 4.5 21.7 102.4 ± 6.4 

Docetaxel (nM) 1.0 98.3 ± 8.5 3.9 104.2 ± 9.3 6.2 95.5 ± 3.5 2.4 93.1 ± 5.4 0.8 98.4 ± 7.5 

Epothilone B (pM) 61.0 98.4 ± 2.4 61.0 105.9 ± 11.5 549.0 97.7 ± 3.5 233.0 89.9 ± 11.6 595.0 98.5 ± 4.1 

Vinblastine (nM) 1.0 100.7 ± 4.4 3.9 100.9 ± 5.2 2.2 96.6 ± 4.4 6.9 100.7 ± 7.1 2.0 94.2 ± 9.2 

Cytochalasin D (µM) 0.6 98.6 ± 1.0 0.6 91.2 ± 5.5 1.1 93.1 ± 7.2 0.5 92.1 ± 7.3 0.2 95.9 ± 7.8 
 

a highest non-toxic concentration, concentration of the drug not yet interfering with proliferation 

b cell growth at HNTC expressed as a percentage of control cell growth; mean ± SD of at least three 

separate experiments 
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Table 2: IC50 values of cytotoxic agents in ovarian cancer cell lines after a 1-h drug exposure followed 

by a 96-h drug-free period  

IC50 a A2780 H134 OVCAR-3 IGROV-1 SKOV-3 

Cisplatin (µM) 23.4 ± 16.5 27.9 ± 25.0 25.9 ± 15.9 7.7 ± 2.3 49.6 ± 14.8 

Doxorubicin (nM)  67.7 ± 15.3 1080.1 ± 129.9 326.0 ± 100.6 220.0 ± 65.3  301.2 ± 84.2 

Docetaxel (nM) 8.7 ± 3.1 49.3 ± 11.7 23.8 ± 5.27 7.8 ± 5.2 6.4 ± 2.5 

Epothilone B (nM) 1.2 ± 1.2 3.4 ± 7.1 5.0 ± 2.0 0.8 ± 0.3 1.4 ± 1.3 

Vinblastine (nM) 7.5 ± 1.9 21.6 ± 8.4 10.9 ± 5.4 26.10 ± 25.6 4.2 ± 3.8 

Cytochalasin D (µM) 3.0 ± 0.9 3.7 ± 10.8 8.5 ± 3.1 3.2 ± 1.2 3.6 ± 1.2 

 
a drug concentration resulting in 50% growth inhibition as compared to control cell growth; mean ± SD of 

at least three separate experiments 

 

 

Ovarian cancer cell migration is affected by interference with the actin cytoskeleton 

The spontaneous migratory capacity of the five ovarian cancer cell lines is shown in Fig. 1. A2780 

and H134 cells hardly moved during the 12 h of the experiment (mean values of 5.4% and 3.3% of 

wound closure, respectively). In contrast, OVCAR-3 and SKOV-3 rapidly filled the applied wound: 

after 12 h mean wound closure was 64.6% and 72.4% for OVCAR-3 and SKOV-3, respectively. IGROV-1 

cells showed an intermediate rate of migration; a mean value of 17.7% was calculated after 12 h.  

Because of their migratory potential, experiments on inhibition of motility by the 

cytoskeleton-targeting agents were conducted in OVCAR-3, SKOV-3 and IGROV-1 cells (Fig. 2). Upper 

and lower panels show wound closure as a ratio of control wound width (set at 1.00) at 12 h after a 

1-h exposure to, respectively, HNTCs and IC50 of the 6 different compounds. HNTCs and IC50s of 

the cytotoxic agents cisplatin and doxorubicin did not affect the motility of the cancer cells. As for 

the microtubule-interfering agents, docetaxel and vinblastine inhibited IGROV-1 cell migration 

significantly at HNTC (mean ratios of 0.66 and 0.65, respectively; p<0.05) and at IC50 (mean ratios 

of 0.60 and 0.40, respectively; p<0.01), while epothilone B significantly hampered SKOV-3 migration 

at HNTC (mean ratio of 0.70; p<0.05) and IC50 (mean ratio of 0.70; p<0.05). The actin-interfering 

agent cytochalasin D inhibited migration most successfully at subtoxic concentrations (mean ratios 

of 0.24, 0.44 and 0.35 in IGROV-1, OVCAR-3 and SKOV-3, respectively; p<0.001). Effects were 

further enhanced when 50% growth-inhibiting concentrations of the compound were applied: mean 

ratios of 0.11, 0.25 and 0.17 were calculated in, respectively, IGROV-1, OVCAR-3 and SKOV-3 cells 

(p<0.001). 

 

Ovarian cancer cell invasion is affected by interference with the actin cytoskeleton 

Ovarian cancer cell invasion was investigated in a transwell system. In the upper compartment of 

the system cells were seeded on top of a layer of artificial extracellular matrix (Matrigel). Cells 

were allowed to invade to the lower compartment for 48 h. Spontaneous invasive capacity was 

measured (medium containing 1% FCS in both the upper and lower compartment) and appeared to 

be most prominent for OVCAR-3 and SKOV-3 cells, while A2780, H134 and IGROV-1 hardly showed 

invasive cells (Fig. 3). When 10% FCS was added to the medium in the lower compartment invasion 
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Fig. 1: Migration assay. Ovarian cancer cells were seeded to confluence and a wound was applied in 2 

perpendicular directions with a pipette tip. The cells were allowed to migrate for 12 h. Migratory capacity of 

the different cell lines is shown. Mean ± SD of at least three independent experiments. 

 

 

increased in most cell lines, but H134 still showed very modest invasion and A2780 did not invade at 

all. Based on these findings, OVCAR-3, SKOV-3 and IGROV-1 were chosen to study invasion after 

treatment with the cytoskeleton-interfering agents (Fig. 4). 

Cisplatin and doxorubicin had no significant effect on ovarian cancer cell invasion at HNTC 

(Fig. 4 upper panel), but at IC50 (Fig. 4 lower panel) cisplatin slightly reduced IGROV-1 and SKOV-3 

invasion as compared to untreated cells (mean values of 74.5% and 75.1%, respectively). HNTCs of 

the microtubule-interfering agents had limited effects on invasion; docetaxel only slightly inhibited 

the invasion of IGROV-1 (mean value of 74.2%; n.s.) and SKOV-3 (mean value of 64.4%; p<0.05), 

epothilone reduced IGROV-1 invasion (mean value of 48.5%; n.s.) and vinblastine had a minor anti-

invasive effect on IGROV-1 and SKOV-3 (mean values of 76.3% and 74.1%, respectively; n.s.). The 

inhibitory capacity of the microtubule-interfering agents on invasion followed the same pattern 

when 50% growth-inhibiting concentrations were applied; reduction by docetaxel (mean value of 

34.3%; p<0.05), epothilone B (mean value of 21.1%; p<0.01) and vinblastine (mean value of 35.4%; 

p<0.05) was significant in IGROV-1, while in SKOV-3 invasion was significantly obstructed by 

docetaxel (mean value of 43.3%; p<0.001). Of interest, cytochalasin D significantly prevented the 

invasion at HNTC in IGROV-1 (mean value of 37.5%; p<0.05) and in all three cell lines at IC50; mean 

values at IC50 were calculated in IGROV-1 17.5% (p<0.01), OVCAR-3 24.8% (p<0.001) and SKOV-3 

47.7% (p<0.005). 

 

Interference with actin dynamics affects cytoskeletal integrity to a larger extent than 

disturbance of tubulin function 

The cytoskeletal changes in IGROV-1, OVCAR-3 and SKOV-3 morphology upon addition of docetaxel 

or cytochalasin D were examined after a 1-h drug exposure (IC50) and subsequent wounding of the 

cell monolayer. At 8 h after wounding images of the structures of the β-tubulin and F-actin 

cytoskeleton were captured by fluorescence microscopy (Fig. 5).  

IGROV-1 cells are relatively small and show broad lamellipodia filled with microtubules in 

the direction of movement. Upon treatment with docetaxel or cytochalasin D cells were more 

compact. Lamellipodia were still visible after exposure to docetaxel, but tubulin was mostly present  
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Fig. 2: Migration assay. Upper panels: wound closure at 12 h of cells treated with the highest non-toxic 

concentrations (HNTC) as a ratio relative to control cell migration (set at 1.0). Lower panels: wound closure at 

12 h of cells treated with 50% growth-inhibiting concentrations (IC50) of the indicated drugs. HNTC and IC50 

values were as indicated in Tables 1 and 2. Mean migration ratios are given of at least three independent 

experiments, each with four distinct measurements of wound width in duplicate wounds. Ctrl, control; Cis, 

cisplatin; Dox, doxorubicin; Doc, docetaxel; Epo, epothilone B; Vin, vinblastine; Cyt, cytochalasin D. Bars, 

SEM; * p<0.05, ** p<0.01, *** p<0.001. 

 

 

as a thick layer around the nucleus. Lamellipodia were ruffled by cytochalasin D and contained 

patchy layers of F-actin.  

Untreated OVCAR-3 cells displayed broad F-actin extensions along the membrane at the 

leading edge in the direction of movement, which contained several radial F-actin spikes. 

Remarkably, these extensions were almost void of microtubules. Upon treatment with docetaxel 

only subtle changes in morphology were visible as compared to that of control cells; the intensity of 

the tubulin signal was slightly increased, but the F-actin extensions in the direction of movement 

remained present. Interference with actin dynamics by cytochalasin D resulted in pronounced 

changes in the cytoskeletal architecture in OVCAR-3 cells. F-actin extensions had mostly 

disappeared. Instead, a thick layer of F-actin contoured the cells and spike-like extensions of 

tubulin without actin support were visible.  

A different pattern was visible in SKOV-3 control cells: broad F-actin lamellipodia at the 

leading edge in the direction of movement were filled with microtubules. Upon treatment with 

docetaxel subtle morphological changes were visible; microtubules formed a thick layer around the 

nucleus of some cells, but the F-actin extensions in the direction of movement remained present. In 

contrast, cytochalasin D treatment resulted in loss of the characteristic broad lamellipodia. Instead, 

the cells contained a thick layer of F-actin at the assumed leading edge and demonstrated a 

disorganized meshwork as a sign of complete disorder in orientation. 
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Fig. 3: Invasion assay. Ovarian cancer cells were seeded in culture medium containing 1% FCS on top of a 

Matrigel layer (5 mg) in a transwell insert. Spontaneous invasion was measured in the lower compartment 

containing culture medium with only 1% FCS, whereas induction of invasion was measured by the addition of 

complete culture medium (10% FCS) to the lower compartment of the transwell system. The amount of 

liberated calcein from calcein-AM (5 mM) added to the lower compartment was measured after 48 h. Mean 

arbitrary units of calcein fluorescence are shown of at least three independent experiments. Bars, SEM; * 

p<0.05, ** p<0.005. 

 

 

Interference with actin dynamics inhibits Rac1 activity in OVCAR-3 cells 

Activity of both Rac1 and Cdc42 is tightly regulated by actin and tubulin dynamics; disturbances in 

the microtubule/actin integrity induced by docetaxel or cytochalasin D might result in a reduced 

functionality of these two key molecules in the onset of cell migration. OVCAR-3 cells were selected 

to pull down active Rac1 and Cdc42 from total cell lysates after a 1-h drug exposure (IC50). Levels 

were compared with total protein levels as assessed by Western blot (Fig. 6). Total levels of both 

Rac1 and Cdc42 remained the same in OVCAR-3 cells after treatment with either docetaxel or 

cytochalasin D. Interference with tubulin dynamics by docetaxel only slightly inhibited Rac1 

activity, while Cdc42 activity remained unaffected. Interference with actin dynamics by 

cytochalasin D, however, resulted in potent inhibition of Rac1 activity, whereas Cdc42 activity was 

unaltered. 

  

Discussion 

 

At equitoxic drug doses we demonstrate that interference with actin dynamics is more effective in 

inhibiting human ovarian cancer cell motility than disturbance of microtubule function. As 

expected, control cytotoxic agents cisplatin and doxorubicin did not significantly affect motility. 

Cytochalasin D was clearly more potent than docetaxel, epothilone B and vinblastine in inhibiting 

migration and invasion OVCAR-3, SKOV-3 and IGROV-1. Interference with microtubule dynamics by 

docetaxel at 50% growth-inhibiting concentrations only slightly altered the structure of the tubulin 

cytoskeleton. The activity of Rac1/Cdc42 in OVCAR-3 cells was reduced to a minor extent. In 

contrast, hindrance of actin dynamics by cytochalasin D at a dose inhibiting 50% of cell growth 

resulted in loss of lamellipodial extensions, the formation of thick layers of F-actin and disorder in  
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Fig. 4: Invasion assay. Ovarian cancer cells were seeded on top of a Matrigel layer (5 mg) in a transwell insert. 

Invasion was induced by the presence of complete culture medium (10% FCS) in the lower compartment of the 

transwell system. Cells were treated with drugs for 1 h. Highest non-toxic concentrations (HNTC) and 50% 

growth-inhibiting concentrations (IC50) were as indicated in Tables 1 and 2. The number of invaded cells was 

assessed after 48 h by measuring the amount of liberated calcein from calcein-AM (5 mM) that was added to 

the lower compartment. Invasion towards 10% FCS by untreated cells was set at 100%. Mean percentages are 

shown of at least three independent experiments. Ctrl, control; Cis, cisplatin; Dox, doxorubicin; Doc, 

docetaxel; Epo, epothilone B; Vin, vinblastine; Cyt, cytochalasin D. Bars, SEM; * p<0.05, ** p<0.01, *** p<0.005, 

**** p<0.001. 

 

 

cellular organization In OVCAR-3 cells this process was associated with a clear reduction in the 

activity of Rac1. 

 The properties of a panel of cytotoxic agents to prevent motility of cancer cells were 

investigated at subtoxic concentrations (HNTC) and at IC50 for an incubation period of 1 h. Each 

individual experiment was monitored with a parallel MTT assay to reassure that the drug 

concentrations used were representative for HNTC or IC50. Drug exposure periods of 1 h were 

selected because most cytotoxic agents given to cancer patients are either administered as bolus 

injections or infusions of short duration. All concentrations of the drugs that we calculated were 

well below the peak plasma levels that can generally be reached in patients, except for cisplatin. 

The IC50 values of cisplatin slightly exceeded the maximum plasma concentration of approximately 

14 mM of intact cisplatin that can be reached after a 1-h infusion of 75 mg/m2 in patients [15]. The 

maximum concentrations in patients are for doxorubicin given as a bolus injection of 60 mg/m2 

approximately 1 µM [16], for docetaxel 75-100 mg/m2 given for 1 h approximately 4 µM [17] and for 

vinblastine 7-10.8 mg/m2 given as a bolus injection approximately 160 nM [18]. No clinical data are 

available on cytochalasin D and peak plasma levels of epothilone B have yet to be reported. 

Earlier studies have already indicated the potential use of cytoskeleton-targeting agents in 

the evasion of metastasis formation. In vitro, paclitaxel has been shown to inhibit human ovarian  
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Fig. 5, Previous page: Effects of docetaxel and cytochalasin D on the structure of the tubulin and actin 

cytoskeleton of human ovarian cancer cells. β-Tubulin (green), F-actin (red) and nuclear (blue) staining of 

IGROV-1, OVCAR-3 and SKOV-3 is shown after they had grown to confluence, were treated or not with drugs 

(IC50 values as depicted in Table 2) for 1 h, wounded with a pipette tip and allowed to migrate for 8 h. The 

arrows point towards the direction of supposed cell movement. Bar = 10 µm. The images are representative 

for one out of three independent experiments. 

 

 

cancer cell migration, among which was SKOV-3, in a 4-h chemotaxis experiment at concentrations 

not inhibiting proliferation [19]. Paclitaxel was also able to inhibit OVCAR-3 invasion and migration 

after a 6-h incubation period at concentrations not affecting cell viability [20]. In vivo, docetaxel 

was shown to have antimetastatic properties in a SCID-mouse model of human prostate cancer bone 

metastases [21]. Although hardly effective by itself, combination of docetaxel with the angiogenesis 

inhibitor TNP-470 completely abolished lymph node metastasis formation of orthotopically 

implanted human transitional cell carcinoma in the bladder of nude mice [22]. Vinca family 

members conophylline and vinorelbine, both at non-cytotoxic concentrations for exposure times of 

24-48 h, have been identified for their anti-invasive properties in, respectively, human endometrial 

cancer cells and human transitional cell bladder carcinoma cells [23,24]. Under the in vitro 

conditions using non-toxic or 50% growth-inhibiting concentrations in our experiments we did not 

find microtubule-targeting agents to have high potency to obstruct cancer cell motility, which is in 

contrast to our previous findings in endothelial cells [9]. We might, however, observe inhibition of 

ovarian cancer cell motility upon longer drug exposure periods of these compounds, since in vitro 

experiments mentioned above applied drugs for a period considerably longer than 1 h [19,20,23,24]. 

In addition, in vivo administration of docetaxel was carried out repeatedly to prevent the formation 

of metastases [21,22]. Our results obtained with cytochalasin D are in line with previous 

observations that this compound at a non-toxic concentration inhibited motility of a human 

melanoma cell line [25] and migration of a human non-small cell lung cancer and breast cancer cell 

line [26], although in both assays exposure times were longer than the one h we have applied.  

Experiments revealing the structure of the microtubule and actin cytoskeleton (Fig. 5) 

support the premise that the actin cytoskeleton is in charge of ovarian cancer cell motility. The Rho 

GTPase family member Rac1 is known to stimulate the formation of actin extensions in the direction 

of cell movement. It is activated via microtubule plus end growth in the leading edge of migrating 

cells. This microtubule growth is induced after actin-associated microtubules buckle and break as a 

result of retrograde flow of polymerizing actin cables [27]. Obstruction of actin polymerization will, 

therefore, likely result in decreased Rac1 activity. While in OVCAR-3 cells stabilization of 

microtubules by docetaxel only slightly inhibited Rac1 activity, we indeed found clearly reduced 

Rac1 activity after interference with actin polymerization by cytochalasin D (Fig. 6). Inhibition of 

Rac1 activity after treatment with taxanes has already been established [9,28,29], but it now 

appears that cytochalasin D is more efficient in the inhibition of Rac1 function. 

Cdc42, also a Rho GTPase family member, mediates cell polarization because of which 

migration is initiated in the correct direction [8,30]. The chaotic morphology upon cytochalasin D  

67



Chapter 3 
 
 

22 kDa

22 kDa

Active

Total

Rac1
Control Doc CytoD

22 kDa

22 kDa

Active

Total

Cdc42
Control Doc CytoD

 
Fig. 6: Effects of docetaxel and cytochalasin D on the activity of Rac1 and Cdc42 in OVCAR-3. Semi-confluent 

cells in minimal medium were stimulated by adding complete culture medium in the presence or absence of 

drugs (IC50, values in Table 2) for 1 h. The signal for active Rac1/Cdc42 was obtained by capturing the 

chemoluminescence reaction for 30 min, while total Rac1/Cdc42 was obtained after a 15 min exposure time. 

The experiments were carried out three times and yielded comparable results. Doc, docetaxel; CytD, 

cytochalasin D. 

 

 

treatment might be the result of disturbed polarization as a consequence of reduced Cdc42 activity. 

Cdc42 activity, however, was not clearly affected by docetaxel or cytochalasin D in OVCAR-3 cells. 

Cdc42 activation and actin polymerization function in a positive feedback loop. Yet, it has been 

proposed that initial Cdc42 activation occurs by an actin-independent mechanism, while for 

maintenance of Cdc42 polarization a correct orientation of actin cables is required [31].  

For tumor cell metastasis formation there appear to be at least three necessary stages of 

cellular function: adherence to an extracellular matrix, release of proteolytic enzymes, and the 

motile response itself. Two out of our five cell lines lacked spontaneous motility as visualized in the 

wound assay. It has been demonstrated in human squamous cell carcinoma cell lines that epidermal 

growth factor receptor (EGFR) is required for invasion stimulated by EGF, since keratinocytes 

expressing low levels of EGFR do not invade [32]. In addition, HER2 expression in human breast 

cancer cell lines facilitated invasion upon stimulation with EGF-related peptides [33]. Of interest, 

spontaneous migration under 10% FCS conditions was only apparent in our ovarian cancer cell lines 

expressing EGFR, since EGFR is virtually absent in the non-motile cell lines A2780 and H134 (data 

not shown). It remains to be determined in ovarian cancer, whether EGFR signaling is involved in 

the motile response.  

In conclusion, interference with actin dynamics is more efficient in the inhibition of human 

ovarian cancer cell motility than disturbance of microtubule function. Therefore, the actin 

cytoskeleton should be considered as a therapeutic target to prevent metastasis formation [34]. 
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Actin-interfering agents are not specific for cancer cells. Since Rho GTPases, such as Rac1, are 

overexpressed in a variety of tumors, these may be attractive for drug development [7]. Design of 

small molecule inhibitors targeting Rac1 is underway [35]. Such compounds might particularly be 

useful in patients with no or minimal residual disease after optimal debulking surgery in order to 

improve the cure rate in ovarian cancer. 
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Summary 

 

Celecoxib, an inhibitor of cyclooxygenase-2 (COX-2), is being investigated for enhancement of 

chemotherapy efficacy in cancer clinical trials. We determined whether continuous exposure to 

celecoxib would increase the antiproliferative effects of a 1-h treatment with docetaxel or cisplatin 

in four human ovarian cancer cell lines. COX-2 protein could not be detected in these cell lines, 

because of which three COX-2 positive human colon cancer cell lines were included. Multiple drug 

effect analysis demonstrated additive to borderline antagonistic effects of celecoxib combined with 

docetaxel. Combination indices with values of 1.4-2.5 in all cancer cell lines indicated antagonism 

between celecoxib and cisplatin regardless whether celecoxib preceded cisplatin for 3 h, was added 

simultaneously or immediately after cisplatin. Apoptotic features measured in COX-2-negative H134 

ovarian cancer cells and COX-2-positive WiDr colon cancer cells, such as the activation of caspase-3 

and the number of cells in sub-G0 of the cell cycle, induced by docetaxel were increased in the 

presence of celecoxib, but were abrogated upon addition of celecoxib to cisplatin. Moreover, the 

G2/M accumulation in cisplatin-treated cells was less pronounced when celecoxib was present. 

Drugs did not affect p-Akt. Celecoxib upregulated p-ERK1/2 in H134 cells, but not in WiDr cells. 

Platinum-DNA adduct formation measured in WiDr cells, however, was reduced when celecoxib was 

combined with cisplatin. Taken together, our data demonstrate clear antagonistic effects when 

celecoxib is given concurrently with cisplatin, which is independent of COX-2 expression levels. 

  

 

Introduction 

 

The enzyme cyclooxygenase (COX) catalyzes prostaglandin synthesis from arachidonic acid. Two 

isoforms have been characterized of which COX-1 is a homeostasis protein constitutively expressed 

in a variety of tissues, while COX-2 expression is regulated by growth factors, cytokines and 

oncogenes. COX-2 overexpression can be found in both premalignant and malignant lesions. 

Induction of COX-2 has been shown to promote cell growth, inhibit apoptosis and enhance cell 

motility and adhesion [1,2]. Classical anticancer agents may upregulate COX-2 mRNA and protein 

levels in tumor cells, as has been described for cisplatin and taxanes [3-5].  

Since COX-2 expression leads to a pro-survival effect, COX-2 inhibitors have been 

investigated for their potential to enhance chemotherapy efficacy. At first instance, non-steroidal 

anti-inflammatory drugs (NSAIDs) have been employed, but this class of agents also inhibits COX-1 

function causing gastrointestinal injury. Thereafter, specific COX-2 inhibitors were developed to 

avoid side-effects of NSAIDs related to COX-1 inhibition [6], such as celecoxib. Celecoxib specifically 

binds to COX-2, while little or no specific binding to COX-1 was observed [7]. Besides its anti-

inflammatory activities, in relevant animal models of cancer celecoxib has been found to prevent 

colon tumor formation, to inhibit angiogenesis and to potentiate tumor response to radiation [8]. 

More specifically, celecoxib may enhance antitumor activity when combined with chemotherapy. As 

examples, celecoxib combined with docetaxel was more effective than docetaxel alone in the 
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growth inhibition of A549 human lung tumors in nude mice [5]. The same combination potentiated 

apoptosis in human prostate cancer cells and had additive antitumor effects in vivo [9]. Combined 

with oxaliplatin it could enhance human colon cancer cell death in vitro [10]. Clinical trials have 

been conducted or are underway using celecoxib in combination with cytotoxic agents, such as 

gemcitabine and cisplatin in pancreatic cancer [11] and docetaxel in lung cancer [12]. Thus far, the 

benefit of celecoxib as an adjunct to chemotherapy regimens has not yet been established. 

The most likely route of celecoxib to potentiate the efficacy of chemotherapy is considered 

via inhibition of COX-2. Recent experiments, however, provide evidence that celecoxib is also able 

to inhibit human cancer cell growth regardless of the presence of functional COX-2 [13-15]. It is 

therefore hypothesized that celecoxib improves chemotherapy outcome not only via COX-2 

inhibition, but also by other, mostly unknown, mechanisms. 

The functional activity of COX-2 and the effects of COX-2 inhibition have been mainly 

studied in colorectal cancer. COX-2 is overexpressed in approximately 90% of patients with 

colorectal adenocarcinomas [16]. A high level of COX-2 expression was correlated with more 

advanced stage and larger tumor size and might be related with reduced survival [17]. Various 

epidemiological studies have indicated that regular and prolonged intake of NSAIDs is associated 

with a 40-50% reduction in colorectal cancer incidence, most probably due to reduced prostaglandin 

synthesis as a consequence of decreased COX-2 activity [18]. Moreover, in experimental human 

colon cancer COX-2 inhibition potentiated the efficacy of cytotoxic agents, such as oxaliplatin, 

irinotecan and curcumin [10,19,20]. 

Although not frequently overexpressed, COX-2 can be detected in human ovarian tumors 

[21-23]. Expression of COX-2 was found to be associated with a significantly reduced median survival 

time [22] and levels were significantly higher in non-responding patients than patients responding to 

chemotherapy [23]. The well-known NSAID acetyl salicylic acid (aspirin) has been shown to inhibit 

OVCAR-3 human ovarian cancer cell growth in vitro [24]. Other studies in human ovarian cancer cell 

lines treated with the specific COX-2 inhibitor NS398, however, led to ambiguous effects; both 

induction of G0/G1 cell cycle arrest [25] and impairment of paclitaxel-induced apoptosis [26] have 

been reported. The exact role of COX-2 as a target for treatment in ovarian cancer remains to be 

elucidated.  

In this study we investigated the possible synergism of celecoxib when combined with 

docetaxel or cisplatin in human ovarian cancer cell lines. Since these cell lines did not clearly 

express COX-2 protein levels, human colon cancer cell lines that contain COX-2 were included as 

control cell lines. We detected increased cytotoxic effects and apoptotic features when celecoxib 

was combined with docetaxel regardless of the expression levels of COX-2. Of interest, we 

consistently calculated antagonistic effects upon the combination of celecoxib with cisplatin, both 

in ovarian cancer as well as in colon cancer cells. We, therefore, investigated the mechanism of the 

antagonism between celecoxib and cisplatin. Evidence was found that celecoxib-treated cells were 

protected against the cisplatin-induced G2/M arrest as well as against platinum-DNA adduct 

formation in which p21 may play a role. 
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Materials and methods 

 

Cell culture 

Four human ovarian cancer cell lines: A2780, H134, OVCAR-3, IGROV-1 [27,28] and three human 

colon cancer cell lines: WiDr, HT29, SW1398 [29,30] were used for the experiments. The cells were 

cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; Invitrogen, Breda, the Netherlands) 

supplemented with 10% Fetal Calf Serum (FCS, Invitrogen), 100 U/ml penicillin and 100 mg/ml 

streptomycin (Bio-Whittaker, Verviers, Belgium) at 37oC in 5% CO2.  

 

In vitro antiproliferative assay 

The antiproliferative effects of docetaxel (kindly provided by Sanofi-Aventis, Antony, France), 

cisplatin (Bristol-Myers Squibb, Woerden, the Netherlands), celecoxib (kindly provided by Pfizer, 

Barceloneta, Puerto Rico) and combinations of docetaxel-celecoxib or cisplatin-celecoxib were 

measured in a 96-h antiproliferative assay. Cells were plated in quadruplicate in culture medium in 

96-well plates at 3,000 cells per well. After 24 h, cells were exposed to drug concentration ranges 

of docetaxel (1 h), cisplatin (1 h) or celecoxib (96 h). Docetaxel and cisplatin treatments were 

followed by a wash step and addition of fresh culture medium. Besides assessment of the 

antiproliferative effects of individual drugs, three different experimental designs were used: 1)  a 3-

h pre-incubation with celecoxib followed by a 1-h simultaneous exposure to docetaxel or cisplatin 

and a subsequent 96-h exposure to celecoxib, 2) a 1-h simultaneous exposure to docetaxel or 

cisplatin plus celecoxib and a subsequent 96-h exposure to celecoxib, 3) a 1-h exposure to docetaxel 

or cisplatin followed by a 96-h celecoxib exposure. Constant drug concentration ratios were applied 

in which docetaxel molar concentrations were 1000-fold lower than the celecoxib concentrations, 

while cisplatin and celecoxib concentrations were added in equal molar ratios. 

 The number of viable cells was determined by addition of 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazoliumbromide (MTT; Sigma-Aldrich, Zwijndrecht, the Netherlands). The extinction of 

the formazan product was measured at 540 nm on a Multiscan plate reader (Thermo Biosciences, 

Breda, the Netherlands). Results were expressed in IC50 values, being the drug concentration 

responsible for 50% cell growth inhibition as compared to control cell growth. 

 

Multiple drug effect analysis 

All cell lines were exposed to combinations of docetaxel-celecoxib and cisplatin-celecoxib in the 

same way as described above for the antiproliferative assay. Concentrations of the drugs were 

added in constant molar ratios in quadruplicate. Using the MTT assay dose-effect curves were 

generated to obtain the IC50, IC70 and IC90 values of the combinations and to perform multiple 

drug effect analysis based on the method of Chou and Talalay [31]. The utilization of this method 

for the combination of cytotoxic agents has been described by our group [32]. Briefly, each fraction 

affected (FA) was calculated by comparing the absorbance values of drug-treated cell wells to the 

absorbance of control cell wells. A FA of 0.3 means for instance a reduction in growth of 30%. For 
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each level of antiproliferative effect expressed as a particular IC value the combination index (CI) 

was calculated using the formula: 

 

CI = [(D)1/(D1-FA)1] + [(D)2/(D1-FA)2] + [(D)1 (D)2/(D1-FA)1 (D1-FA)2] 

 

In which (D)1 and (D)2 are the doses of the drugs in a fixed ratio, while (D1-FA)1 and (D1-FA)2  are 

the doses of individual drugs resulting in the effect 1-FA. Mean CI values of concentrations resulting 

in 50% growth inhibition (CI50), 70% growth inhibition (CI70) and 90% growth inhibition (CI90) were 

calculated to determine the presence of a drug interaction in the cell lines. CI<0.9 indicates 

synergism, 0.9<CI<1.1 indicates addition and CI>1.1 indicates antagonism. 

  

Caspase-3 activity assay 

The activity of caspase-3 was measured as described before [28]. In short, cells were plated in Petri 

dishes (one dish per treatment type) and grown to 75% confluence. H134 and WiDr cells were 

pretreated or not with celecoxib (3 h) followed by another h with exposure to docetaxel or 

cisplatin. After washing, fresh culture medium was added with or without celecoxib. After 48 h, 

adherent and nonadherent cells were recovered and washed with phosphate-buffered saline (PBS, 

Bio-Whittaker). The pellet was resuspended in lysis buffer (10 mM Tris-HCl pH 7.6, 150 nM NaCl, 5 

mM EDTA, 1% Triton X-100). After three freeze-thaw cycles samples were centrifuged at 14,000 rpm 

for 10 min. Protein concentrations were determined by the Bradford protein assay [33].  

In a 96-well plate duplicate samples of 10 µg protein in a total volume of 20 µl were added to 80 µl 

of reaction buffer (100 mM HEPES pH 7.3, 10% sucrose, 0.1% Nonidet-P40, 10 mM DTT) 

complemented with 25 µM of DEVD-7-amino-4-methylcoumarin (DEVD-AMC; Sigma-Aldrich), which is 

a substrate of active caspase-3. After 60 min, the fluorescence generated by the cleaved substrate 

was measured at λexc 360 nm and λem 446 nm in a spectrafluor multiplate reader (Tecan, 

Gorinchem, the Netherlands). To calculate caspase-3 activity in the experimental samples an 

extrapolation curve was constructed using known concentrations of free AMC. 

 

Cell cycle analysis 

Cell cycle analysis and the measurement of the percentage of apoptotic cells were assessed by flow 

cytometry, using the Nicoletti protocol [34]. Cells were seeded in T25 flasks (one flask per 

treatment type) and grown to 75% confluence. Cells were pretreated or not with celecoxib for 3 h 

followed by another h with exposure to docetaxel or cisplatin. After washing, fresh culture medium 

was added containing celecoxib or not. After 48 h adherent cells were trypsinized and collected 

together with the medium containing non-adherent cells. After washing with PBS/0.5% BSA and 

centrifugation (1500 rpm, 10 min) 5 x 105 cells were collected in FACS tubes. After centrifugation 

supernatant was removed and cells were resuspended in 400 µl Nicoletti buffer [50 µg/ml propidium 

iodide (PI; Sigma-Aldrich), 0.1% sodium citrate, 0.1% Triton X-100 and 1 mg/ml RNase A (Roche, 

Woerden, the Netherlands)]. Samples were incubated for 1 h at 4oC followed by determination of 

the cell cycle distribution and the percentage of apoptotic cells with a FACScan flow cytometer 
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(Calibur; Becton Dickinson, Alphen aan de Rijn, the Netherlands). Cellquest software (Becton 

Dickinson) was used for analysis.  

 

Western blot 

Cells were grown to 80% confluence in Petri dishes. For the analysis of baseline COX-2 protein 

expression all individual cell lines cells were collected at this point, while samples for analysis of p-

Akt, p-ERK1/2 and associated COX-2 expression were pre-incubated for 3 h with celecoxib followed 

by another h with exposure to docetaxel or cisplatin. After washing and another 24-h incubation 

period in the presence or the absence of celecoxib adherent and non-adherent cells were collected, 

washed with PBS and resuspended in lysis buffer (1% sodium desoxycholate, 10 mM Tris-HCl pH 7.5, 

150 mM NaCl, 0.1% SDS and 1% NP-40) supplemented with protease inhibitors [1 mM 

phenylmethylsulphonyl (Merck, Amsterdam, the Netherlands), 10 µM leupeptin (Sigma-Aldrich), 0.5 

mM trypsin inhibitor (Sigma-Aldrich)] and phosphatase inhibitors [0.5 M sodiumorthovanedate 

(Sigma-Aldrich), 1 M sodiumfluoride (Merck)]. Protein concentrations were determined by the 

Bradford protein assay. 

 Protein samples of 50-100 µg were subjected to 10% polyacrylamide gel electrophoresis (130 

V, 2 h). The separated proteins were transferred to a Polyvinylidene Difluoride membrane (PVDF; 

Millipore, Etten-Leur, the Netherlands) by electrotransfer (400 mA, 2 h). The blots were blocked 

with 10% milk (Protifar; Nutricia, Zoetermeer, the Netherlands) in Tris-buffered saline – Tween 20 

(TBS-T: 10 mM Tris, pH 8.0, 150 mM NaCl, 0.0025% Tween 20) at room temperature for 1 h and 

incubated overnight at 4oC with specific antibodies against COX-2 (mouse polyclonal C-20; 

SantaCruz, Heerhugowaard, the Netherlands), p-Akt (rabbit polyclonal; Cell Signaling Technologies, 

Leiden, the Netherlands), total Akt (rabbit polyclonal; Cell Signaling Technologies), p-ERK1/2 

(rabbit polyclonal; Cell Signaling Technologies), total ERK1/2 (rabbit polyclonal; Cell Signaling 

Technologies), p53 (mouse monoclonal Pab 240; SantaCruz), p21/WAF1 (mouse monoclonal Ab-1; 

Oncogene, Boston, MA) or β-actin (mouse monoclonal; Sigma-Aldrich) diluted in 5% BSA/TBS-T. After 

the membrane was washed three times with TBS-T it was incubated with 5% milk/TBS-T, containing 

horseradish peroxidase (HRP)-linked anti-mouse (Dako, Amsterdam the Netherlands) or anti-rabbit 

(Cell Signaling Technologies) IgG secondary antibody, for 1 h at room temperature. After three TBS-

T washing steps of 15 min protein was visualized on photography film (Pharmacia, Uppsala, Sweden) 

by enhanced chemiluminescence. 

 

Platinum-DNA adducts 

Platinum-DNA (Pt-DNA) adduct formation after treatment with cisplatin and/or celecoxib was 

analyzed as described previously [35]. WiDr cells were grown to 80% confluence and pretreated or 

not with celecoxib for 3 h followed by another h with exposure to cisplatin. After washing and 

replacement with medium with or without celecoxib, samples were collected immediately after 

cisplatin treatment (= 0 h) and at 2 h and 4 h. Samples containing 5x106 adherent and non-adherent 

cells were washed twice with ice-cold PBS. DNA was isolated using the QIAamp® DNA mini kit 

(Qiagen, Venlo, the Netherlands) according to the procedure supplied by the manufacturer. DNA 
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content was estimated by measuring optical density at 260 nm using a NanoDrop® 

spectrophotometer (Nanodrop Technologies, Wilmington, DE). A solution of 0.165 M sodium chloride 

was added to the dissolved DNA to a total volume of 0.1 ml. A calibration curve was made using 

different concentrations of cisplatin (0 - 1.5 µM). Platinum content in Pt-containing standards and in 

DNA isolations of samples were measured using an atomic absorption spectrometer (SpectrAA-300; 

Varian, Middelburg, the Netherlands). 

 

Statistics 

The differences in the effects between docetaxel, cisplatin and these drugs combined with 

celecoxib on cell proliferation, caspase-3 activity and cell cycle distribution were statistically 

analyzed by one way ANOVA followed by the Bonferroni adjustment, using SPSS software (SPSS Inc. 

Chicago, IL). The level of significance was set at p<0.05. 

 

 

Results 

 

Variable COX-2 expression levels in human tumor cell lines 

For detection of COX-2 100 mg of protein of human ovarian cancer cell lines and human colon 

cancer cell lines was subjected to Western blot (Fig. 1). The human colon cancer cell lines WiDr, 

HT29 and SW1398 all expressed COX-2 protein under standard culture conditions, while no COX-2 

protein could be visualized in the human ovarian cancer cell lines A2780, H134, OVCAR-3 and 

IGROV-1. 
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Fig. 1: Basal protein levels of COX-2 in the panel of human ovarian cancer cell lines (A2780, H134, OVCAR-3, 

IGROV-1) and human colon cancer cell lines (WiDr, HT29, SW1398). Cells lysates were prepared from tissue 

culture and 100 µg of protein was analyzed by Western blot. The figure is representative for three separate 

observations. β-Actin is a loading control. 
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Table 1: Sensitivity of human ovarian cancer cell lines and human colon cancer cell lines, expressed 

as IC50 valuesa, to a 1-h exposure of docetaxel or cisplatin (followed by a 96-h drug-free period) or 

to a 96-h exposure to celecoxib or the combination as determined by the MTT assay 

 

Cell line 

 

CXB alone 

µM ± SD 

CXB  in combib  

µM ± SD 

DOC alone 

nM ± SD 

DOC in combib 

nM ± SD 

H134 36.9 ± 10.4 22.4 ± 9.4 64.3 ± 26.3 22.4 ± 9.4 ***

A2780 18.1 ± 7.4 12.1 ± 2.5 13.6 ± 4.4 12.1 ± 2.5 

IGROV-1 27.5 ± 9.2 12.6 ± 5.7 17.5 ± 6.2 12.6 ± 5.7 

OVCAR-3 12.1 ± 7.8 6.6 ± 2.3 8.5 ± 2.8 6.6 ± 2.3 

WiDr 21.4 ± 8.2 6.9 ± 1.7 7.2 ± 1.6 6.9 ± 1.7 

HT29 30.4 ± 4.3 8.3 ± 1.4 8.4 ± 2.1 8.3 ± 1.4 

SW1398 33.8 ± 5.7 9.5 ± 4.1 10.7 ± 5.0 9.5 ± 4.1 

 

 

Cell line 

 

CXB alone 

µM ± SD 

CXB in combib 

µM ± SD 

CIS alone 

µM ± SD 

CIS in combib 

µM ± SD 

H134 36.9 ± 10.4 35.3 ± 9.7 15.5 ± 3.0 35.3 ± 9.7 ***

A2780 18.1 ± 7.4 23.6 ± 8.4 9.6 ± 4.7 23.6 ± 8.4  **

IGROV-1 27.5 ± 9.2 28.2 ± 17.2 13.6 ± 10.3 28.2 ± 17.2  *

OVCAR-3 12.1 ± 7.8 9.1 ± 6.2 7.3 ± 6.7 9.1 ± 6.2 **

WiDr 21.4 ± 8.2 54.1 ± 12.8 25.9 ± 8.6 54.1 ± 12.8 **

HT29 30.4 ± 4.3 50.2 ± 1.1 25.7 ± 3.8 50.2 ± 1.1 ***

SW1398 33.8 ± 5.7 60.5 ± 15.6 44.5 ± 14.1 60.5 ± 15.6 **

aIC50, drug concentration resulting in 50% cell growth inhibition when compared to control cell growth; 

results are expressed as mean values ± SD of at least three separate experiments 
bConcentration of drug required in which the combination resulted in 50% cell growth inhibition; celecoxib 

exposure was 96 h, while docetaxel and cisplatin exposure was 1 h preceded by celecoxib for 3 h; constant 

molar drug ratios were applied in which celecoxib:docetaxel was 1000:1 and celecoxib:cisplatin was 1:1 

CXB: Celecoxib, Doc: Docetaxel, Cis: Cisplatin. * p<0.05; ** p<0.01; *** p<0.001. 
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Additive to slightly antagonistic antiproliferative effects of celecoxib and docetaxel regardless 

of COX-2 expression levels 

The antiproliferative effects of celecoxib, docetaxel and the combination of these two agents in 

human ovarian cancer and human colon cancer cell lines expressed as IC50 values are shown in the 

upper panel of Table 1. Sensitivity to celecoxib or docetaxel varied among the cell lines. No 

correlation between COX-2 expression levels and sensitivity to celecoxib was observed. As a group, 

tumor cells treated with docetaxel in combination with celecoxib required significantly less 

docetaxel to achieve IC50 as compared to IC50 concentrations of docetaxel alone (p<0.001). When 

H134 was excluded from the calculations the difference between the groups was still significant 

(p<0.05). 

Three different celecoxib administration regimens in combination with docetaxel were used 

with constant drug ratios to determine the presence of a drug interaction in the cell lines. The 

combination of docetaxel and celecoxib (Table 2, upper panel) proved to be additive in most cell 

lines analyzed, although borderline antagonism was calculated in A2780 and SW1398.  

 

Antagonistic antiproliferative effects of celecoxib in combination with cisplatin regardless of 

COX-2 expression levels 

The antiproliferative effects of celecoxib, cisplatin and their combination in human ovarian cancer 

and colon cancer cell lines expressed as IC50 values are shown in the lower panel of Table 1. As 

mentioned, celecoxib sensitivity did not correlate with COX-2 expression levels. Cisplatin sensitivity 

also varied among the cell lines. When combined with celecoxib, a significantly higher 

concentration of cisplatin was required to reach 50% growth inhibition in 5 out of 7 cell lines 

(p<0.05). Multiple drug effect analysis confirmed the presence of antagonism between cisplatin and 

celecoxib independent of COX-2 expression levels. In all cell lines the CI values exceeded 1.4 for all 

three treatment regimens and at each percentage of growth inhibition (Table 2, lower panel). 

Further investigation on the mechanism underlying the antagonism between celecoxib and 

cisplatin was carried out in the COX-2 negative ovarian cancer cell line H134 and the COX-2 positive 

colon cancer cell line WiDr. In the experiments docetaxel was included in the presence or absence 

of celecoxib for reasons of comparison. The relevant CI50, CI70 and CI90 values of the multiple drug 

effect analyses in these particular cell lines are illustrated in Fig. 2. In the next experiments as 

described below we made use of drug concentrations inducing 50% cell growth inhibition when 

combined, in which celecoxib preceded docetaxel or cisplatin with 3 h, and of the individual drugs 

at the same concentrations as in that combination (Table 1, drug concentrations required in the 

combination resulting in 50% cell growth inhibition). 

 

Celecoxib inhibits cisplatin-induced apoptosis 

Induction of apoptosis after drug exposure was analyzed in the caspase-3 activity assay and by 

calculation of the sub-G0 fraction of the cell population by FACS at 48 h after cells were treated 

with either docetaxel (1 h), cisplatin (1 h), celecoxib (continuous) alone or celecoxib in combination  
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Table 2: Interaction between docetaxel or cisplatin in combination with celecoxib in human ovarian 

cancer cell lines and human colon cancer cell lines as calculated by multiple drug effect analysis  

 

 

 Docetaxel CIa Cisplatin CIa  

Cell line Preb Simc Postd Preb Simc Postd  

H134 1.04 ± 0.07 0.89 ± 0.04 0.88 ± 0.05 2.39 ± 0.16 1.99 ± 0.14 1.77 ± 0.11 

A2780 1.21 ± 0.13 1.29 ± 0.06 1.30 ± 0.06 2.18 ± 0.04 2.49 ± 0.18 2.03 ± 0.14 

IGROV-1 1.11 ± 0.29 0.97 ± 0.13 1.23 ± 0.12 1.98 ± 0.14 2.20 ± 0.16 2.11 ± 0.16 

OVCAR-3 0.93 ± 0.07 0.89 ± 0.11 0.92 ± 0.11 2.19 ± 0.50 2.07 ± 0.34 2.42 ± 0.53 

WiDr 1.13 ± 0.05 1.19 ± 0.07 1.10 ± 0.04 1.88 ± 0.08 2.01 ± 0.11 2.36 ± 0.10 

HT29 1.16 ± 0.04 1.19 ± 0.08 1.24 ± 0.05 1.64 ± 0.08 1.66 ± 0.09 1.77 ± 0.08 

SW1398 1.18 ± 0.06 1.21 ± 0.03 1.22 ± 0.05 1.43 ± 0.12 1.48 ± 0.13 1.65 ± 0.09 

aValues represent the Combination Indices (CI) of the fractions affected (FA) of 50%, 70% and 90% by the 

combination of docetaxel or cisplatin with celecoxib. Mean values ± SEM are shown of at least three separate 

experiments. CI < 0.9 indicates synergism, 0.9 < CI < 1.1 indicates addition and CI > 1.1 indicates antagonism. 
bCelecoxib continuously for 96 h and added 3 h before the 1-h exposure to docetaxel or cisplatin 
cCelecoxib continuously for 96 h and added simultaneously at the time of the 1-h exposure to docetaxel or 

cisplatin 
dCelecoxib continuously for 96 h, but added after the 1-h exposure to docetaxel or cisplatin  

 

with docetaxel or cisplatin. The sub-G0 fraction was 3.3-4.0% in control H134 cells and 2.5-3.3% in 

control WiDr cells. 

Docetaxel clearly induced apoptosis in both H134 and WiDr cells, while celecoxib 

potentiated pro-apoptotic features (Fig. 3A, 3B). In H134 cells the ratio of sub-G0 docetaxel-treated 

cells vs sub-G0 control cells significantly increased 1.75-fold (p<0.05) in the presence of celecoxib. 

The same 1.7-fold increase was observed in caspase-3 activation in H134 cells. In WiDr cells the 

ratio of sub-G0 docetaxel-treated cells increased 1.4-fold in the presence of celecoxib, although the 

potentiating effect of celecoxib on the slight elevation of docetaxel-induced caspase-3 activity was 

less apparent. 

Upon cisplatin treatment both activation of caspase-3 and the number of cells in sub-G0 

increased in H134 and WiDr cells (Fig. 3C, 3D). When combined with celecoxib caspase-3 activation 

levels dropped in comparison with the levels in cells treated with cisplatin alone. In H134 cells the 

decrease was 1.5-fold. In WiDr cells this decrease was 2.5-fold and significant (p=0.001). Moreover, 

in H134 cells the sub-G0 fraction also decreased 1.6-fold when celecoxib was added. In WiDr cells 

the cisplatin-induced sub-G0 fraction was higher in the presence of celecoxib, but the number of 

sub-G0 cells remained equal to that induced by celecoxib alone. 

80



Docetaxel/cisplatin and COX-2 inhibition 
 

0

1

2

CI50 CI70 CI90

C
om

bi
na

tio
n 

in
de

x

0

1

2

3

CI50 CI70 CI90

C
om

bi
na

tio
n 

in
de

x CXB + CIS
CXB + DOC

H134

WiDr

A

B

 
 

Fig. 2: Mean values of the Combination Indices (CI) with affected fractions of 50% (CI50), 70% (CI70) and 90% 

(CI90) when docetaxel (DOC) or cisplatin (CIS) was combined with celecoxib (CXB) in constant ratios in H134 

cells (A) and WiDr cells (B). Cells were treated with either docetaxel (1 h), cisplatin (1 h), celecoxib 

(continuous for 96 h) alone or celecoxib in combination with docetaxel or cisplatin (celecoxib preceded 

docetaxel or cisplatin exposure for a period of 3 h). Results of at least three separate experiments are shown. 

CI < 0.9 indicates synergism, 0.9 < CI < 1.1 indicates addition and CI > 1.1 indicates antagonism. Bars, SD. 

 

 
Cisplatin-induced G2/M arrest is abrogated upon addition of celecoxib 

FACS analysis enabled us to also determine the cell cycle distribution 48 h after treatment. 

Celecoxib alone did not change the cell cycle distribution of H134 and WiDr cells. Moreover, neither 

docetaxel nor the combination of docetaxel with celecoxib was of influence on the cell cycle (Fig. 

4A, 4B).  

Of interest, in both H134 cells and WiDr cells (Fig. 4C, 4D) cisplatin induced a G2/M 

accumulation. This G2/M arrest, however, was less pronounced when cisplatin was combined with 

celecoxib. In H134 the value of 66.5% ± 3.6% (mean ± SD) decreased to 47.7% ± 2.4% and the value in 

WiDr of 70.5% ± 7.8% significantly decreased to 26.2% ± 4.9% (p<0.05).  

 

Effects of drugs on COX-2, p-Akt and p-ERK1/2 expression in H134 and WiDr cells do not explain 

antagonism between celecoxib and cisplatin 

The protein expression levels of COX-2, p-Akt and p-ERK1/2 in H134 and WiDr cells as visualized in 

Fig. 5 were investigated under similar conditions, but at earlier time-points as the above mentioned 

experiments. Total protein levels of ERK1/2 and Akt remained unchanged after each treatment type 

(not shown). 
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Fig. 3: Apoptosis induction in H134 cells (A, C) and WiDr cells (B, D) after treatment with docetaxel (DOC; A, 

B) or cisplatin (CIS; C, D) alone or in combination with celecoxib (CXB). The left hand side of the individual 

figures shows the ratios of the sub-G0 fraction of treated cells as compared to that of control cells (set at 

1.00) analyzed by FACS. The right hand side depicts the ratios of caspase-3 activity in cells after treatment as 

compared to that in control cells (set at 1.00). In both experiments cells were grown to 75% confluence and 

pre-treated or not for 3 h with celecoxib prior to simultaneous treatment with docetaxel or cisplatin for 1 h. 

After washing, cells were exposed or not to celecoxib for an additional 48 h. Mean values are the results of 

three separate experiments. Bars, SD; * p<0.05; ** p=0.001. 

 

 

The expression of COX-2 protein can be induced in certain tumor cells upon exposure to 

cytotoxic agents. In H134 cells, however, no COX-2 protein was detected before or after treatment 

with the various drugs (Fig. 5A, C). In WiDr cells treatment with cisplatin increased COX-2 protein 

expression levels, but expression of the protein was not affected by celecoxib or by docetaxel (Fig. 

5B, D).  

Inhibition of 3-phosphoinositide-dependent protein kinase-1 (PDK-1)/Akt signaling has been 

found to be a COX-2-independent consequence of celecoxib treatment in human prostate cancer 

cells [36]. In our experiments the levels of p-Akt were not affected by docetaxel, cisplatin, or 

celecoxib treatment, either alone or in combination.  

Besides p-Akt we also investigated the effects of drugs on p-ERK1/2. In WiDr cells the levels of p-

ERK1/2 were not affected (Fig. 5B, D). In the COX-2-negative cell line H134, however, the levels of 

p-ERK1/2 increased upon treatment with celecoxib.  Increased levels of p-ERK1/2 were also evident 

in H134 cells after 4 h and 6 h upon treatment with docetaxel or cisplatin and levels diminished at 8 

h. 
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Fig. 4: Cell cycle distribution in H134 (A, C) and WiDr (B, D) cells treated or not with docetaxel (DOC; A, B) or 

cisplatin (CIS; C, D) either alone or in combination with celecoxib (CXB). Cells were grown to 75% confluence 

and pre-treated or not for 3 h with celecoxib prior to simultaneous treatment with docetaxel or cisplatin for 1 

h. After washing, cells were exposed or not to celecoxib for an additional 48 h. Thereafter, samples were 

collected and analyzed by FACS. Mean percentages are shown of three separate experiments. Bars, SD; * 

p<0.05. 

 

 
Celecoxib hampers the formation of cisplatin-induced Pt-DNA adducts and upregulates p21 

Formation of Pt-DNA adducts is the mechanism of cisplatin DNA damage. We selected WiDr cells to 

analyze the formation of adducts by atomic absorption spectrophotometry in samples obtained 

immediately at the end of the 1-h cisplatin treatment in the presence or absence of celecoxib as 

well as 2 h and 4 h thereafter (Fig. 6). Upon cisplatin treatment alone the concentration of Pt-DNA 

adducts was highest immediately after drug exposure. At this time-point Pt level was 0.13 pmol/µg 

DNA and this concentration was set at 100%. Pt-DNA adduct concentration was approximately 2-fold 

lower immediately after exposure to cisplatin when combined with celecoxib. The decrease in Pt-

DNA adducts after withdrawal of cisplatin was more pronounced in the presence of celecoxib. 

Celecoxib can induce expression of p21 [13], a key molecule in cell cycle arrest which is associated 

with facilitated repair of DNA damage [37]. In WiDr cells, we measured p21 levels 48 h after cells 

were treated with either docetaxel (1 h), cisplatin (1 h), celecoxib (continuous) alone or celecoxib 

in combination with docetaxel or cisplatin (Supplementary Fig.1 online). The p53 protein was not 

clearly affected. Celecoxib induced the expression of p21, which was more pronounced upon 

combination with docetaxel. Of interest, cisplatin did not increase the p21 basal level or affect the 

p21 level already upregulated by celecoxib.  
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Fig. 5: Protein levels of COX-2, phosphorylated ERK1/2 and phosphorylated Akt in H134 (A, C) and WiDr (B, D) 

cells after a 1-h treatment with docetaxel (A, B) or cisplatin (C, D) combined or not with celecoxib (CXB; 

celecoxib preceded docetaxel or cisplatin exposure for a period of 3 h). Samples were collected at baseline 

and at time-points 4 h, 6 h and 8 h after the end of docetaxel or cisplatin exposure in the presence or absence 

of celecoxib. Samples incubated with only celecoxib  were obtained 3 h after celecoxib administration. 

Protein samples (50 µg) were analyzed by Western blot. Representative results of at least three separate 

experiments are shown. 

 

 
Discussion 

 

In four human ovarian cancer cell lines we investigated the possible potentiating antitumor effect of 

celecoxib added to docetaxel or cisplatin, being drugs in use for the treatment of this disease. Since 

our cell lines did not express detectable levels of COX-2, we included three COX-2-positive human 

colon cancer cell lines in our experiments. Independent of COX-2 expression levels we calculated 

additive to slightly antagonistic effects for celecoxib added to docetaxel, but consistent antagonism 

when added to cisplatin. These effects were measured regardless whether celecoxib preceded these 

drugs, was added simultaneously or followed the drugs. The antagonism between celecoxib and 

cisplatin was accompanied with reduced caspase-3 activity, a diminished number of sub-G0 cells, 

abrogation of cisplatin-induced G2/M accumulation, the formation of less Pt-DNA adducts and 

celecoxib-induced upregulation of p21.  
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Fig. 6: Pt-adducts in DNA of WiDr cells after a 1-h treatment with cisplatin alone or in combination with 

celecoxib (3 h pre-incubation and present during the course of the experiment). Samples were collected 

immediately at the end of the 1-h cisplatin exposure (= 0 h) and at 2 h and 4 h thereafter. Concentrations of 

Pt-adducts in samples treated with cisplatin for 1 h are set at 100%. Representative results of one of two 

experiments are shown. 

 

 

Drug-exposure periods of 1 h for docetaxel and cisplatin were selected, because in patients 

these anticancer agents are given by short-term infusions. In our experiments, applied docetaxel 

concentrations were well below and concentrations of cisplatin were in range of peak plasma 

concentrations that are generally reached in patients. The peak concentration for docetaxel is 

approximately 4 mM upon infusion of 75-100 mg/m2 for 1 h [38]. For cisplatin, a 1-h infusion of 75 

mg/m2 will lead to a maximum plasma concentration of approximately 14 mM of intact cisplatin 

[39]. When celecoxib is being combined with chemotherapy in the clinic, doses are given as high as 

400 mg on a twice daily basis [11]. The peak concentration of celecoxib at steady state levels in 

children that received the drug at 250 mg/m2 twice daily amounted to approximately 3 mM [40]. 

After single dosing Cmax in adults resembles the Cmax in children. In adults a half-life of celecoxib 

of approximately 9 h has been measured. Our experimental concentrations of celecoxib inducing 

50% cell growth inhibition were 4- to 12-fold higher, because of which the translation of the data to 

the clinic should be handled with care.  

Importantly, celecoxib had an additional effect on the cytotoxic properties of docetaxel as 

demonstrated by the increase in the sub-G0 fraction and the activation of caspase-3 in H134 and 

WiDr cells. Docetaxel is known to stabilize microtubules, whereby the dynamic reorganization and 

depolymerization are inhibited. At higher concentrations inhibiting 90% of cell growth the drug will 

induce a G2/M arrest, which we have found earlier to be less evident at IC50 concentrations [28]. 

Our results are consistent with reports highlighting enhanced antitumor activity of docetaxel when 

combined with celecoxib in A549 lung tumors [5] and in human prostate cancer cells [9]. 

Subbaramaiah et al [3,41] have reported that taxanes can stimulate transcription of COX-2 and 

stabilization of COX-2 mRNA. The group suggested that co-administration of a selective COX-2 

inhibitor might therefore increase the efficacy of taxane-based chemotherapy. We did not find 
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induction of COX-2 protein levels at the docetaxel concentrations applied, because of which other 

mechanisms should be explored as explanation for the increased apoptotic effects upon addition of 

celecoxib.  

The antagonistic antiproliferative effects of cisplatin combined with celecoxib were 

accompanied by a reduction of the formation of Pt-DNA adducts in WiDr cells. Literature data on 

the interaction between COX-2 inhibitors and platinum compounds are not consistent. Inhibition of 

cisplatin-induced cytotoxicity has also been shown with another selective COX-2 inhibitor 

nimesulide in human head and neck cancer cell lines [42]. Another study in human colon cancer cell 

lines, however, has reported that specific inhibition of COX-2 by etodolac led to increased 

oxaliplatin-induced cell death [10]. Also, in human head and neck cancer cell lines increased 

chemosensitivity was observed when celecoxib was added to cisplatin [43]. It has to be mentioned 

that in the experimental design of the studies of Lin et al [10] and Hashtani et al [43] continuous 

exposure of platinum compounds was applied for periods of 24 h or 48 h, respectively, which may 

have abolished the antagonistic effects observed at the clinically more relevant 1-h exposure 

periods. 

The best known mechanisms of cisplatin resistance include reduced intracellular cisplatin 

accumulation, increased drug inactivation by thiol-containing molecules and increased DNA damage 

repair [reviewed in 44]. Reduced cisplatin accumulation or increased efflux by the presence of MRP2 

seems unlikely since antagonism was present in all cell lines regardless the addition of celecoxib 

before or after cisplatin exposure. It is also unlikely that cisplatin has a direct interaction with 

celecoxib, since the compound does not contain a classic thiol group, but harbours a sulfur atom 

connected to two oxygen atoms and an amine group. Indeed, experiments (1H-NMR) performed by 

the group of Prof. Jan Reedijk, Leiden, the Netherlands excluded a direct interaction between 

celecoxib and cisplatin (data not shown). The reduced Pt-DNA adduct formation upon the addition 

of celecoxib to cisplatin might indicate a direct effect of celecoxib on the formation or repair of the 

adducts.  

We have shown earlier that cisplatin exposure can result in an accumulation of cells in the 

G2/M phase of the cell cycle [45], which was now counteracted by celecoxib. Consequently, the 

majority of cells resided in the G0/G1 phase, which might have been the result of increased DNA 

damage repair as was also suggested by the reduced amount of DNA-Pt adducts. Celecoxib can 

induce expression of p21 [13], a key molecule in cell cycle arrest and the repair of cisplatin-induced 

DNA damage [37]. An additional experiment in WiDr cells indeed showed p21 upregulation by 

celecoxib as well as by docetaxel, while cisplatin did not affect p21 levels as measured 48 h after 

drug exposure. It may be hypothesized that celecoxib-induced prevention of a G2/M arrest by 

cisplatin might give the cell more time to repair cisplatin-induced DNA damage via p21. Therefore, 

further analysis on the role of this protein should be carried out in isogenetic cells with and without 

functional p21. 

Celecoxib induced p-ERK phosphorylation in H134, which may antagonize apoptosis 

pathways possibly reducing cisplatin efficacy [46]. It is, however, unlikely that this mechanism is 

responsible for cisplatin resistance, since ERK activation was absent in WiDr cells. A possible COX-2-
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independent mechanism of action of celecoxib described was inhibition of PDK-1/Akt signaling, 

thereby facilitating the apoptotic process [36,47]. In our study celecoxib had no effect on p-Akt, 

excluding a possible role for Akt in the interference with drug-induced toxicity. 

Taken together, it is evident that the antitumor effects of celecoxib are not mediated only by 

inhibition of COX-2 activity. Celecoxib added to docetaxel resulted in increased cell death, but 

antagonistic effects were consistent for all combinations of celecoxib and cisplatin independent of 

COX-2 expression levels. Current clinical trials with celecoxib in combination with cisplatin require 

caution based on the antagonism observed in this study. 
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Supplementary Fig. 1: Protein levels of p53 and p21 in WiDr cells 48 h after a 1-h treatment with docetaxel 

(DOC) or cisplatin (CIS) combined or not with celecoxib as continuous exposure (CXB; celecoxib preceded 

docetaxel or cisplatin for a period of 3 h). Protein samples (50 µg) were analyzed by Western blot. 

Representative results of two separate experiments are shown. 
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Summary 

Human epidermal growth factor (HER) family-targeted therapy combined with standard cytotoxic 

agents might improve the treatment of ovarian cancer. Human ovarian cancer cell lines OVCAR-3, 

IGROV-1 and SKOV-3 with differential EGFR, HER2 and HER3 expression levels were used to study 

whether EGFR-directed (cetuximab) or HER2-directed (trastuzumab, pertuzumab) monoclonal 

antibodies inhibited cell growth and abrogated activated receptor signaling routes. Possible increase 

of antiproliferative effects and further activation of caspase-3 as a read-out for apoptosis were 

analyzed when monoclonal antibodies were combined with docetaxel. Cetuximab alone inhibited 

cell growth in OVCAR-3 and IGROV-1 which was more pronounced when combined with pertuzumab 

in OVCAR-3. SKOV-3 cell growth was not significantly affected by any of the antibodies. Cetuximab 

increased the 50% growth-inhibiting effects of docetaxel in OVCAR-3 and IGROV-1, but not in SKOV-

3. Co-addition of pertuzumab to cetuximab plus docetaxel in OVCAR-3 and IGROV-1, and, to a lesser 

extent trastuzumab in OVCAR-3, inhibited cell growth even further. Caspase-3 activation by 

docetaxel was enhanced after addition of cetuximab in OVCAR-3 and after addition of cetuximab 

plus pertuzumab in IGROV-1 and SKOV-3. Functional EGFR-, HER2- and HER3-signaling routes as 

demonstrated from abrogation of EGF- and heregulin-stimulated phosphorylated ERK1/2 by, 

respectively, cetuximab, trastuzumab and pertuzumab were demonstrated in OVCAR-3 and IGROV-

1, but hardly in SKOV-3. Pertuzumab was able to abrogate phosphorylated HER2 by EGF and 

heregulin, except in SKOV-3. In conclusion, a combination of docetaxel with inhibitors of HER family 

members, such as cetuximab plus pertuzumab, may be considered for a clinical trial in ovarian 

carcinomas with functional receptors. 

 

 

Introduction 

 

Carboplatin plus paclitaxel chemotherapy in combination with optimal debulking surgery is 

considered as the most effective treatment approach for advanced ovarian cancer. Overall, the 5-

year survival rate in these patients is approximately 50% [1]. In the current chemotherapy schedule 

paclitaxel may also be replaced by docetaxel, but the clinical outcome has not changed importantly 

[2]. Therefore, new drugs are needed to improve the survival of advanced ovarian cancer patients. 

In this respect, targeting of EGFR and/or HER2 in combination with standard cytotoxic agents might 

provide a new treatment strategy. 

EGFR (HER1, ErbB1) and HER2 (ErbB2) are members of the Human Epidermal growth factor 

Receptors (HER) family. HER3 (ErbB3) and HER4 (ErbB4) also belong to this family. EGFR and HER2 

are expressed on a wide variety of normal cells and are involved in transmission of signals, mainly 

via the MAPK ERK1/2 and PI3K/Akt pathways, which control cell growth and differentiation. Various 

ligands, such as Epidermal Growth Factor (EGF) and the Heregulins (HRGs), are known to bind to 

their specific receptor (EGF binds to EGFR, HRGs bind to HER3 or HER4) and will stimulate receptor 

homo- or heterodimerization for initiation of signal transduction. No specific ligand has been 

identified for HER2 and, therefore, HER2 is thought to be the favored dimerization partner for the 
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other receptors and is considered a key regulator in HER signaling [3,4]. HER3 lacks intrinsic tyrosine 

kinase activity and can initiate signaling by another HER family member, such as HER2 or EGFR 

[3,5]. The principal mechanism that drives EGFR-dependent PI3K/Akt activation is dimerization of 

EGFR with HER3 [5].  

Amplification of the EGFR and HER2 genes induces receptor overexpression and, as a 

consequence, disruption of normal cellular control mechanisms resulting in cell proliferation, 

migration, invasion and stimulation of angiogenesis [3-5]. Overexpression of EGFR can be found in 

many cancer types, such as colorectal, pancreatic, head-and-neck and lung cancer. HER2 is 

overexpressed in 25-30% of breast carcinomas in which amplification is usually linked with poor 

clinical outcome. In ovarian cancer, immunohistochemical staining has shown the presence of EGFR 

in 28-62% of samples [6-13], while approximately 13-35% of newly diagnosed ovarian cancer patients 

will express HER2 to some degree in their tumors [6-9,12-17]. The prognostic significance of EGFR 

and HER2 for survival in ovarian cancer, however, is not clear [6-17].  

Monoclonal antibodies directed against HER family members may inhibit tumor growth. The 

EGFR-targeting monoclonal antibody cetuximab added to other treatment modalities is registered 

for patients with advanced colorectal cancer and head-and-neck cancer [18]. Trastuzumab is in 

standard use for treatment of HER2-overexpressing breast cancer patients. Addition of trastuzumab 

to taxane-based chemotherapy in these patients results in an improved response rate and overall 

survival in advanced disease as well as an improved recurrence-free survival and overall survival in 

primary breast cancer [19]. Trastuzumab has high affinity for the extracellular domain of HER2. 

Upon binding, it will induce receptor internalization and degradation. Pertuzumab, another 

monoclonal antibody directed against HER2, binds near the center of domain II and sterically blocks 

the region required for HER2 dimerization with other HER family members, such as HER3 [20]. 

Pertuzumab given alone has already shown to be well tolerated in ovarian cancer patients with 

recurrent disease and has achieved a response rate of 4.3% [21]. Combination of pertuzumab with 

cytotoxic agents, among which was docetaxel, in experimental tumor models has demonstrated that 

there are at least additive antitumor effects without additional toxicity [22]. Moreover, treatment 

with pertuzumab in combination with 3-weekly docetaxel in a phase I clinical trial has shown that 

more than 50% of the patients reached stable disease for a duration of  ≥ 4 cycles [22]. Among these 

patients was one ovarian cancer patient with a 47% decrease in CA-125 tumor marker level.   

Given the fact that human ovarian carcinomas express EGFR and HER2 to varying degrees, 

insight is required whether inhibitors of these receptors will increase the efficacy of chemotherapy. 

Experiments in human ovarian cancer cell lines were designed to test this question. We selected 

docetaxel because of its activity in ovarian cancer [23] as well as its promising antitumor effects 

upon combination with pertuzumab in patients with solid tumors refractory to standard therapy 

[22]. Moreover, a recent phase Ib trial with first-line docetaxel and carboplatin in combination with 

the EGFR tyrosine kinase inhibitor erlotinib has demonstrated a 52% response rate in 23 evaluable 

advanced ovarian cancer patients [24]. We used human ovarian cancer cell lines with differential 

expression levels of HER family members and first explored the antiproliferative effects of 

pertuzumab, trastuzumab and cetuximab alone or combined by measuring inhibition of cell growth 
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in vitro. We then investigated whether the antitumor effects of docetaxel in the cell lines were 

increased upon addition of the various antibodies alone or combined. To clarify our findings, we 

assessed if monoclonal antibodies could abrogate phosphorylation of activated receptors and 

downstream target proteins.   

 

 

Materials and methods 

 

Cell culture 

Five human ovarian cancer cell lines: A2780, H134, OVCAR-3, IGROV-1 and SKOV-3 [25,26] were 

used in the experiments. Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; 

Invitrogen, Breda, the Netherlands) supplemented with 10% fetal calf serum (FCS, Invitrogen), 100 

U/ml penicillin and 100 µg/ml streptomycin (Bio-Whittaker, Verviers, Belgium) in a humidified 

atmosphere at 37oC in 5% CO2. 

 

In vitro antiproliferative assay 

The antiproliferative effects of docetaxel (Taxotere®, kindly provided by sanofi aventis, Antony, 

France), the antibodies cetuximab (Erbitux®, anti-EGFR recombinant human/mouse chimeric 

monoclonal antibody, kindly provided by Merck Pharma, Darmstadt, Germany), trastuzumab 

(Herceptin®, anti-HER2 humanized monoclonal antibody, kindly provided by Roche Molecular 

Systems, New Jersey, NJ), pertuzumab (Omnitarg®, anti-HER2 recombinant humanized monoclonal 

antibody, kindly provided by Roche Diagnostics, Penzelberg, Germany), and combinations of drugs 

were measured in an antiproliferative assay. Cells were plated in quadruplicate in culture medium 

in a 96-well plate at 3,000 cells per well. After 24 h, the cells were exposed to the various drugs 

and the assay was terminated after 96 h. The number of viable cells was then determined by 

addition of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT; Sigma-Aldrich, 

Zwijndrecht, the Netherlands). The extinction of the formazan product was measured at 540 nm on 

a Multiscan plate reader (Thermo Biosciences, Breda, the Netherlands). Results were expressed as 

the percentage of cell growth of treated cells as compared to that of control cells after 96 h.  

For docetaxel the IC50 value was calculated first when cells were exposed to the drug for 

one h, followed by a drug-free period of 96 h. To that end, cells were treated with a range of drug 

concentrations. The IC50 was calculated which was the concentration inhibiting 50% cell growth 

inhibition as compared to control cell growth. Thereafter, cells were exposed to docetaxel (IC50 

value, 1-h exposure), cetuximab (5 µg/ml, 96 h), trastuzumab (2.9 µg/ml, 96 h), pertuzumab (20 

µg/ml, 96 h), or combinations in which antibodies were added 2 h prior to docetaxel exposure. 

Concentrations of antibodies were derived from experiments as described before [27-29]. Docetaxel 

treatment was followed by a wash step and addition of fresh culture medium enriched or not with 

antibodies. 
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Caspase-3 activity assay 

The activity of caspase-3 was measured as previously described [26]. OVCAR-3, IGROV-1 and SKOV-3 

cells were pretreated or not (2 h) with cetuximab, trastuzumab, pertuzumab, or combinations of 

cetuximab plus trastuzumab or pertuzumab followed by a 1-h treatment with docetaxel. After 

washing, fresh culture medium was added without or with antibodies. After 48 h, adherent and non-

adherent cells were recovered and washed with phosphate-buffered saline (PBS, Bio-Whittaker). 

The pellet was resuspended in lysis buffer (10 mM Tris-HCl pH 7.6, 150 nM NaCl, 5 mM EDTA, 1% 

Triton X-100). After three freeze-thaw cycles samples were centrifuged at 14,000 rpm for 10 min. 

Protein concentrations were determined by the Bradford protein assay [30]. 

In a 96-well plate 10 µg protein in a total volume of 20 µl was added to 80 µl of reaction 

buffer (100 mM HEPES pH 7.3, 10% sucrose, 0.1% Nonidet-P40, 10 mM DTT) complemented with 25 

µM of DEVD-7-amino-4-methylcoumarin (DEVD-AMC; Sigma-Aldrich), which is a substrate for active 

caspase-3. After 60 min, the fluorescence generated by the cleaved substrate was measured at λexc 

360 nm and λem 446 nm in a spectrafluor multiplate reader (Tecan, Gorinchem, the Netherlands). To 

calculate caspase-3 activity in the experimental samples an extrapolation curve was constructed 

using known concentrations of free AMC (Sigma-Aldrich). The experiment was set up in duplicate 

wells to generate mean fluorescence values. 

 

Western blot 

Cells were grown to 80% confluence in cell culture dishes. All individual cell lines were collected at 

this point for the measurement of basal EGFR, HER2, HER3 and HER4 expression levels. To analyze 

receptor signaling activation in OVCAR-3, IGROV-1 and SKOV-3 cells complete medium was replaced 

by serum-free medium with addition of antibodies blocking growth factor receptors. Cells were 

treated for 2 h with trastuzumab, pertuzumab, cetuximab or a combination of cetuximab with 

trastuzumab or pertuzumab followed by 1) immediate collection of a serum-free cell sample, 2) 

collection of a cell sample 15 min after addition of 10% FCS-containing culture medium, 3) cell 

sample collection 15 min after addition of 10 ng/ml epidermal growth factor (EGF; Sigma-Aldrich) 

to serum-free medium, 4) sample collection 15 min after addition of 10 ng/ml neuregulin/heregulin 

1β (HRG; Sigma Aldrich) to serum-free medium. Adherent and non-adherent cells were collected, 

washed with ice-cold PBS and resuspended in lysis buffer (1% sodium desoxycholate, 10 mM Tris-HCl 

pH 7.5, 150 mM NaCl, 0.1% sodium dodecyl sulphate and 1% NP-40) supplemented with protease 

inhibitors [1 mM phenylmethylsulphonyl (Merck, Amsterdam, the Netherlands), 10 µM leupeptin 

(Sigma-Aldrich), 0.5 mM trypsin inhibitor (Sigma-Aldrich)] and phosphatase inhibitors [0.5 M 

sodiumorthovanedate (Sigma-Aldrich), 1 M sodiumfluoride (Merck)]. Protein concentrations were 

determined by the Bradford protein assay [27]. 

Protein samples of 50 µg were subjected to 10% polyacrylamide gel electrophoresis (130 V, 2 

h). The separated proteins were transferred to a polyvinylidene difluoride membrane (PVDF; 

Millipore, Etten-Leur, the Netherlands) by electrotransfer (400 mA, 2 h). The blots were blocked 

with 10% milk (Protifar; Nutricia, Zoetermeer, the Netherlands) in Tris-buffered saline – Tween 20 

(TBS-T: 10 mM Tris, pH 8.0, 150 mM NaCl, 0.0025% Tween 20) at room temperature for 1 h and 
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incubated overnight at 4oC with specific antibodies against EGFR (rabbit polyclonal 1005; SantaCruz 

Biotechnology, Heerhugowaard, the Netherlands), HER2 (rabbit polyclonal Neu C-18; SantaCruz), 

HER3 (mouse monoclonal Ab-2; Neomarkers, Duiven, the Netherlands), HER4 (rabbit polyclonal Ab-

2; Neomarkers), β-actin (mouse monoclonal; Sigma-Aldrich), p-EGFR (rabbit polyclonal Tyr1068; Cell 

Signaling Technologies, Leiden, the Netherlands), p-ERK1/2 (rabbit polyclonal p44/42 

Thr202/Tyr204; Cell Signaling Technologies), p-Akt (rabbit polyclonal Ser473; Cell Signaling 

Technologies) or p-Tyr100 (mouse monoclonal # 9411; Cell Signaling Technologies) diluted in 5% 

BSA/TBS-T. After the membrane was washed three times with TBS-T, it was incubated with 5% 

milk/TBS-T containing horse-radish peroxidase (HRP)-linked anti-mouse (DAKO, Amsterdam, the 

Netherlands) or anti-rabbit (Cell Signaling Technologies) IgG secondary antibody for 1 h at room 

temperature. After three TBS-T wash steps of 15 min protein was visualized on photography film 

(Pharmacia, Uppsala, Sweden) by enhanced chemiluminescence.  

 

Immunoprecipitation 

Cells were grown to 80% confluence in Petri dishes. For determination of HER2 phosphorylation 

complete medium was replaced by serum-free medium without or with the addition of pertuzumab 

at 20 µg/ml 2 h prior to 1) immediate collection of a serum-free cell sample, 2) collection of a cell 

sample 15 min after addition of 10% FCS-containing culture medium, 3) cell sample collection 15 

min after addition of 10 ng/ml EGF to serum-free medium, 4) cell sample collection 15 min after 

addition of 10 ng/ml HRG to serum-free medium. After washing, cells were lysed in 1000 µl lysis 

buffer (supplemented with protease and phosphatase inhibitors) and centrifuged to remove cell 

debris. To determine total HER2 and β-actin levels, 40 µl of each sample was stored at -80ºC for 

separate analysis. The remaining 960 µl of the supernatant was incubated with 50 µl Protein-A/G-

Plus agarose bead slurry (SantaCruz) at 4ºC while tumbling to loose aspecific binding of sample 

components to the beads. After 1 h cells were centrifuged and half of the supernatant was carefully 

transferred to a tube containing 50 µl protein-A/G-Plus agarose slurry to which 1 µg HER2-antibodies 

(SantaCruz) were allowed to attach for 1 h. The other half of the supernatant was transferred to 

beads without bound HER2-antibodies to control for non-specific binding to the agarose beads. The 

tubes were incubated overnight at 4oC while tumbling. Agarose beads were washed four times in 

lysis buffer, resuspended in 30 µl SDS-buffer, boiled for 10 min to release bound HER2 and the 

supernatant was subjected to Western blot (7.5% gel). 

 

Statistics 

The differences in the effects on cell proliferation and caspase-3 activity between docetaxel and 

docetaxel combined with trastuzumab, pertuzumab, cetuximab were analyzed by one way ANOVA 

followed by the Bonferroni adjustment, using SPSS software (SPSS Inc. Chicago, IL). The level of 

significance was set at p<0.05.  
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Results 

 

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

For detection of EGFR, HER2, HER3 and HER4 50 µg of isolated protein from five unselected human 

ovarian cancer cell lines was subjected to Western blot (Fig. 1). The cell lines displayed different 

receptor expression patterns. A2780 expressed HER2 and HER4, while it lacked EGFR and HER3. Both 

OVCAR-3 and IGROV-1 showed the same receptor pattern: EGFR, HER2 and HER3, while HER4 was 

absent. In H134 only HER2 was identified and no EGFR, HER3, HER4. In SKOV-3 no HER3 and HER4 

was detected, while EGFR and HER2 showed high expression levels.  

Cell lines with differential expression of HER family members were chosen for further 

experiments: OVCAR-3 (high EGFR, low HER2, presence of HER3), IGROV-1 (low EGFR, moderate 

HER2, presence of HER3) and SKOV-3 (high EGFR, high HER2, absence of HER3). 

 

Anti-EGFR and anti-HER2 antibodies increase the antiproliferative effects of docetaxel in 

OVCAR-3 and IGROV-1, but not in SKOV-3 

The mean IC50 values (± SD) of docetaxel after an exposure time of one h were in OVCAR-3 23.8 (± 

5.3) nM, in IGROV-1 7.8 ± (5.2) nM) and in SKOV-3 6.4 (± 2.7) nM as measured in at least three 

independent experiments. In the next experiments cells were treated with antibodies either alone 

or combined for a period of 96 h. After 2 h of pre-incubation with antibodies cells were exposed or 

not to docetaxel at the IC50 value for 1 h in order to assess the antiproliferative effects of the 

drugs.  

In OVCAR-3 exposure to cetuximab already resulted in significant growth inhibition (p<0.01), 

while combination of cetuximab with trastuzumab (n.s.) and pertuzumab (p<0.05, with reference to 

cetuximab alone) decreased cell proliferation even further (Fig. 2A, left panel). Cells treated with 

docetaxel showed a mean cell growth of 59.8% as compared to control growth (Fig. 2B, right panel). 

HER2-targeting antibodies alone did not affect growth inhibition by docetaxel. In contrast, 

cetuximab increased the antiproliferative effects of docetaxel; cell growth was 41.7% (p<0.05). Co- 
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Fig. 1: Characterization of HER family member expression in a panel of unselected human ovarian cancer cell 

lines. Protein expression in lysates from freshly cultured cell lines (left panel). Quantification of band 

intensities (right panel). 
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Fig. 2: Inhibition of human ovarian cancer cell proliferation by trastuzumab (20 nM), pertuzumab (20 µg/ml), 

cetuximab (5 µg/ml), docetaxel (IC50) or a combination in OVCAR-3 (A), IGROV-1 (B) and SKOV-3 (C). Cells 

were plated in a 96-well plate and exposed to drugs (docetaxel for 1 h, antibodies for 96 h and added 2 h 

prior to docetaxel). The number of viable cells was determined by addition of MTT at 96 h. Results are 

expressed as the percentage cell growth of treated cells as compared to that of control cells (set at 100%). 

Mean values are the result of three independent experiments. Bars, SD; * p<0.05, ** p<0.01. 
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addition of trastuzumab reduced cell growth further to 32.3% (p<0.05, with reference to docetaxel 

combined with cetuximab), while this was 24.5% upon co-addition of pertuzumab (p<0.01, with 

reference to docetaxel combined with cetuximab). 

In IGROV-1 treatment with cetuximab alone also reduced cell growth, but co-addition of 

trastuzumab or pertuzumab did not further increase the antiproliferative effects of cetuximab (Fig. 

2B, left panel). Docetaxel resulted in a mean cell growth of 50.9% (Fig. 2B, right panel).  Docetaxel-

induced antiproliferative effects were significantly increased by addition of pertuzumab or 

cetuximab, resulting in, respectively, 37.5% (p<0.05) and 30.8% (p<0.01) cell growth. Co-addition of 

pertuzumab and cetuximab to docetaxel decreased IGROV-1 proliferation to 29.9% (p<0.05) when 

compared to the 37.5% cell growth upon addition of pertuzumab alone.  

In SKOV-3 neither cetuximab, trastuzumab and pertuzumab nor combinations significantly 

inhibited cell proliferation (Fig. 2C, left panel). The growth-inhibiting effects induced by docetaxel 

resulting in a mean cell growth of 63.3% were not further increased upon addition of any of the 

antibodies or a combination of them (Fig. 2C, right panel). Nevertheless, a trend was visible that 

cetuximab in combination with trastuzumab (51.2%) or pertuzumab (41.1%) added to docetaxel 

further reduced cell growth inhibition in SKOV-3.   

Altogether, cetuximab alone inhibited cell growth in OVCAR-3 and IGROV-1, which was more 

pronounced when combined with pertuzumab in OVCAR-3. Cetuximab also increased the 

antiproliferative effects of docetaxel in OVCAR-3 and IGROV-1. Co-addition of pertuzumab in 

OVCAR-3 and IGROV-1, and, to a lesser extent, trastuzumab in OVCAR-3 reduced cell growth even 

further. SKOV-3 cell growth was not significantly affected by any of the antibodies. 

 

Anti-EGFR and anti-HER2 antibodies differentially enhance docetaxel-induced activation of 

caspase-3  

In order to determine whether EGFR- and HER2-targeting antibodies were able to enhance 

docetaxel-induced apoptotic cell death, caspase-3 activity was assessed 48 h after treatment with 

docetaxel (IC50, 1-h exposure) alone or in combination with antibodies (continuous exposure). 

Antibodies alone did not significantly affect caspase-3 activity (Fig. 3, left panels).  

In OVCAR-3 cells, treatment with docetaxel alone resulted in a 2.2-fold higher caspase-3 

activity than basal levels in control cells. Addition of cetuximab significantly enhanced caspase-3 

activation; levels were 1.5-fold higher than those in cells treated with docetaxel alone (p<0.05; Fig. 

3A, right panel). The HER2-targeting antibodies slightly increased docetaxel-induced caspase-3 

activation when added alone (n.s.) and their combination with cetuximab did not further enhance 

activation levels as compared to addition of cetuximab alone. 

In IGROV-1 docetaxel treatment resulted in a 34.6-fold higher caspase-3 activity than the 

control cell level. Docetaxel-induced caspase-3 activation was slightly enhanced when cetuximab or 

anti-HER2 antibodies were added (n.s.; Fig. 3B, right panel). The combination of cetuximab plus 

trastuzumab or pertuzumab resulted in, respectively, a 1.3-fold (p<0.05) and a 1.5-fold (p<0.01) 

enhancement of caspase-3 activity as compared to that of cells treated with docetaxel alone.  
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Fig. 3: Induction of caspase-3 activity by trastuzumab (20 nM), pertuzumab (20 µg/ml), cetuximab (5 µg/ml), 

docetaxel (IC50) or a combination in OVCAR-3 (A), IGROV-1 (B) and SKOV-3 (C). Cells were plated in culture 

dishes and exposed to drugs (docetaxel for 1 h, antibodies for 48 h and added 2 h prior to docetaxel). 

Adherent and non-adherent cells were collected at 48 h. Results are expressed as the ratio of caspase-3 

activity as compared to that of docetaxel-treated cells (set at 1). Mean values are the result of three 

independent experiments. Bars, SD; * p<0.05, ** p<0.01. 
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In SKOV-3 docetaxel-induced caspase-3 activation of 3.2-fold did not clearly increase when 

cetuximab, trastuzumab or pertuzumab were added (Fig. 3C, right panel). The docetaxel-induced 

caspase-3 activity, however, was enhanced when cetuximab was added together with either 

trastuzumab to 1.2-fold (n.s.) or pertuzumab to 1.4-fold (p<0.01). 

These experiments showed that antibodies by themselves could not activate caspase-3. In 

line with the antiproliferative effects shown in Fig. 2, caspase-3 activation by docetaxel enhanced 

when combined with cetuximab in OVCAR-3 and in combination with cetuximab plus trastuzumab or 

pertuzumab in IGROV-1. Of interest, co-addition of cetuximab and pertuzumab could also increase 

docetaxel-induced activation of caspase-3 in SKOV-3. 

 

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

We assessed the inhibitory capacity of anti-EGFR and/or anti-HER2 treatment on receptor activation 

and downstream signals in protein samples of OVCAR-3, IGROV-1 and SKOV-3 by 10% FCS-containing 

culture medium, serum-free medium containing EGF or HRG, while serum-free medium only was 

included to measure baseline levels. Cells were exposed to trastuzumab, pertuzumab, cetuximab or 

a combination for a period of 2 h before stimulation with 10% FCS, EGF or HRG for 15 min (Fig. 4). 

Total EGFR, ERK1/2 and Akt levels remained unchanged during all experiments (data not shown). 

Total HER2 and β-actin protein levels served as loading controls.  

In OVCAR-3 EGFR and correspondingly ERK1/2 was phosphorylated upon stimulation with 10% 

FCS, EGF or HRG. EGF and HRG also slightly induced p-Akt levels. Neither trastuzumab nor 

pertuzumab could inhibit p-ERK1/2 or p-Akt. In contrast, cetuximab alone was able to inhibit p-

EGFR and p-ERK1/2. Cetuximab did not decrease p-ERK1/2 in HRG-stimulated cells. The inhibitory 

effect of cetuximab on p-ERK1/2 was increased by addition of trastuzumab and even more by 

pertuzumab, in which the latter combination was also able to abrogate HRG-induced p-ERK1/2. p-

Akt was inhibited by cetuximab in EGF-stimulated cells and by pertuzumab added to cetuximab in 

HRG-stimulated cells. 

In IGROV-1 EGFR was only phosphorylated upon addition of EGF. Basal p-ERK1/2 levels were 

not further increased when 10% FCS, EGF or HRG was added. ERK1/2 activation was partially 

inhibited by cetuximab, except in cells stimulated by HRG. Pertuzumab, but not trastuzumab, could 

further down-regulate p-ERK1/2 when added to cetuximab. Akt was already phosphorylated under 

serum-free conditions, which was further upregulated by addition of EGF or HRG. p-Akt was only 

inhibited by a combination of cetuximab with either trastuzumab or pertuzumab under serum-free 

conditions. 

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

p-EGFR was partially abrogated by cetuximab. ERK1/2 was already highly phosphorylated under 

serum-free conditions. Only EGF addition resulted in upregulation of p-ERK1/2 and only cetuximab 

was able to inhibit phosphorylation. Phosphorylation of Akt was already present in cells grown in 

serum-free medium and neither stimulation nor any of the antibodies affected p-Akt levels. 
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Fig. 4: Protein levels of total HER2, phosphorylated EGFR, phosphorylated ERK1/2, phosphorylated Akt and 

total β-actin in OVCAR-3, IGROV-1 and SKOV-3 in serum-free medium without or with 10% FCS, 10 ng/ml EGF 

or 10 ng/ml HRG in the presence or absence of trastuzumab (20 nM), pertuzumab (20 µg/ml) or cetuximab (5 

µg/ml). Antibodies were added 2 h prior to stimulation and samples were collected 15 min after stimulation. 

Protein samples (50 µg) were analyzed by Western blot. Representative results of at least three independent 

experiments are shown. Note: lane 1 shows protein levels under serum-free conditions, but different exposure 

periods were used to visualize changes in phosphorylation levels. 

 

In general, when ovarian cancer cells were stimulated with EGF, phosphorylation of EGFR 

was further increased after exposure to trastuzumab and pertuzumab. This observation suggests 

that inhibition of HER2 or HER3 may activate another HER family member. 

Altogether, functional EGFR-, HER2- and HER3-signaling routes as demonstrated by 

abrogation of EGF- and HRG-stimulated phosphorylated ERK1/2 by, respectively, cetuximab, 

trastuzumab and pertuzumab were present in OVCAR-3 and IGROV-1, but hardly in SKOV-3. 
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Functionally active HER2 can be inhibited in OVCAR-3 and IGROV-1, but not in SKOV-3 

For a correct interpretation of the inhibitory capacity of anti-HER2 antibody treatment, 

immunoprecipitation experiments were performed on protein samples to detect phosphorylated 

HER2 in OVCAR-3, IGROV-1 and SKOV-3. Cells were treated or not with pertuzumab at 20 µg/ml 

under serum-free conditions 2 h prior to addition of culture medium containing 10% FCS, to 

stimulation with EGF at 10 ng/ml or HRG at 10 ng/ml for a period of 15 min. The degree of tyrosine 

phosphorylation as a measure of HER2 activation in the acquired protein samples was visualized by 

Western blot (Fig. 5). 

 In OVCAR-3 and IGROV-1 no phosphorylated HER2 was detected under serum-free 

conditions. Most specifically, after EGF or HRG stimulation in OVCAR-3 and IGROV-1 the receptor 

was clearly phosphorylated. Pretreatment with pertuzumab abrogated HER2 activation. In SKOV-3 

cells, in which the receptor was already phosphorylated under serum-free conditions, pretreatment 

with pertuzumab followed by stimulation with 10% FCS, EGF or HRG had no significant effects on 

the HER2 phosphorylation status.  

Thus, pertuzumab was able to abrogate EGF- and HRG-stimulated phosphorylation of HER2 

in OVCAR-3 and IGROV-1. Basal p-HER2 was present in SKOV-3, which could neither be stimulated 

nor inhibited, suggesting the absence of a functional HER2-signaling route. 
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Fig. 5: Detection of phosphorylated HER2 by immunoprecipitation. OVCAR-3, IGROV-1 and SKOV-3 were grown 

to 80% confluence and fresh serum-free medium was added without or with 10% FCS, 10 ng/ml EGF or 10 

ng/ml HRG. Pertuzumab, when added, was administered 2 h prior to the medium change. Samples were 

collected 15 min thereafter. Cell lysates were divided and in a part used for HER2 andβ-actin detection and a 

part for HER2 precipitation. All samples were separated by gel electrophoresis. Total HER2 and β-actin in one 

sample and phosphorylated tyrosine in the precipitation sample were detected by Western blot and enhanced 

chemoluminescence. Representative results of at least three independent experiments are shown. 
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Discussion 

We here report that human ovarian cancer cell lines show differential expression levels of HER 

family members. We demonstrate that EGFR- and HER2-targeting monoclonal antibodies may 

increase the antitumor effects of docetaxel by blocking functional receptors. The data were 

acquired in vitro, because of which further testing in ovarian cancer patients is required for proof 

of concept. Docetaxel exposure periods of 1 h were selected, because the drug is administered by a 

1-h infusion in cancer patients. The 50%-inhibitory concentrations of docetaxel of 6.4-23.8 nM in 

vitro were well below achievable plasma levels in patients, being 4 µM at doses of 75-100 mg/m2 

[31]. Concentrations of the antibodies selected from studies previously reported [27-29] were 

sufficient for abrogating phosphorylation of activated target receptors and down-stream functional 

HER-signaling routes. Also, these concentrations in vitro were well below trough plasma levels 

measured in patients being for trastuzumab 49 µg/ml at 3-weekly 6 mg/kg [32], pertuzumab 52 

µg/ml at 3-weekly 420 mg [33] and for cetuximab 55 µg/ml at weekly 250 mg/m2 [34] intravenous 

schedules. 

Although all selected ovarian cancer cell lines contained EGFR and HER2, differential 

antiproliferative effects were observed when monoclonal antibodies were given alone or combined 

with docetaxel. In OVCAR-3 and IGROV-1 cells, cetuximab could already significantly inhibit cell 

proliferation, which was also the case when combined with docetaxel.  Pertuzumab alone did not 

affect cell growth, but increased the inhibitory effects of cetuximab in OVCAR-3. In IGROV-1, 

pertuzumab increased the antiproliferative effects of docetaxel, which was more pronounced when 

combined with cetuximab. Trastuzumab could only enhance the antiproliferative effects in OVCAR-3 

when these cells were also treated with docetaxel and cetuximab. None of the antibodies 

significantly affected cell growth in SKOV-3, although a trend was observed in further cell growth 

inhibition when docetaxel was combined with either cetuximab and trastuzumab or with cetuximab 

and pertuzumab. While antibodies alone did not activate caspase-3, cetuximab could enhance 

caspase-3 activation when added to docetaxel in IGROV-1. Of interest, caspase-3 activation was 

most pronounced in IGROV-1 and SKOV-3 when both cetuximab and pertuzumab were added to 

docetaxel. On the one hand, these data indicate that expression levels of HER family members in 

ovarian cancer cells are not predictive for antiproliferative effects of receptor inhibitors. Further, 

inhibition of cell growth by monoclonal antibodies alone does not result in activation of caspase-3. 

On the other hand, when monoclonal antibodies alone induce antiproliferative effects, further 

reduction of cell growth and a concomitant increase in activated caspase-3 are shown upon their 

combination with docetaxel.  

Our findings indicate that cetuximab may play a role in the treatment of ovarian cancer, but 

the presence of EGFR will not always predict cell sensitivity. The EGFR signaling route as tested by 

stimulation with EGF was clearly functional in the three cell lines as visualized from the increase in 

p-EGFR, p-ERK1/2 and p-Akt. Constitutively activated p-Akt in SKOV-3, however, was not further 

stimulated by EGF. In line with the antiproliferative effects of cetuximab in OVCAR-3 and IGROV-1 

cells, phosphorylation levels of EGFR and ERK1/2 were inhibited by blocking receptor function. In 

OVCAR-3 cells stimulated with EGF, increased p-Akt was also abrogated by cetuximab. Cetuximab 
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combined with trastuzumab or pertuzumab could inhibit p-Akt in IGROV-1 cells under serum-free 

conditions. Although the EGF-stimulated increase in phosphorylation of EGFR and ERK1/2 in SKOV-3 

cells could be abrogated by cetuximab, this did not result in reduction of cell growth. Constitutively 

activated Akt in SKOV-3 could not be inhibited by any of the antibodies. Activation of the PI3K/Akt 

signaling route downstream of EGFR might therefore be responsible for cetuximab resistance in 

SKOV-3. 

Cetuximab resistance in EGFR-positive ovarian carcinomas has hardly been explored. Thus 

far, EGFR gene mutations are not common in ovarian carcinomas [13,35]. Recently, it has been 

found in colorectal cancer, a tumor type known for high EGFR expression, that patients on 

cetuximab monotherapy whose tumors contained wild-type K-ras had a significantly higher disease 

control rate than patients with K-ras mutations [36]. Further, EGFR-overexpressing colorectal 

cancer cell lines with highest cetuximab resistance contained both K-ras/BRAF and PTEN/PIK3CA 

mutations [37]. Of interest, EGFR inhibitors induced only limited antiproliferative effects in non-

small cell lung cancer cell lines with persistent activity of Akt [29]. Earlier, it has been shown in 

SKOV-3 that PTEN levels are low which possibly accounts for increased levels of constitutive Akt 

activity [38]. The role of constitutive activation of signaling mediators downstream of EGFR in 

ovarian cancer needs to be explored.  

Although ovarian carcinomas may express HER2 to some degree, the frequency of 

amplification and overexpression is less than 10% [13,16,17]. In a phase II trial in HER2-

overexpressing ovarian cancer patients trastuzumab induced an overall response rate of only 7.3% 

[39]. Recently, the role of HER3 has gained interest in ovarian cancer. Positive HER3 expression was 

observed in 53.4% of ovarian cancer patients and was associated with decreased survival [40]. HER2, 

being the favored dimerization partner of EGFR and HER3, could be phosphorylated after 

stimulation with EGF or HRG in OVCAR-3 and IGROV-1, whereas constitutively phosphorylated HER2 

in SKOV-3 was not affected (Fig. 5). HRG stimulation also induced phosphorylation of EGFR in 

OVCAR-3 cells. We could not detect HER3 in SKOV-3. HRG, however, induced low phosphorylation of 

EGFR in our SKOV-3 cells, which may indicate low expression of HER3. Gilmour et al [41] have shown 

in ovarian cancer cells that the magnitude of HRG stimulation largely depends on HER2 expression 

levels. Although they found low HER3 expression levels in SKOV-3, HRG stimulation did not stimulate 

cell growth, and, in line with our data, p-HER2 and p-ERK1/2 responses were absent. A central role 

for HER3 as a co-receptor for HER2 has recently been reported by Lee-Hoeflich et al [42]. This group 

has demonstrated that HER3 knockdown caused tumor regression in a HRG-dependent HER2-

amplified breast cancer model. In addition, pertuzumab, in contrast to trastuzumab, could 

efficiently inhibit in vivo tumor growth. These and our data point towards the finding that HER3 

may be a useful target for treatment if part of functional dimerization partners EGFR and HER2. 

Since HER3 can play a functional role in ovarian cancer, pertuzumab may be a useful 

adjunct to chemotherapy. Jackson et al [28] have shown that pertuzumab blocked not only HRG-

mediated phosphorylation of HER2 and HER3, but also EGF-mediated phosphorylation of HER2. We 

obtained similar findings in OVCAR-3 and IGROV-1 in which pertuzumab could inhibit 

phosphorylation of HER2 upon stimulation with HRG as well as with EGF (Fig. 5). Earlier, 
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pertuzumab treatment alone has been shown to moderately inhibit growth in two out of eight 

ovarian cancer cell lines with high expression of HER2, among which was SKOV-3 [28]. In ovarian 

cancer patients the antibody alone had only modest activity [21]. We did not clearly detect 

antiproliferative effects from pertuzumab alone, but the drug could significantly enhance inhibition 

of cell growth by docetaxel in IGROV-1. Combination of pertuzumab with chemotherapy is currently 

being investigated in a randomized phase II trial in  patients with advanced ovarian cancer to assess 

a possible advantage with reference to chemotherapy alone.  

Monoclonal antibodies directed against growth factor receptors appear to be most effective 

when combined with other treatment modalities. In our experiments in ovarian cancer cell lines 

comparing three monoclonal antibodies added to docetaxel, we found that cetuximab was superior 

in the increase of cell growth inhibition and the enhancement of activation of caspase-3. Co-

addition of HER2 receptor inhibitors hardly increased the antiproliferative effects, but if present, 

pertuzumab appeared to be more potent than trastuzumab. Kawaguchi et al [43] have already 

shown that the combination of cetuximab and trastuzumab could induce synergistic antiproliferative 

effects in several human oesophageal squamous cell carcinoma cell lines expressing both receptors. 

Similarly, Friess et al [44] have demonstrated in human tumor xenografts of non-small cell lung 

cancer and breast cancer expressing various degrees of EGFR and HER2, that combination of the 

EGFR tyrosine kinase inhibitor erlotinib with pertuzumab resulted in additive or greater than 

additive antitumor effects. Presently, it has become clear that HER family members interact and 

that ligands are involved in allowing tumor cells to evade the pro-apoptotic effects from targeted 

therapy [45, 46]. Since we observed further upregulation of p-EGFR in EGF-activated ovarian cancer 

cells treated with HER2-targeting monoclonal antibodies, dual inhibition may thus prevent possible 

escape from inhibition of only one HER family member. Considering the adverse prognostic role of 

HER3 in ovarian cancer, pertuzumab plus cetuximab added to taxane-based chemotherapy would be 

the combination of choice to further study in patients with ovarian cancer with functional 

EGFR/HER2/HER3 signaling routes. 
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Treatment of ovarian cancer consists of optimal debulking surgery and combination chemotherapy. 

Currently, the most active chemotherapy schedules are paclitaxel or docetaxel combined with 

carboplatin or cisplatin, in which carboplatin plus paclitaxel is the schedule in general use. 

Docetaxel has similar activity as paclitaxel when combined with carboplatin [1]. Yet, laboratory 

data have pointed towards possible advantages in the use of docetaxel over paclitaxel. Docetaxel 

has higher affinity for β-tubulin and a longer cellular retention time and it is more potent in the 

stabilization of microtubules than paclitaxel. In the clinic, docetaxel is less neurotoxic than 

paclitaxel, although greater hematological toxicity may be expected [1]. The research presented in 

this thesis aimed to explore new aspects in the use of docetaxel in ovarian cancer with emphasis on 

its role as an inhibitor of tumor angiogenesis and ovarian cancer cell motility and as well as its 

combination with agents targeting proliferation mechanisms in ovarian cancer cells. 

 

Inhibition of angiogenesis as a means of cancer treatment was the first strategy explored with the 

use of low, subtoxic, concentrations of docetaxel. This approach might be important in the 

prevention of new tumor blood vessel outgrowth after debulking surgery as well as for the induction 

of damage to the newly formed capillaries in residual tumor lesions. Success of this treatment type 

is dependent on the degree of vascularization, the tumor growth rate and vascular dependency of 

the tumor [2;3]. Presently, most attention in the angiogenesis research field is drawn to inhibitors 

of vascular endothelial growth factor (VEGF) and its receptor (R) to prevent VEGFR signaling, such 

as the monoclonal anti-VEGF antibody bevacizumab, the soluble decoy receptor VEGF-Trap and the 

tyrosine kinase inhibitor sunitinib [4].  

Unlike agents that block VEGFR function as a key mechanism for new blood vessel 

formation, docetaxel has the ability to interfere with microtubule dynamics directly hampering cell 

motility. In this thesis, it is reported that subtoxic concentrations of docetaxel not affecting cell 

proliferation were already sufficient to inhibit endothelial cell migration, invasion and tube-like 

formation in vitro with the use of Human Umbilical Vein Endothelial Cells (HUVECs) as a model. This 

effect was due to disturbance of the integrity of the tubulin and F-actin cytoskeleton as a result 

from inhibition of Rho family GTPase function. Apparently, docetaxel not only interferes with the 

motility machinery of the cell in which microtubules play an essential role, but also with Rho 

GTPases being molecular switches in the motility process. It has been reported that GTPase effector 

molecules (Guanine-nucleotide Exchange Factors; GEFs) co-localize with microtubules to exert 

GTPase driven functions, such as microtubule polymerization [5]. VEGF signaling is required for 

endothelial cell motility in which microtubule dynamics and Rho GTPases regulate normal 

endothelial cell function [6].  

Angiogenesis is critical for the development of ovarian cancer and its peritoneal 

dissemination. Earlier in this laboratory it has been found, that human ovarian cancer cell lines 

express VEGF mRNA, which is significantly increased under hypoxic conditions [7]. Docetaxel and 

paclitaxel did not abrogate VEGF mRNA expression, which was in contrast to higher doses of 

cisplatin and doxorubicin. Therefore, to increase the anti-angiogenic activity of docetaxel it should 

be considered to combine the drug with VEGF-targeting agents that prevent endothelial cell 
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stimulation by VEGF from ovarian cancer cells. Phase III clinical trials in which platinum plus taxane 

chemotherapy is given without and with bevacizumab are currently in progress [4;8]. It should be 

noted, however, that the administration of bevacizumab in patients with large-volume 

intraperitoneal disease was associated with a high incidence of bowel perforation [8]. 

   

After investigation of the anti-angiogenic properties of docetaxel, it was also assessed whether the 

drug would affect ovarian cancer cell motility as an anti-metastatic approach. It was found, 

however, that subtoxic concentrations of docetaxel not affecting cell growth had only a limited 

effect on tumor cell motility. Docetaxel at 50% growth-inhibiting concentrations caused a slight 

increase in the inhibition of tumor cell migration and invasion. Of interest, the actin-targeting agent 

cytochalasin D was a more potent inhibitor of tumor cell motility. Earlier studies have already 

indicated the potential use of cytoskeleton-targeting agents in the evasion of metastasis formation 

[9]. 

Because the actin cytoskeleton is important for physiological fundamental cell survival 

processes, such as formation of focal adhesions and the maintenance of cell structure [10], 

treatment with cytochalasin D would likely lead to severe side-effects in patients. It has been 

shown that members of the Rho GTPase family are involved in almost every stage of  tumor cell 

motility [11]. In ovarian cancer cells, docetaxel at 50% growth-inhibiting concentrations only 

marginally inhibited Rac1 activity and did not affect Cdc42 activity. Therefore, a new approach may 

be the use of small molecules that more specifically inhibit the action of Rho GTPases [12]. Specific 

inhibitors of Rho GTPases or their downstream effectors, such as Rho kinases, should be investigated 

for anti-metastatic effects [13]. Human Epithelial growth factor Receptor (HER) family members 

EGFR and HER2 have also been described to stimulate effector pathways that include activation of 

Rac1 and Rho A [14] and regulation of the actin-myosin cytoskeleton of migratory cells [15]. 

Inhibition of functional HER family members in ovarian cancer cells might possibly be of help to 

prevent the metastatic process. 

It is here proposed that ovarian cancer cell motility is mainly orchestrated by the actin 

cytoskeleton while microtubules are supportive, whereas in endothelial cells the microtubules are 

equally important in regulating cellular movement [16;17]. In this thesis it was shown that 

interference with microtubule dynamics in endothelial cells was possible without toxicity to cell-

proliferative processes. For ovarian cancer cells lower concentrations of docetaxel were required to 

inhibit cell growth than for HUVECs. Therefore, to achieve maximum clinical benefit from docetaxel 

directed both against tumor cells and endothelial cells the application of metronomic dosing should 

be considered. It has been demonstrated in experimental in vivo tumor models that the efficacy of 

chemotherapy might be increased when low doses of a drug are administered in a frequent (weekly 

or even daily) fashion [18]. More specifically, anti-angiogenic properties of particular standard 

cytotoxic agents may be employed in this approach. In this respect, docetaxel was proven to be 

well tolerated and effective in in vivo tumor models when combined with an inhibitor of both EGFR 

and VEGFR [19]. Clinical trials are now being carried out on the combination of metronomic 
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docetaxel with an anti-angiogenic agent, such as thalidomide, to improve clinical benefit in patients 

with advanced ovarian cancer [20].  

 

Besides low concentrations of docetaxel to inhibit angiogenesis and metastasis formation, 

combinations of docetaxel with molecules that target proteins involved in ovarian cancer growth 

and survival were investigated. The first experiments were carried out to assess the antitumor 

effects of docetaxel combined with the cyclooxygenase-2 (COX-2) targeting drug celecoxib. The 

ovarian cancer cell lines investigated in this thesis lacked COX-2 protein expression and also no 

upregulation of COX-2 was observed after docetaxel treatment. Still, the combination of celecoxib 

with docetaxel induced, in general, additive antiproliferative effects in these cell lines. Several 

mechanisms of action have been explored that may account for the COX-2 independent cell growth 

inhibition by celecoxib. It was found that celecoxib 1) may inhibit carbonic anhydrases at nanomolar 

concentrations [21], 2) may interfere with PI3K/Akt signaling [22] or PDK1 (a member of the pro-

survival Akt pathway) [23], or 3) may affect Sarcoplasmic/ER Calcium ATPase (SERCA; involved in 

the maintenance of physiological calcium levels in the cytosol) [24], but the contribution of these 

COX-2 independent effects to reduced proliferation and cell death are not yet clear. Most likely, 

the inhibition of one or more of these events led to the additive antitumor effects of celecoxib 

when combined with docetaxel. 

Although the ovarian cancer cell lines used in this thesis did not express COX-2, protein 

levels may be increased in ovarian cancer. A recent analysis of 100 ovarian carcinoma samples has 

shown that high expression was related with reduced survival [25]. In a multivariate analysis of this 

cohort of patients, however, increased COX-2 appeared to be associated with survivin suggesting a 

role for both COX-2 and survivin in rapid disease progression.  

Since most patients with ovarian cancer present with advanced stage disease, targeting of 

COX-2 together with docetaxel treatment remains a field of interest [26]. The use of COX-2 

inhibitors for this purpose, however, is a matter of debate since administration of some of these 

agents was reported to cause adverse cardiovascular effects [27]. Celecoxib was also found to 

possess increased cardiovascular toxicity when compared to placebo, but data was insufficient to 

recommend market withdrawal. A randomized phase II clinical trial is ongoing in which docetaxel 

combined with carboplatin is being administered to one group of ovarian cancer patients, while the 

other group is treated with the same cytotoxic drugs plus celecoxib to study the possible advantage 

of the latter drug combination.  

From the study presented in this thesis it became clear that a combination of cisplatin with 

celecoxib might be unfavorable for use in the clinic. The various in vitro assays clearly indicated an 

antagonistic effect, which was likely based on the reduced platinum-DNA adduct formation. The 

antagonistic effects were measured regardless whether celecoxib was given before cisplatin, 

simultaneously, or immediately after cisplatin. Since patients receive celecoxib on a continuous 

base, reservations should be taken for the use of this combination in clinical trials. 
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Combinations of docetaxel with inhibitors of HER family members were last experiments carried out 

in this thesis. HER family members EGFR, HER2, HER3 and HER4 can be expressed on the surface of 

ovarian cancer cells [28]. The cell lines used in this thesis displayed dissimilar HER expression 

profiles. Combinations with HER-family targeting antibodies resulted in increased antitumor effects 

of docetaxel in ovarian cancer cell lines, but only when receptors were functional. Cetuximab, 

which specifically targets EGFR, had the strongest additive effect. Trastuzumab and mainly 

pertuzumab, both targeting HER2, only modestly increased docetaxel efficacy. Overall, a 

combination of cetuximab with pertuzumab added to docetaxel increased the antitumor effects 

most profound than either of these agents alone.  

Recently, two phase II studies have been performed on the use of cetuximab in advanced 

ovarian cancer. In the first, cetuximab in combination with paclitaxel and carboplatin was found to 

be adequately tolerated in patients not selected for EGFR expression, but no clinical benefit was 

observed when compared to historical data [29]. In the second study, cetuximab was combined with 

carboplatin and the majority of the 29 patients enrolled had EGFR-positive tumors [30]. Although 9 

patients demonstrated an objective response and another 8 patients had stable disease, modest 

activity of cetuximab was considered too low to proceed to a larger cohort of patients. EGFR 

expression is not encountered frequently in ovarian cancer patients [28]. Its relevance as a target 

for treatment is not yet fully understood. Patients selected for a functional EGFR signaling route 

might possibly benefit from cetuximab when added to chemotherapy. 

Of the HER2-targeting antibodies used in this thesis, pertuzumab was slightly more potent 

than trastuzumab in increasing the docetaxel-induced antitumor effects. This can be explained by 

the fact that trastuzumab is mainly active when HER2 is overexpressed in which it will inhibit 

homodimerization, while pertuzumab hinders the formation of HER2 heterodimers with EGFR, HER3 

or HER4 [31]. Because HER2 amplification in ovarian cancer is not encountered frequently as is the 

case in breast cancer [32], pertuzumab would be the antibody of choice for targeting HER2 in 

ovarian cancer. Currently, a phase II randomized trial has been performed studying chemotherapy 

without or with pertuzumab, but results have yet to be awaited. Besides the use of monoclonal 

antibodies that are specific for one binding site on the receptor, receptor tyrosine kinase inhibitors 

are available that inhibit one or more HER family members. Thus far, however, these inhibitors by 

themselves have shown only low response rates in phase II clinical trials in patients with ovarian 

cancer [33].  

Similar to other malignancies, the questions in the successful use of targeted agents will 

depend on 1) whether the target is required for tumor growth and is sufficiently available for a 

clinically meaningful response, 2) whether the combination with chemotherapy is based on a 

biochemical or molecular rationale, and 3) whether it is necessary that the targeted agent has 

antitumor activity of its own [33]. Thus far, the clinical relevance of the presence of HER family 

members in ovarian cancer is not clear, neither for prognosis nor for targeted treatment. In this 

thesis, it was demonstrated in the SKOV-3 ovarian cancer cell line that the presence of EGFR and 

HER2 may not always indicate that these are active and indispensable for tumor growth. Even less 

information is available about HER3 and HER4. In a study in 207 ovarian tissue samples, HER2-4 
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receptor protein content was significantly higher in malignant tissues (n = 101) as compared to 

levels in normal ovaries (n = 23), while EGFR protein content was significantly lower, but this study 

did not report on their relevance with outcome [34]. Another study in 116 ovarian cancer patients 

has revealed that positive HER3 expression could be observed in 53.4% of the patients [35]. HER3 

expression was associated with decreased survival. Since the prominent pattern of HER3 staining 

was cytoplasmic with only weak membrane expression, the question arises whether antibody 

targeting of HER3 is a viable strategy. At the moment no specific HER4 inhibitor is available apart 

from the pan HER inhibitors [36]. It has also to be taken into account that inhibition of HER family 

members may cause a switch to enhanced activity of other tyrosine kinase receptors or other 

survival pathways during the course of the disease. Therefore, further studies on combinations of 

targeted agents require representative preclinical models linked with relevant biomarkers given the 

limited number of patients resources available [33]. 

 

Classical anticancer agents, such as taxanes and platinum compounds, will remain a cornerstone for 

treatment of ovarian cancer in the coming years. In this thesis it was shown that docetaxel at low, 

subtoxic, concentrations with limited side-effects may help to maintain tumor size by inhibiting 

angiogenesis and possibly further metastasis formation. Docetaxel may also be employed as a drug 

for combination with targeted agents, but future molecular profiling or proteomics of ovarian 

cancer tissue of individual patients should lead the choice out of the vast number of compounds 

currently under development.  
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Summary 

 

Standard treatment of ovarian cancer consists of cytoreductive surgery followed by chemotherapy 

consisting of a combination of platinum compounds and taxanes. To date, the combination of 

carboplatin and paclitaxel is the chemotherapy of choice. In a recent study in patients with 

advanced ovarian cancer, it has been demonstrated that a combination of carboplatin and 

docetaxel results in a similar period of progression-free survival with a superior benefit of the 

quality of life as compared to treatment with carboplatin and paclitaxel. In the laboratory, 

docetaxel has shown some advantages over paclitaxel. Both drugs have the same mechanism of 

action in dividing cells, i.e. stabilization of microtubules because of which depolymerization is 

prevented and mitosis cannot be completed. There are, however, subtle differences between these 

drugs. Docetaxel has approximately a 2-fold higher affinity for β-tubulin binding and a longer 

intracellular retention time. Docetaxel is more potent in the stabilization of microtubules than 

paclitaxel. In addition to antitumor activity, taxanes are also known to inhibit angiogenesis, a 

process required for tumor growth and the formation of metastases.  

 

In this thesis, several aspects of docetaxel were investigated which might be useful to 

improve the treatment of cancer. Human ovarian cancer cell lines and human umbilical vein 

endothelial cells (HUVECs) were used as in vitro test systems. First, the potential of docetaxel to 

inhibit endothelial cell motility, a process required for new vessel formation, was explored. The 

drug was also investigated for possible interference with tumor cell motility, because primary 

ovarian cancer is known for seeding tumor cells in the peritoneal lining of the abdominal cavity. 

Since cyclooygenase-2 (COX-2) may be an important enzyme associated with tumor cell survival, it 

was then investigated whether a combination of docetaxel with the COX-2 inhibitor, celecoxib, 

would improve antitumor effects. Last, since ovarian cancer cells express members of the Human 

Epidermal growth factor Receptor (HER) family, HER-targeting monoclonal antibodies were explored 

whether antiproliferative effects would be increased by their addition to docetaxel. 

 

In Chapter 2 several conventional cytotoxic agents were investigated for possible 

antiangiogenic properties by the use of HUVECs. To that end, a series of microtubule-targeting 

agents were selected, since these compounds have been reported to inhibit cell motility by 

affecting the dynamics of microtubules. These drugs were docetaxel, known to stabilize 

microtubules whereby the dynamic reorganization and depolymerization are inhibited; epothilone B, 

which are not related to taxanes but are also able to stabilize microtubules, and vinblastine, known 

to inhibit both tubulin polymerization and mitotic spindle formation. Two other well-known 

anticancer agents were included in the experiments, being cisplatin and doxorubicin and both 

known to affect DNA integrity. First, the antiproliferative effects of the cytotoxic agents were 

investigated in HUVECs, which were exposed to the drugs for a period of 1 h, in order to determine 

the concentration of each drug that inhibited a maximum of 10% of cell growth as compared to 

control cell growth. This concentration was defined as the Highest Non-Toxic Concentration (HNTC). 
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Thereafter, the HNTC was used in all further tests and was routinely checked in a parallel 

antiproliferative assay. Endothelial cell motility was assessed in the wound assay for migration, in a 

transwell system for invasion and after seeding on top of extracellular matrix gel for organization 

(‘tube formation’). Thus, in these assays equitoxic concentrations of the drugs were tested. 

Cisplatin and doxorubicin did not inhibit endothelial cell motility. In contrast, all microtubule-

targeting agents significantly inhibited angiogenic features of HUVECs (p <0.05). The inhibition of 

migration and invasion appeared to be most pronounced for docetaxel, although this was not 

significantly different from that obtained with epothilone B and vinblastine. In the next experiment 

structural changes in endothelial cell morphology were examined in the wound assay after a 1-h 

drug exposure at HNTC by visualization of tubulin and F-action by fluorescence microscopy at 8 h 

after wounding. Control cells and cells treated with cisplatin or doxorubicin showed the same 

morphology; actin stress fibers could be seen in the cell body and cellular actin protrusions were 

filled with tubulin in the direction of movement. HUVECs treated with microtubule-targeting 

agents, however, seemed to reside at the edge of the wound. Both docetaxel and epothilone B led 

to a significantly higher signal intensity staining of tubulin (p <0.01), but tubulin intensity was not 

changed in vinblastine-treated cells as compared to that in control cells. HUVECs treated with 

microtubule-targeting agents contained less stress fibers. Instead, rings of F-actin had formed 

around the nucleus, suggesting loss of correct cell polarization. Actin protrusions in the direction of 

movement were virtually absent. In the last experiment the activities of two members of Rho 

GTPases, a family of molecules that tightly coordinate motility, were examined. Cdc42 is known to 

be a regulator of polarity of the cell enabling motility to be initiated in the desired direction. Rac1 

can induce the formation of extensions (lamellipodia) and stimulates actin polymerization at the 

leading edge of the cell, together with the formation of new adhesion sites to the matrix. The 

activity of both Rac1 and Cdc42 are tightly regulated by actin and tubulin dynamics. HUVECs were 

treated with HNTC of the drugs for 1 h. Thereafter, total and active protein levels were measured 

and were compared to baseline levels. As expected, cisplatin and doxorubicine did not affect the 

activities of Rac1 and Cdc42. In contrast, microtubule-targeting agents could efficiently inhibit the 

activities of both proteins. Altogether, these experiments in HUVECs showed that microtubule-

targeting agents, such as docetaxel, can inhibit endothelial cell motility which is associated with 

inhibition of Rac1 and Cdc42 and changes in the endothelial cytoskeleton. Therefore, apart from 

their direct antitumor effects these drugs may be useful for inhibition of angiogenesis in 

malignancies. 

 

In Chapter 3 the microtubule-targeting agents docetaxel, epothilone B and vinblastine were 

analyzed whether these drugs could inhibit ovarian cancer cell motility. In the experiments, 

cisplatin and doxorubicin were included as well as cytochalasin D, a compound known to inhibit F-

actin polymerization. Cytochalasin D is known to reduce actin filament mass and stabilizes the 

barbed end dynamics of the filaments. Human ovarian cancer cell lines A2780, H134, OVCAR-3, 

IGROV-1 and SKOV-3 were selected. The HNTC of each drug was calculated in each cell line after a 

1-h drug exposure time. In addition, drug concentrations were calculated which inhibited 50% of cell 
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growth (IC50) when compared to control cell growth. Ovarian cancer cell motility was investigated 

in a wound assay for migration and in a transwell system for invasion. Spontaneous migration and 

invasion was grossly absent in the case of A2780 and H134 cells. Migration and invasion in IGROV-1, 

OVCAR-3 and SKOV-3 were not affected by cisplatin and doxorubicin. Microtubule-targeting agents 

only slightly inhibited these processes. Cytochalasin D was significantly effective at HNTC in the 

migration assay (p <0.001) and at IC50 in the invasion assay (p <0.01). The cytoskeletal changes in 

IGROV-1, OVCAR-3 and SKOV-3 were visualized in the wound assay. Cells were exposed for 1 h to 

docetaxel or cytochalasin D at IC50 and wounded and were stained for tubulin and F-action 8 h 

thereafter. Migrating control cells showed broad lamellipodia filled with microtubules in the 

direction of movement. Upon treatment with docetaxel, only a subtle increase in the tubulin signal 

was noticed. Upon cytochalasin D exposure, however, patchy layers of F-action were visible around 

the cells and characteristic broad lamellipodia were lost. In OVCAR-3 cells it was then determined 

whether docetaxel or cytochalasin D might result in a reduced functionality of Rac1 and Cdc42. 

Total protein levels were not affected. Rac1 activity was slightly inhibited by docetaxel, which was 

more pronounced in the case of cytochalasin D treatment. Active Cdc42, however, was unaltered. 

Altogether, at HNTC or even concentrations inhibiting 50% of ovarian cancer cell growth, 

microtubule-targeting agents only marginally inhibited cell motility. Of interest, the actin-targeting 

agent cytochalasin D was most potent in hampering both cell migration and invasion. Therefore, 

agents that target the actin cytoskeleton may be attractive for drug development. Such compounds 

might specifically be useful in patients with ovarian cancer after debulking surgery to prevent the 

intra-abdominal metastatic process.  

 

The enzyme COX catalyses prostaglandin synthesis from arachidonic acid. Two isoforms have 

been characterized of which COX-1 is a homeostasis protein constitutively expressed in a variety of 

tissues, while COX-2 expression is regulated by growth factors, cytokines and oncogenes. Induction 

of COX-2 has been shown to promote cell growth, inhibit apoptosis and enhance cell motility and 

adhesion. COX-2 inhibitors have been and are under investigation for their potential to enhance 

chemotherapy efficacy. In Chapter 4 it was examined whether the COX-2 inhibitor, celecoxib, 

would increase the antitumor effects of docetaxel or cisplatin in human ovarian cancer cell lines 

A2780, H134, OVCAR-3 and IGROV-1. Since COX-2 could not be detected in these cell lines, COX-2-

positive human colon cancer cell lines WiDr, HT29 and SW1398 were included in the experiments. In 

antiproliferative assays, the effects of celecoxib, docetaxel and cisplatin and the combination of 

celecoxib with each of the anticancer agents were analyzed, while possible antagonistic, synergistic 

or additive effects were calculated with the Chou and Talalay formula. Cell exposure to celecoxib 

was continuous, while a 1-h exposure time was used for docetaxel and cisplatin. It was clearly 

shown that the combination of celecoxib and cisplatin induced antagonistic antiproliferative 

effects, while celecoxib plus docetaxel produced additive or slightly antagonistic antiproliferative 

effects. The antagonistic effects of celecoxib when combined with cisplatin were calculated 

regardless whether celecoxib preceded the drugs for a period of 3 h, was added simultaneously, or 

was added after the 1-h exposure of cisplatin. Also, these antagonistic effects were calculated in all 
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cell lines regardless of COX-2 expression levels. In further experiments, drug concentrations were 

used inducing 50% cell growth inhibition when combined, while celecoxib preceded docetaxel or 

cisplatin with 3 h. By analysis of caspase-3 activity and calculation of the sub-G0 fraction of the cell 

population by fluorescence-activated cell sorting (FACS) in COX-2-negative H134 cells and COX-2- 

positive WiDr cells, it was demonstrated that celecoxib increased the apoptotic features from 

docetaxel, but inhibited cisplatin-induced apoptosis. Cell cycle analysis showed that exposure to 

celecoxib, docetaxel or the combination did not change the distribution in H134 and WiDr cells. In 

contrast, a G2/M accumulation by cisplatin in both cell lines was less pronounced upon addition of 

celecoxib. The decrease in the G2/M fraction was even significant in WiDr cells (p <0.05). In order 

to understand the antagonism between celecoxib and cisplatin, p-Akt and p-ERK1/2 were 

investigated upon treatment of H134 and WiDr cells. p-Akt levels were not affected. p-ERK1/2 

levels increased in H134, but not in WiDr, and could, therefore, not explain the negative drug 

interaction. In a last experiment in WiDr cells platinum-DNA adducts were measured by atomic 

absorption spectrometry to calculate cisplatin-induced DNA damage. Of interest, at the end of the 

exposure to cisplatin it appeared that the platinum-DNA adduct concentration was approximately 2-

fold lower in the presence of celecoxib. Also, the decrease in platinum-DNA adducts after 

withdrawal of cisplatin was more pronounced in the presence of celecoxib. Altogether, the 

experiments showed that tumor cells do not need to express COX-2 for celecoxib to be effective. In 

general, celecoxib combined with docetaxel resulted in additive effects and increased apoptotic 

features. For the combination of celecoxib and cisplatin, however, antagonistic effects were 

measured regardless of COX-2 expression levels. Therefore, clinical trials combining celecoxib with 

cisplatin should be carried out with caution. 

 

Currently, anticancer drugs are being combined with targeting agents to improve the 

treatment of cancer. In this respect, members of the HER family are attractive targets. In ovarian 

cancer, EGFR expression can be found in 29-62% of samples, while approximately 13-35% will 

express HER2 to some degree. The prognostic value of these receptors for survival is not clear. Only 

recently, HER3 has gained interest in ovarian cancer. Positive HER3 expression was observed in 

53.4% of ovarian cancer patients and was associated with decreased survival. In Chapter 5 it was 

investigated whether inhibition of HER family members would increase the antitumor effects of 

docetaxel. EGFR, HER2, HER3, HER4 expression levels differed among A2780, OVCAR-3, IGROV-1, 

H134 and SKOV3 ovarian cancer cell lines. For the experiments OVCAR-3 (high EGFR, low HER2, 

presence of HER3), IGROV-1 (low EGFR, moderate HER2, presence of HER3) and SKOV-3 (high EGFR, 

high HER2, absence of HER3) were selected because of differential expression levels of receptors. 

Docetaxel concentrations inhibiting 50% of cell growth after an exposure time of 1 h were used in 

the experiments. For inhibition of receptor function monoclonal antibodies cetuximab (against 

EGFR), trastuzumab (against HER2) and pertuzumab (against the region in HER2 required for 

dimerization with HER3; blocks also EGF-mediated phosphorylation of HER2) were selected. 

Monoclonal antibodies were added 2 h prior to the 1-h exposure to docetaxel and were present 

throughout the experiments. The antiproliferative assay revealed that cetuximab alone or added to 
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docetaxel significantly reduced cell growth in OVCAR-3 and IGROV-1 (p <0.05). HER2-targeting 

antibodies alone were not effective. Co-addition of cetuximab and pertuzumab to docetaxel in 

OVCAR-3 and IGROV-1, and, to a lesser extent trastuzumab added to docetaxel in OVCAR-3, reduced 

cell growth inhibition from docetaxel further. SKOV-3 cell growth was not significantly affected by 

any of the antibodies. The caspase-3 activity assay was used as a measure of apoptosis. Cetuximab 

added to docetaxel increased caspase-3 activity in OVCAR-3, which was also the case when 

cetuximab and pertuzumab were both added to docetaxel in IGROV-1 and SKOV-3 (p <0.05). It was 

then examined whether receptors could be activated in the three cell lines by exposure to 

Epidermal Growth Factor (EGF) or heregulin (HRG). EGF could induce p-EGFR which was completely 

inhibited by cetuximab in OVCAR-3 and IGROV-1, but partially in SKOV-3. Cetuximab also inhibited 

p-ERK1/2 in all cell lines. Increased p-Akt upon stimulation by EGF in OVCAR-3 was abrogated by 

cetuximab. HRG stimulation induced p-EGFR in OVCAR-3, which was again abrogated by cetuximab. 

Induction of p-ERK1/2 and p-Akt in OVCAR-3, however, was only abrogated by cetuximab in 

combination with pertuzumab. In HRG-stimulated IGROV-1 and SKOV-3 cells, p-EGFR was not 

increased. Pertuzumab, however, could inhibit p-ERK1/2 in IGROV-1 cells when added to 

cetuximab. Thus, functional EGFR- and HER3-signaling routes could be demonstrated in OVCAR-3 

and IGROV-1, but hardly in SKOV-3. In a last experiment it was investigated, whether EGF and HRG 

could stimulate HER2 by analysis of tyrosine phosphorylation as a measure of HER2 activation. Both 

in OVCAR-3 and IGROV-1 phosphorylation of HER2 could be detected, which was efficiently 

abrogated by pertuzumab. In SKOV-3 baseline phosphorylation of HER2 was already present, which 

was neither increased by EGF or HRG, nor abrogated by pertuzumab. Thus, a functional HER2 

signaling route could be detected in OVCAR-3 and IGROV-1, but not in SKOV-3. Altogether, the 

experiments carried out in the ovarian cancer cell lines with different expression levels of HER 

family members illustrated that inhibition of functional receptors may increase the antitumor 

effects of docetaxel.  

 

The general conclusion of this thesis is, that docetaxel shows anti-angiogenic properties in a 

concentration that does not affect endothelial cell proliferation. Docetaxel, however, is not clearly 

effective at subtoxic concentrations in the inhibition of ovarian cancer cell motility. In general, 

when docetaxel is combined with celecoxib this will result in additive antiproliferative effects in 

ovarian cancer cells, although the combination promotes apoptosis. In ovarian cancer cells 

expressing HER family members, inhibition of functional receptors can increase sensitivity to 

docetaxel. This thesis has given insight in several aspects of docetaxel, which may be of help to 

better understand its mechanism of action and to select combinations with targeting agents to 

improve the treatment of ovarian cancer.   
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Samenvatting 

 

De standaard behandeling van ovariumcarcinoom (eierstokkanker) bestaat uit cytoreductieve 

chirurgie (zoveel mogelijk verwijderen van alle tumorgebieden) gevolgd door chemotherapie, 

bestaande uit een combinatie van platinabevattende geneesmiddelen en taxanen. Meestal wordt er 

behandeld met de combinatie carboplatin en paclitaxel. In een recente studie bij patiënten met 

gevorderd ovariumcarcinoom is aangetoond dat een combinatie van carboplatin met docetaxel leidt 

tot eenzelfde periode van progressievrije overleving en een verbeterde kwaliteit van leven 

vergeleken met de carboplatin plus paclitaxel combinatie. In het laboratorium is aangetoond dat 

docetaxel enkele voordelen heeft boven paclitaxel. Beide medicijnen hebben hetzelfde 

werkingsmechanisme in delende cellen. Ze stabiliseren de microtubuli waardoor geen 

depolymerisatie kan optreden en de voltooiing van de celdeling wordt verhinderd. Er zijn echter 

kleine verschillen tussen de twee medicijnen. Docetaxel heeft een ongeveer tweemaal hogere 

affiniteit voor binding aan β-tubuline en blijft langer in de cel aanwezig. Docetaxel stabiliseert de 

microtubuli beter dan paclitaxel. Naast het feit dat taxanen antitumor activiteit hebben, staan ze 

er ook om bekend dat ze angiogenese (vorming van nieuwe bloedvaten) kunnen remmen, een proces 

dat noodzakelijk is voor groei van de tumor en het ontstaan van metastasen (uitzaaiingen). 

 In dit proefschrift zijn verschillende aspecten van docetaxel onderzocht die mogelijk van 

belang zouden kunnen zijn voor de behandeling van kanker. Ovariumcarcinoomcellijnen afkomstig 

van patiënten en endotheelcellen afkomstig uit de ader van een navelstreng (Human Umbilical Vein 

Endothelial Cells; HUVECs) zijn gebruikt in de in vitro experimenten. Eerst is onderzocht in hoeverre 

docetaxel de beweeglijkheid van endotheelcellen, een noodzakelijk proces voor de vorming van 

nieuwe bloedvaten, kan beïnvloeden. Tevens is onderzocht in hoeverre het medicijn in staat is om 

de beweeglijkheid van tumorcellen te remmen, omdat bij primair ovariumcarcinoom het gevaar 

bestaat op metastasering in de buikholte. Aangezien het enzym cyclooxygenase-2 (COX-2) in 

verband wordt gebracht met overleving van tumorcellen is onderzocht, of de combinatie van 

docetaxel met de COX-2 remmer celecoxib zou kunnen leiden tot een verbeterd antitumor effect. 

Tenslotte, daar ovariumcarcinoomcellen leden van de Human Epidermal growth factor Receptor 

(HER) familie op hun celoppervlak tot expressie kunnen brengen, is onderzocht in hoeverre HER-

gerichte monoklonale antilichamen zouden kunnen bijdragen aan remming van de celgroei door 

docetaxel. 

 In Hoofdstuk 2 zijn anti-angiogene eigenschappen van verschillende conventionele 

cytostatica onderzocht door gebruik te maken van HUVECs. Hiertoe is een panel microtubuli-

gerichte stoffen geselecteerd, omdat is gebleken dat deze middelen de beweeglijkheid van cellen 

aantasten door de dynamiek van de microtubuli te verstoren. De medicijnen waren 1) docetaxel, 

bekend vanwege het vermogen om de microtubuli te stabiliseren door de dynamische reorganisatie 

en depolymerisatie te verstoren, 2) epothilone B, geen familie van de taxanen, maar ook in staat 

om microtubuli te stabiliseren, en 3) vinblastine, een stof die in staat is om polymerisatie van 

microtubuli te verhinderen waardoor de cel de celdeling evenmin kan voltooien. Twee andere 

bekende antikanker middelen zijn meegenomen tijdens de experimenten, cisplatine en 
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doxorubicine; beide medicijnen tasten de functionele ordening van DNA aan. Als eerste zijn de 

celgroeiremmende effecten van de cytotoxische stoffen onderzocht in HUVECs. De endotheelcellen 

werden gedurende 1 uur blootgesteld aan elk van de medicijnen om te bepalen bij welke 

concentratie 10% van de celgroei zou worden geremd vergeleken met de groei van controle 

(onbehandelde) cellen. De concentratie die op deze manier werd gevonden werd vastgesteld als de 

hoogst mogelijke niet-toxische concentratie (Highest Non-Toxic Concentration; HNTC). Daarna 

werden de HNTCs gebruikt in alle verdere experimenten en werden gevalideerd in parallelle 

proeven voor celgroeiremming. Zodoende konden de effecten van equitoxische concentraties van de 

medicijnen onderling met elkaar worden vergeleken. De beweeglijkheid van endotheelcellen werd 

onderzocht in een  wondproef voor migratie, in een ‘transwell’ systeem voor invasie en na 

uitzaaiing bovenop een extracellulaire matrix gel voor organisatie (vatvorming). Cisplatine en 

doxorubicine waren niet in staat om de beweeglijkheid van de endotheelcellen tegen te gaan. 

Daarentegen remden alle microtubuli-gerichte stoffen de angiogene eigenschappen van HUVECs 

significant (p <0,05). De remming van migratie en invasie bleek het duidelijkst zichtbaar bij 

docetaxel, hoewel dit effect niet significant verschilde van epothilone B en vinblastine. In het 

volgende experiment werden structurele veranderingen in de morfologie van endotheelcellen 

onderzocht in de wondproef na een 1-uurs blootstelling aan de medicijnen (HNTC). Acht uur na het 

aanbrengen van de wond werden tubuline en F-actine gekleurd en zichtbaar gemaakt met een 

fluorescentiemicroscoop. Bij de controle cellen en de cellen behandeld met cisplatine of 

doxorubicine werden dezelfde morfologische kenmerken waargenomen; actine stresskabels konden 

worden onderscheiden in het cytoplasma van de cel en celuitstulpingen waren gevuld met tubuline-

uitlopers in de richting waarin de cel zich bewoog. HUVECs behandeld met microtubuli-gerichte 

medicijnen lieten een ander beeld zien; ze leken zich niet te kunnen bewegen aan de rand van de 

wond. Zowel docetaxel als epothilone B zorgden voor een significant hogere tubuline 

kleuringsintensiteit (p <0,01), maar de intensiteit van de tubulinekleuring in cellen behandeld met 

vinblastine bleef onveranderd vergeleken met controle cellen. HUVECs behandeld met microtubuli-

gerichte medicijnen bevatten minder stresskabels. In plaats daarvan werden F-actine ringen 

gevormd om de celkern heen, waardoor een gebrek aan oriëntatievermogen van de cel werd 

gesuggereerd. Actine uitstulpingen in de bewegingsrichting waren goeddeels afwezig. In het laatste 

experiment werd de activiteit van twee Rho GTPases, een moleculenfamilie die zich voornamelijk 

bezig houdt met de coördinatie van celbeweging, onderzocht. Van Cdc42 is bekend dat het de 

polariteit van de cel regelt zodat beweging in de gewenste richting in gang kan worden gezet. Rac1 

is in staat om uitstulpingen (lamellipodia) te vormen, om polymerisatie van actine aan de kant van 

de bewegingsrichting van de cel te bevorderen en om nieuwe contacten te maken met de 

extracellulaire matrix. De activiteit van zowel Rac1 als Cdc42 wordt sterk beïnvloed door de 

dynamiek van actine en tubuline. HUVECs werden gedurende 1 uur behandeld met HNTCs van de 

verschillende medicijnen. Hierna werd gemeten hoeveel totaal en hoeveel actief Rac1 of Cdc42 

aanwezig was in de cellen en dit werd vergeleken met de niveaus in controle cellen. Zoals verwacht 

hadden cisplatine en doxorubicine geen invloed op de activiteit van Rac1 of Cdc42. Microtubuli-

gerichte stoffen waren echter zeer effectief in het remmen van de activiteit van beide eiwitten. 
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Gezamenlijk hebben deze experimenten in HUVECs aangetoond dat microtubuli-gerichte 

medicijnen, zoals docetaxel, in staat zijn de beweeglijkheid van endotheelcellen te beïnvloeden en 

tegelijkertijd de activiteit van Rac1 en Cdc42 te kunnen remmen waardoor veranderingen in het 

cytoskelet worden bewerkstelligd. Daarom zouden deze medicijnen, los van hun antitumor effect, 

van pas kunnen komen bij de remming van angiogenese in tumoren. 

 In Hoofdstuk 3 is onderzocht in hoeverre de microtubuli-gerichte medicijnen docetaxel, 

epothilone B en vinblastine in staat waren om de beweeglijkheid van ovariumcarcinoomcellen te 

remmen. In de experimenten werden cisplatine en doxorubicine meegenomen, evenals 

cytochalasine D, een stof die de F-actine polymerisatie remt. Het is bekend dat cytochalasine D de 

hoeveelheid actine filamenten kan verminderen en ook de dynamiek aan de uiteinden van de 

filamenten kan verstoren. De ovariumcarcinoomcellijnen A2780, H134, OVCAR-3, IGROV-1 en SKOV-3 

werden geselecteerd. De HNTC van elk medicijn werd vastgesteld in iedere cellijn na een 

blootstellingperiode van 1 uur. Tevens werden de concentraties van de medicijnen berekend die 

zorgden voor 50% celgroeiremming (IC50) vergeleken met controle celgroei. De beweeglijkheid van 

ovariumcarcinoomcellen werd onderzocht in een wondproef voor migratie en in een ‘transwell’ 

systeem voor invasie. Spontane migratie en invasie waren grotendeels afwezig in geval van A2780 en 

H134. Migratie en invasie in IGROV-1, OVCAR-3 en SKOV-3 werden niet beïnvloed door cisplatine en 

doxorubicine. Microtubuli-gerichte medicijnen waren slechts in geringe mate in staat om deze 

processen te remmen. Cytochalasine D was significant effectief bij HNTC in de migratieproef (p 

<0,001) en bij IC50 in de invasieproef (p <0,01). De veranderingen in het cytoskelet in IGROV-1, 

OVCAR-3 en SKOV-3 werden zichtbaar gemaakt in de wondproef. Cellen werden blootgesteld aan 

IC50 concentraties van docetaxel of cytochalasine D gedurende 1 uur gevolgd door het aanbrengen 

van een wond. Vervolgens werden 8 uur later tubuline en F-actine gekleurd. Migrerende controle 

cellen hadden brede lamellipodia gevuld met microtubuli in de bewegingsrichting. Na behandeling 

met docetaxel werd slechts een marginale toename van de tubuline kleuringsintensiteit 

waargenomen. Echter waren na behandeling met cytochalasine D dikke lagen F-actine zichtbaar aan 

de randen van de cel en de karakteristieke brede lamellipodia waren verdwenen. In OVCAR-3 werd 

vervolgens vastgesteld hoezeer docetaxel of cytochalasine D zouden kunnen leiden tot afname van 

Rac1 of Cdc42 activiteit. De totale hoeveelheid van de eiwitten werd niet beïnvloed. De activiteit 

van Rac1 werd licht geremd onder invloed van docetaxel en sterker door cytochalasine D. De 

activiteit van Cdc42 bleef onaangedaan. Samengevat is gebleken dat HNTCs, of zelfs IC50 

concentraties, van microtubuli-gerichte medicijnen slechts een gering effect hadden op de 

beweeglijkheid van tumorcellen. Van belang is de bevinding dat het actinegerichte middel 

cytochalasine D het best in staat was om zowel de celmigratie als de invasie te remmen. Daarom 

zou de ontwikkeling van stoffen die ingrijpen op de dynamiek van actine interessant kunnen zijn als 

mogelijke antikanker behandeling. Dergelijke stoffen zouden voornamelijk ingezet kunnen worden 

bij patiënten met ovariumcarcinoom na cytoreductieve chirurgie om metastasevorming in de 

buikholte te voorkomen. 

 Het enzym COX katalyseert de synthese van prostaglandines uit arachidonzuur. Twee 

isovormen zijn gekarakteriseerd waarvan COX-1 een homeostase-eiwit is dat constitutief tot 
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expressie wordt gebracht in verschillende weefsels, terwijl COX-2 expressie gereguleerd wordt door 

groeifactoren, cytokines en oncogenen. Het is gebleken dat inductie van COX-2 verhoogde celgroei, 

remming van apoptose (geprogrammeerde celdood) en versnelde celbeweging en -adhesie tot gevolg 

heeft. In de kliniek werden en worden remmers van COX-2 onderzocht voor hun potentie om de 

effecten van chemotherapie te versterken. In Hoofdstuk 4 is onderzocht of de COX-2 remmer 

celecoxib in staat is om de antitumor effecten van docetaxel of cisplatine te versterken. Dit 

onderzoek werd in vitro uitgevoerd bij de ovariumcarcinoomcellijnen A2780, H134, OVCAR-3 en 

IGROV-1. Aangezien het COX-2 eiwit niet kon worden gedetecteerd in deze cellijnen, werden de 

COX-2 positieve humane coloncarcinoomcellijnen WiDr, HT29 en SW1398 (dikke darmkanker) 

toegevoegd aan de experimenten. In proeven gericht op celgroeiremming zijn de effecten van 

celecoxib, docetaxel, cisplatine alléén en combinaties van celecoxib met elk van de antikanker 

medicijnen onderzocht. Mogelijke antagonistische, additieve of synergistische effecten werden 

berekend met de Chou en Talalay formule. De cellen werden voortdurend blootgesteld aan 

celecoxib terwijl een 1-uurs behandeling van cisplatine of docetaxel werd gehanteerd. Het was 

volkomen duidelijk dat de combinatie van cisplatine met celecoxib leidde tot een antagonistisch 

effect op de celgroeiremming, terwijl de combinatie docetaxel plus celecoxib resulteerde in een 

additief of licht antagonistisch effect. De antagonistische effecten van celecoxib gecombineerd met 

cisplatin werden gemeten ongeacht de manier van toediening: celecoxib 3 uur voorafgaand aan het 

medicijn, tegelijkertijd met het medicijn of toegevoegd na de 1-uurs blootstelling aan cisplatin. 

Daarnaast werden de antagonistische effecten gemeten in alle cellijnen onafhankelijk van de 

expressieniveaus van COX-2. In vervolgexperimenten werden medicijnconcentraties gebruikt die 

zouden leiden tot 50% celgroeiremming wanneer ze gecombineerd werden gegeven; steeds ging de 

toediening van celecoxib 3 uur vooraf aan toevoeging van cisplatine of docetaxel. Door de activiteit 

van caspase-3 te analyseren en de sub-G0 fractie van de celpopulatie te berekenen met 

‘fluorescence-activated cell sorting’ (FACS) in COX-2 negatieve H134 cellen en COX-2 positieve WiDr 

cellen werd aangetoond, dat celecoxib het apoptotische effect van docetaxel versterkte en het 

apoptotische effect van cisplatine verminderde. Analyse van de celcyclus liet zien dat blootstelling 

aan celecoxib, docetaxel of een combinatie van beide middelen geen verandering teweeg bracht in 

de fractieverdeling in H134 en WiDr cellen. Echter was de accumulatie van cellen in de G2/M fractie 

onder invloed van cisplatin sterk verminderd door toevoeging van celecoxib. Deze vermindering was 

zelfs significant in WiDr cellen (p <0,05). In een poging om het antagonisme tussen cisplatine en 

celecoxib te begrijpen werden p-Akt en p-ERK1/2 onderzocht na behandeling van H134 en WiDr. De 

niveaus van p-Akt bleven onveranderd. De niveaus van p-ERK1/2 namen toe in H134, maar niet in 

WiDr, waardoor hiermee de negatieve interactie tussen de medicijnen niet kon worden verklaard. In 

een laatste experiment werd de hoeveelheid platina-DNA adducten gemeten door middel van 

atoomabsorptiespectrofotometrie om de door cisplatine veroorzaakte DNA schade te kunnen 

bepalen. Van belang is de waarneming dat na de 1-uurs blootstelling aan cisplatine de concentratie 

platina-DNA adducten ongeveer tweemaal zo laag was in aanwezigheid van celecoxib. Samengevat 

toonden de experimenten aan dat tumorcellen niet noodzakelijkerwijs COX-2 tot expressie hoeven 

te brengen om remming van celgroei door celecoxib te verkrijgen. Over het algemeen resulteerde 
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een combinatie van celecoxib en docetaxel in een additief effect op de celgroeiremming en werden 

de apoptotische kenmerken versterkt. Voor wat betreft de combinatie van cisplatine en celecoxib 

werd echter een antagonistisch effect gemeten op de celgroeiremming ongeacht de expressiestatus 

van COX-2. Klinische studies waarin combinaties van cisplatine en celecoxib worden onderzocht 

dienen daarom met het nodige voorbehoud te worden uitgevoerd.  

 Op dit moment worden antikanker medicijnen gecombineerd met zogenaamde ‘targeting 

agents’ om de behandeling van kanker te verbeteren. Onder ‘targets’ worden eiwitten verstaan, die 

bij kanker belangrijk zijn voor celgroei, overleving, angiogenese, etc. In dit kader vormen de leden 

van de HER familie een aantrekkelijk doelwit om hun functie te remmen. Bij ovariumcarcinoom kan 

in 29-62% van de gevallen EGFR expressie worden aangetoond, terwijl bij ongeveer 13-35% van de 

patiënten in meer of mindere mate HER2 wordt aangetroffen. De prognostische waarde van deze 

receptoren, die zich op het celoppervlak bevinden, is met betrekking tot overleving nog onduidelijk. 

Recentelijk is HER3 onder de aandacht gekomen bij ovariumcarcinoom. Bij 53,4% van de 

ovariumcarcinoompatiënten komt HER3 tot expressie en deze expressie wordt geassocieerd met een 

verminderde overlevingskans. In Hoofdstuk 5 is onderzocht of remming van HER familieleden zou 

kunnen leiden tot een versterking van de celgroeiremming door docetaxel. De EGFR, HER2, HER3, 

HER4 expressieniveaus varieerden tussen de ovariumcarcinoomcellijnen A2780, OVCAR-3, IGROV-1, 

H134 en SKOV-3. Voor de experimenten werden OVCAR-3 (hoog EGFR, laag HER2, aanwezigheid van 

HER3), IGROV-1 (laag EGFR, modaal HER2, aanwezigheid van HER3) en SKOV-3 (hoog EGFR, hoog 

HER2, afwezigheid van HER3) geselecteerd vanwege de verschillen in receptorexpressie. In de 

experimenten werden docetaxel concentraties gebruikt die resulteerden in 50% celgroeiremming na 

een blootstellingperiode van 1 uur. Om de functie van de receptoren te remmen werden de 

monoklonale antilichamen 1) cetuximab gericht tegen EGFR, 2) trastuzumab gericht tegen HER2 en 

3) pertuzumab gericht tegen de regio van HER2 vereist voor dimerisatie met HER3 (blokkeert tevens 

de EGF-gemedieerde fosforylatie van HER2) gebruikt. De monoklonale antilichamen werden 2 uur 

voorafgaande aan de 1-uurs blootstelling aan docetaxel toegevoegd en bleven aanwezig gedurende 

de gehele looptijd van het experiment. De proeven gericht op celgroeiremming toonden aan dat 

cetuximab alléén of gecombineerd met docetaxel de groei van OVCAR-3 en IGROV-1 significant 

remde (p <0,05). Antilichamen gericht tegen HER2 waren niet effectief wanneer ze afzonderlijk 

werden toegediend. Gezamenlijke toevoeging van cetuximab plus pertuzumab aan docetaxel bij 

OVCAR-3 en IGROV-1 en, in mindere mate, trastuzumab gecombineerd met docetaxel bij OVCAR-3, 

versterkten wel de celgroeiremming door docetaxel. De SKOV-3 celgroei werd niet significant 

beïnvloed door welk antilichaam dan ook. De caspase-3 assay werd gebruikt om apoptose te meten. 

Cetuximab gecombineerd met docetaxel zorgde voor een verhoogde caspase-3 activiteit in OVCAR-

3. Dit was ook het geval wanneer cetuximab en pertuzumab gezamenlijk werden toegevoegd aan 

docetaxel in IGROV-1 en SKOV-3 (p <0,05). Vervolgens werd onderzocht in hoeverre de receptoren 

geactiveerd konden worden door Epidermal Growth Factor (EGF) of heregulin (HRG) in de drie 

cellijnen. EGF was in staat om p-EGFR te induceren, terwijl dit effect volledig teniet kon worden 

gedaan door cetuximab in OVCAR-3 en IGROV-1 en gedeeltelijk in SKOV-3. Cetuximab remde ook p-

ERK1/2 in alle cellijnen. In OVCAR-3 kon verhoging van p-Akt na stimulatie door EGF worden 
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verhinderd door cetuximab. Stimulatie door HRG induceerde p-EGFR in OVCAR-3, terwijl ook dit 

effect volledig kon worden verhinderd door cetuximab. Inductie van p-ERK1/2 en p-Akt in OVCAR-3 

kon echter alleen maar worden voorkomen door een combinatie van cetuximab en pertuzumab. In 

IGROV-1 en SKOV-3 gestimuleerd door HRG was geen verhoogde p-EGFR waarneembaar. Pertuzumab 

was in staat om p-ERK1/2 in IGROV-1 te remmen, wanneer dit werd gecombineerd met cetuximab. 

In OVCAR-3 en IGROV-1, maar nauwelijks in SKOV-3 konden dus functionele EGFR en HER3 

signaaltransductieroutes worden aangetoond. In een laatste experiment werd onderzocht in 

hoeverre EGF en HRG in staat waren om HER2 te stimuleren door tyrosinefosforylatie, een HER2 

activatiekenmerk, te meten. Zowel in OVCAR-3 als in IGROV-1 kon fosforylatie van HER2 worden 

aangetoond, die ook kon worden verhinderd door pertuzumab. In SKOV-3 was al een basaal 

fosforylatieniveau van HER2 aanwezig dat noch door EGF of HRG kon worden versterkt, noch door 

pertuzumab kon worden verminderd. In OVCAR-3 en IGROV-1, maar niet in SKOV-3, kon dus een 

functionele HER2-gemedieerde signaaltransductieroute worden aangetoond. Samengevat toonden 

de experimenten uitgevoerd bij de ovariumcarcinoomcellijnen met verschillende HER familie 

expressieprofielen aan dat remming van functionele receptoren de celgroeremming door docetaxel 

zou kunnen versterken.  

 

De algemene conclusie van dit proefschrift is dat docetaxel anti-angiogene eigenschappen blijkt te 

hebben bij concentraties die de proliferatie van endotheelcellen niet schadelijk beïnvloeden. 

Docetaxel is echter marginaal effectief in het remmen van de beweeglijkheid van 

ovariumcarcinoomcellen bij subtoxische concentraties. In het algemeen resulteert een combinatie 

van docetaxel met celecoxib in een additief effect op de celgroeiremming van 

ovariumcarcinoomcellen, terwijl de combinatie de apoptosekenmerken  versterkt. Bij 

ovariumcarcinoomcellen, die HER familieleden tot expressie brengen kan remming van functionele 

receptoren leiden tot een versterkte gevoeligheid voor docetaxel. Dit proefschrift heeft inzicht 

gegeven in verschillende aspecten van docetaxel die bijdragen aan een beter begrip van het 

werkingsmechanisme en aan mogelijkheden om dit medicijn te combineren met ‘targeting agents’ 

teneinde de behandeling van ovariumcarcinoom te verbeteren.  
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Medical Laboratory School. As of 2008 he is working as team leader and biology teacher at the 
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Nooit heb ik getwijfeld of dit proefschrift er ooit nog wel zou komen. Met zoveel fantastische 

mensen om me heen (thuis, in Enschede, in Haaksbergen, in Leeuwarden en in Amsterdam) moest 

het ooit wel goed komen. 

Allereerst wil ik mijn promotor, Epie Boven, bedanken voor haar fantastische begeleiding gedurende 

de acht jaar die het promotietraject heeft beslagen. Beste Epie, ik zie me nog binnenkomen voor 

het sollicitatiegesprek in de kamer van Beppe, terwijl ik een deur verder moest zijn… Het zou niet 

mijn enige onbezonnenheid blijven. Jij wist me altijd op het goede spoor te houden, zei op de 

juiste momenten de juiste dingen en bleef geduldig en enthousiast, zelfs in de bijna oneindige 

nasleep na 2005. Ik heb ongelofelijk veel bewondering voor alles wat je hebt bereikt en de manier 

waarop al je bezigheden weet te organiseren. Dank voor de kans die je me bood, dank voor alles!! 

Mijn co-promotoren: Maarten Janmaat en Geerten van Nieuw Amerongen. Maarten, mededirecteur, 

jij bent voor mij altijd de verpersoonlijking van de perfecte onderzoeker geweest: toegewijd, 

serieus, nauwkeurig. Je weet nog niet half hoeveel ik van je geleerd heb. Dank voor al je bijdragen 

voor het onderzoek, maar ook voor alles daarbuiten: ons bedrijf, koffie in DE, squash en veel meer. 

Dank voor de vriendschap!! 

Geerten, altijd als ik met je had gesproken kon ik er weer minstens een maand tegenaan. Je wist 

me altijd te raken met je enthousiasme en geweldige inzicht. Altijd positief, altijd opbouwend. 

Dank voor alle energie die je me hebt gegeven! 

Alle leden van de leescommissie wil ik heel hartelijk danken voor de tijd en moeite die ze in mijn 

proefschrift hebben gestoken. Een speciaal woord van dank voor Victor van Hinsbergh en Frits 

Peters; Beste Victor, dank voor alle adviezen en goede raad die ik gevraagd en ongevraagd van je 

mocht ontvangen. Ze hebben me zonder uitzondering allemaal geholpen om het onderzoek beter uit 

te voeren. Beste Frits, dank voor je inzicht, tips, adviezen en positief-kritische houding. 

 

Tijdens de dagelijkse werkzaamheden zijn er een aantal mensen op de werkvloer die er voor zorgen 

dat successen, maar vaak ook frustraties, kunnen worden gedeeld. Dan begin ik natuurlijk met 

Dennis; dubbelganger en collega mAIO. Wat hebben we een lol gehad op het fantastische lab van 

Epie op H359, maar ook daarbuiten; samen in een bed in Orlando, AIO-retraites (paprika en andere 

exotische groentes uit de soep!), cursussen en trouwerijen. Dank voor een fantastische tijd! Maaike, 

zonder jou was het onderzoek nooit voltooid. Dank voor alle dingen die je voor me hebt gedaan! 

Wat was het aanpoten de laatste maanden van mijn officiële 4 jaar! Veel dank ook aan alle anderen 

van H359: Monique, Saskia, Annemarie en Marc. 

 

Binnen het VUmc bevonden zich na verloop van tijd een aantal favoriete plekken. Naast H359 was 

dat vooral “DE-café” waar tegenslagen werden gedeeld, roddels werden uitgewisseld en spaarzame 

victories werden begroet. Wat zou ik daar graag nog eens willen gaan zitten… Naast Dennis en 

Maarten; Nancy, Saskia, Bart en Agnieszka. Nancy, ik vond het super dat je naar Amsterdam kwam 

en we samen konden werken. Met veel bewondering heb ik gezien hoe je met een loodzware baan 

134



Dankwoord 
 
 
toch zeer vlot je promotie hebt afgerond. We zijn in twee uiterste richtingen verder gegaan, maar 

hopelijk blijft de VU periode ons binden! Saskia, mededirecteur! Wat heb ik met je gelachen, wat 

kon ik je vaak op de kast krijgen, wat vond ik het geweldig dat je helemaal naar Leeuwarden kwam 

om dan toch bijna in het onderwijs terecht te komen. Het was heel vaak heel erg gezellig! Bart, 

koffie, bier, muziek of iets anders, het maakte niet zoveel uit. Altijd gezellig alsof we elkaar al vele 

jaren kenden. Palm, speciaal voor AIO’s, want: ook speciaal als je niets te vieren hebt… Het komt 

altijd goed en zo niet, dan toch… Agnieszka, altijd vrolijk, altijd optimistisch, al was het soms 

zwaar. Wat hoop ik dat je het naar je zin hebt in Amerika! Polonaise is dus echt een Poolse 

uitvinding..?? Allemaal ongelofelijk bedankt!! 

 

Natuurlijk waren er nog meer geweldige mensen binnen de VU: Erik, Auke, Adrie, Henk, Simone, 

Jen, Richard, Yuana, Yvette, Jan L, Anita en Yvonne. Zonder jullie was ik al in het beginstadium 

hopeloos vastgelopen. Dank ook aan de twee studenten die ik heb mogen begeleiden. Mirjam en 

Nancy; naast dat jullie geweldig veel werk voor dit proefschrift hebben verricht zijn jullie er ook 

hoofdverantwoordelijk voor dat ik nu het meest fantastische werk heb: in het onderwijs!! Hopelijk 

gaat het jullie ook goed! Veel dank voor alles! Ook dank aan de andere studenten in onze club: 

Linda en Anke (nog even doorzetten!!) en Marielle (ondanks alle goede adviezen toch AIO 

geworden…). 

 

Dinsdagavond squashavond! Naast Maarten, Saskia, Bart waren dat vooral Sander (Monsieur Rapide; 

wat een harde meppen!), Olaf (oet Hoaksebarge!! Altied heandig an behalve op de squashbaan!) en 

Laura (al snel een zeer geduchte tegenstander). Ik mis de avonden nog steeds waarbij we na een 

Isostar met ijs en water toch bleven hangen voor de kipsaté of geitenkaassalade… 

 

Na mijn officiële periode op de VU mijn droom achterna gegaan; ik had er zelfs een baan in 

Friesland voor over! HBO docent binnen de unit Life Sciences in Leeuwarden. Wat een fantastische 

tijd!! Wat een warmte van collega’s en studenten!! Wat hebben jullie me altijd gestimuleerd de 

promotie af te maken!! Vooral Feike; ik ben zeer vereerd dat je mijn paranimf wil zijn. Wat heb ik 

veel van je geleerd, wat ben je een prachtig mens! Jan S: als jij me die stok achter de deur niet gaf 

was mijn promotie nooit afgekomen! Collega’s van B&M: Human Diagnostics voor altijd!! Dank Ina, 

Nicolette, Gerda, Anneke2, Cobie, Elma!! En wat een super kamer! Antje, Imke, Luuk, en Hans 

natuurlijk (zelden zo hard gelachen als met kerst bij Jan S). Verder veel dank Hanny (liefste vrouw 

van Leeuwarden en ver daarbuiten), Erik, Gerrit, Jan,  en alle anderen!! Dank!!! 

 

De volgende stap leidde naar Haaksbergen. Wat ben ik me snel thuis gaan voelen (ieder nadeel –

rooster- heeft zijn voordeel, maar het kwam vooral ook door de super-collega’s). Dank voor jullie 

onafhoudende enthousiasme Jan, Frans, Willy, Lea, Dolf en alle mensen van team NG. Dank aan alle 

leerlingen op wie ik mijn –soms ongeorganiseerde- enthousiasme mag loslaten!! 
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Een speciaal plekje in dit dankwoord voor Marjolein (M-Aio-lijn): Zonder jou had ik het AIO-bijltje er 

misschien al wel heel snel bij neer gegooid. Dank voor de uithuilsessies, de interesse, de steun en 

het delen van mooie momenten! 

 

Buiten alle universiteiten, hogescholen en middelbare scholen is er altijd een select gezelschap 

mensen waar ik op terug kan en mag vallen. Michiel, Stijn, Ivo, SkChris, Christl, ZweedseChris, 

Friso, jullie zijn me allemaal even dierbaar en ik hoop zelfs in het bejaardenhuis nog met jullie te 

mogen biljarten en klaverjassen (of blufpokeren). Dank voor alle steun, relativering en heerlijk 

kansloze drinksessies!! 330 jaar opleiding bij elkaar opgeteld in één ruimte, zo’n simpel spelletje en 

zoveel lol!! 

 

Familie Hemelt; Gerard, Francis, Miranda, Niek en Tess. Het is zover, de scriptie is klaar! Dank 

jullie wel voor de interesse, steun en warmte! 

Suzan & Roy, Rob & Marieke, lief zusje en broertje, dank jullie wel voor het er altijd voor me zijn! 

Mijn ouders. Lieve pa en ma, ik kan niet in woorden uitdrukken hoe verschrikkelijk veel respect ik 

voor jullie heb. Dit proefschrift is ook voor jullie. Dank jullie wel voor zo verschrikkelijk veel! 

Lieve Ilona. Al zoveel jaar samen en nog iedere dag voelt het zo ongelofelijk goed bij jou. Zonder 

jou geen proefschrift (wat heb je me altijd gesteund). Zonder jou geen prachtige mannetjes. Jij 

bent alles voor mij. Voor altijd.  

Niels en Bas, stralende zonnetjes. Ik hou zo verschrikkelijk veel van jullie! Vanaf nu krijgen jullie al 

mijn vrije tijd! 

Het zit er op, het is gelukt, met dank aan jullie allemaal!! 

 

Marcel 
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