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General introduction

1
General Introduction
Neuroblastoma is a childhood tumor that, despite intensive therapy, has a poor prognosis 
especially in high risk patients. Therefore, new therapeutic options are needed to improve 
the outcome of these patients. The research described in this thesis attempts to unravel the 
apoptosis-inducing mechanism of fenretinide in neuroblastoma and, in order to increase 
its anti-tumor effects, we investigated possibilities for combination therapy. This introduc-
tion will describe various clinical aspects associated with neuroblastoma, the role of oxida-
tive stress in cancer in general and subsequently an overview of the effects of fenretinide on 
neuroblastoma. Finally, the background of combination therapy in general and its specific 
application to neuroblastoma with fenretinide will be discussed.

Neuroblastoma 
Origin and clinical presentation
Neuroblastoma is a tumor originating in the neural crest during fetal development. 
Failure of affected neural crest cells to differentiate is the first step towards malignant 
transformation. As the neural crest normally develops into the adrenal gland and the 
sympathetic nervous system, the tumor can manifest itself throughout the paravertebral 
sympathetic ganglia and the adrenal gland. The adrenal gland is the most common 
primary site, followed by abdominal, thoracic, cervical, and pelvic sympathetic ganglia. 
In the family of neuroblastic tumors, neuroblastoma is the most aggressive tumor 
followed by ganglioneuroblastoma and ganglioneuroma.1, 2 Clinical presentation is 
highly variable and depends on the site of the primary tumor, the presence of metastatic 
disease or paraneoplastic symptoms.3 Neuroblastoma can metastasize to lymph nodes, 
bone marrow, bone, liver, and skin. Bone metastasis tends to appear in the orbit. Therefore, 
periorbital ecchymoses (raccoon eyes) are a classical sign of disseminated neuroblastoma.4 

Epidemiology
Neuroblastoma is the third most common pediatric tumor, accounting for approxi-
mately 8% of childhood malignancies. The incidence of neuroblastoma per year is 10.5 
per million in children under the age of 15.5-7 Despite the low incidence, neuroblastoma 
is responsible for approximately 9 % of cancer deaths in children.8 The majority of 
patients with neuroblastoma are diagnosed at the age of 0 to 4 years, with a median age 
of 17 months.9 Forty percent of the patients are under 1 year of age at time of diagnosis, 
and less than 5% are over the age of 10 years. In the Netherlands 25 new cases are diag-
nosed every year. 
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Diagnosis, pathology, staging and risk stratification  
At diagnosis, the presence of elevated concentration of catecholamine-derivates in 
urine is investigated as well as the presence of tumor cells in the bone marrow. Neuro-
blastoma cells are detected using immunocytology with anti-GD2, as GD2 (disialo-
ganglioside) is present on the surface of neuroblastoma cells.10 Imaging at diagnosis 
is performed through scanning with 123I-labeled Meta-iodobenzylguanidine (MIBG) 
to evaluate disseminated disease.11 Finally, the characteristic histopathological features 
and genetic makeup of neuroblastoma are assessed. According to the histological clas-
sification, neuroblastoma is the most aggressive type of the neuroblastic tumor family.  
Genetic aberrations are discussed below in part 1.4. Prognosis and treatment are highly 
dependent on staging and risk classification.

The International Neuroblastoma Staging System (INSS) was revised in 1993.12 As the 
INSS is a post-surgical staging system, the International Neuroblastoma Risk Group 
(INRG) classification system was developed to establish a consensus approach for 
pretreatment risk classification.13 A new staging system (INRGSS) based on clinical 
criteria and tumor imaging was developed in 2009. In the INRGSS, the extent of disease 
is determined by the absence or presence of image-defined risk factors (IDRFs) and/or 
metastatic tumor cells at the time of diagnosis, before any treatment (Fig. 1).14 

Risk classification is subsequently based on a combination of clinical and biological vari-
ables. At present, risk classification of neuroblastoma is not uniform between different 
groups. However, all risk classification systems use age, stage and MYCN copy number 
as risk factors. Histopathological grading is also used; all European groups include 
neuroblastoma and ganglioneuroblastoma in the treatment protocols for malignant 
neuroblastoma. Ganglioneuroma are classified as a benign disease and are not included 
in treatment protocols. 

Figure 1.  INRG Staging System. Figure adapted from Monclair et al JCO 2009.15 
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1The INRG has proposed a risk classification into four categories, in line with the 
INRGSS (see Fig. 1); very low risk, low risk, intermediate risk, and high risk, based on 
INRG tumor stage, age, histology, differentiation, MYCN amplification, chromosome 
11q status, and DNA ploidy (Fig. 2).13, 16 This classification is a proposal and thus, has 
not yet been incorporated in all protocols.

Figure 2.  Classification of neuroblastoma tumors according to the INRG classification system Pretreat-
ment risk group H has two entries. Diploid (DNA index 1.0); hyperdiploid (DNA index > 1.0, including 
near-triploid and near-tetraploid tumors); very low risk (5-year EFS 85%); low risk (5-year EFS 75% to 
85%); intermediate risk (5-year EFS 50% to 75%); high risk (5-year EFS 50%). GN, ganglioneuroma; 
GNB, ganglioneuroblastoma; Amp, amplified; NA, not amplified; L1, localized tumor confined to one body 
compartment and with absence of image-defined risk factors (IDRFs); L2, locoregional tumor with pres-
ence of one or more IDRFs; M, distant metastatic disease (except stage MS); MS, metastatic disease 
confined to skin, liver and/or bone marrow in children 18 months of age (for staging details see text and 
Monclair et al14); EFS, event free survival. Figure adapted from Cohn et al.13
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The risk stratification used by the Dutch Childhood Oncology Group (DCOG) Neuro-
blastoma Disease Committee is identical to that of the German Pediatric Oncology and 
Hematology group (GPOH) (Fig. 3).

Genetics
Neuroblastoma is a very heterogeneous disease and genetic aberrations and mutations 
have been shown to predict clinical behavior and outcome.16, 17 Some of these aber-
rations have been designated to be prognostic tumor markers: MYCN amplification, 
DNA-ploidy, chromosome 1p loss of heterozygosity, chromosome 11q loss, and chro-
mosome 17q gain.16, 18-23 Chromothripsis, massive genomic rearrangements, have been 
associated with unfavorable prognosis.24 In addition, structural aberrations in neuri-
togenesis genes have been found in high-stage tumors.24 

Amplification of the oncogene MYCN is one of the most important genetic abnormali-
ties and associated with advanced disease and bad outcome.25, 26 Because of its prognostic 
impact, MYCN amplification is used in most risk stratification protocols (Fig. 2 & 3). 
MYCN amplification is found in 30% to 40% of stage 3 and 4 neuroblastoma and in 
only 5% of localized or stage 4s neuroblastoma.27, 28 In neuroblastoma, hyperdiploidy of 
tumor cells is associated with a better response to chemotherapy than diploidy.29 Loss of 
tumor suppressor regions has been reported in neuroblastoma with the most frequently 
affected regions located on the chromosome arm 1p and 11q; both are associated with 
bad outcome. In almost all tumors with MYCN amplification, chromosome 1p is lost, 
but loss of 1p also occurs in MYCN single-copy cases. Loss of chromosome 11q is 
inversely correlated with MYCN amplification.30-32 17q arm is gained in almost all high 
grade neuroblastoma.33 

Figure 3. Risk stratification of neuroblastoma according to the GPOH NB 2004 and DCOG NBL2009 trials.
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1Mutations of anaplastic lymphoma kinase (ALK) gene were found in 6-10 % of neuro-
blastoma and are thought to have an activating function, and are associated with an 
unfavorable prognosis. ALK mutations account for most cases of hereditary neuroblas-
toma, although they are also observed in sporadic cases.34, 35 Germline mutations, such 
as the PHOX2B oncogene mutation, are associated with cases in which neuroblastoma 
appears in combination with other congenital diseases such as M Hirschsprung or 
central hypoventilation syndrome.36-38 

Prognosis and treatment 
Prognosis strongly depends on the risk stratification; the 5 years event-free survival rate is 
> 85 %, 75-85 %, 50-75 %, and 65 % in the very low, low, intermediate, and high risk 
group, respectively .8 Spontaneous remission is possible in stage 4s (see Fig. 3).39 Despite 
improvements in the identification of the clinical, biological, and genetic parameters 
that are associated with high-risk disease at diagnosis, there have only been modest 
advancements in therapeutic efficacy for high risk patients the last decades. 
In general, treatment protocols are divided into three different phases, namely; induc-
tion of remission, consolidation of remission, and a maintenance phase to eradicate 
minimal residual disease (MRD).21 The DCOG-treatment regimen is based on the 
GPOH-treatment strategy. The schedule for high risk patients is shown in Fig. 4. The 
medium risk protocol is the same as the high risk protocol without upfront MIBG 
therapy and without high-dose chemotherapy with stem cell transplantation. In low 
risk patients, a wait-and-see strategy is followed. However, when necessary (e.g. tumor 
progression, organ dysfunction) mild chemotherapy is applied. 

As neuroblastoma arises from the sympathetic nervous system, the majority of neuro-
blastoma display the norepinephrine transporter. Meta-Iodobenzylguanidine (MIBG) 
is a neurotransmitter analogue that can be radioactively labeled with 131I for treatment 

Figure 4. Overview of neuroblastoma high risk treatment protocol S = surgery, N5 (cisplatin, etoposide, 
vindesine), N6 (vincristine, dacarbazine, ifosfamide, doxorubicin) = chemotherapy cycles, MIBG = 131I-
MIBG treatment, MEGA +ASCT = myeloablative high-dose chemotherapy (melphalan, etoposide, carbo-
platin) with autologous stem cell transplantation, 13-cis-RA = 13-cis-retinoic acid, 6 cycles, followed by 3 
months break and 3 more cycles. 
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or with 123I for diagnostics. The radiopharmacon shows uptake in 90 % of neuroblas-
toma.40 The Dutch Childhood Oncology Group included two radioactive labeled  
131I- MIBG treatments upfront in the induction treatment protocol for high risk 
patients.41, 42 In different studies high-dose chemotherapy showed to be beneficial 
compared to maintenance or induction chemotherapy in high risk neuroblastoma. This 
is now part of the standard treatment protocol for high risk patients.43-45 The response to 
induction therapy is correlated with the longterm outcome. 
Treatment during the maintenance phase consists in the application of the differen-
tiating agent 13-cis-retinoic acid (13-cis-RA) with the intent of eradicating minimal 
residual disease (MRD).46, 47 In the 1980s, research suggested that the tumor specific 
GD2 might be a target for therapy with GD2-antibody in neuroblastoma.48 Recently, 
the Children’s Oncology Group (COG) published their positive results on the combi-
nation of 13-cis-RA and immunotherapy with ch14.18, a monoclonal antibody against 
the tumor specific GD2. In patients who were in complete remission after induction 
phase and autologous stem cell transplantation (ASCT) this immunotherapy improved 
the event-free and overall survival with 43 % (measured 2 years after treatment).49-51 

This therapy is only performed in the USA; patients from the Netherlands are referred 
for this treatment. 
Over half of the high risk patients thought to be in complete remission eventually 
relapse. Until now, cure is extremely rare for relapsed neuroblastoma.52, 53 Patients who 
appear to be cured during initial therapy can subsequently develop long-term sequelae 
related to treatment; including hearing loss, cardiac dysfunction, infertility, and second 
malignancies.54

At present, different new therapeutical strategies are being tested, amongst others a 
group of small molecules, which are medicines targeting tumor specific genetic aberra-
tions.55-57 There is a tendency to focus on more personalized approaches to treatment.58 

Oxidative stress 
Oxidative stress in general
Oxidative stress is defined as the result of an imbalance between the production rate 
of reactive oxygen species (ROS) and the antioxidant defense capacity. Oxidative stress 
can result from either diminished levels of antioxidants, or increased production of 
ROS. The consequences of oxidative stress can include adaptation by up-regulating the 
defense system, cell injury, or cell death. ROS might react with biological molecules and 
thereby leave its “fingerprint”. The three main classes of macromolecules which have 
been identified representing this fingerprint are lipids, DNA, and proteins.59 
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1ROS are generated in all cells by mitochondrial respiration and redox enzymes. Oxygen 
reduction by the mitochondrial respiratory chain, as well as metal-ion-catalyzed reac-
tions, generates a wide diversity of highly reactive metabolites of oxygen and nitrogen. 
These products mainly include superoxide anion (O2

−), hydrogen peroxide (H2O2), 
hydroxyl radical (HO·), which can be formed either from O2

− and H2O2 (Haber–Weiss 
reaction) or from a metal ion (Fe2+, Fe3+) and H2O2 (Fenton reaction).59, 60 Oxidative 
stress in general is associated with aging and pathologic conditions such as cancer and 
neurodegenerative disease.61-66

 
Oxidative stress in cancer 
Oxidative stress has been shown to play a major role in the genesis, progression, and 
malignancy of a number of cancers. Current evidence supports the hypothesis that cancer 
cells are characterized by enhanced ROS generation. Although the exact mechanism of 
induced ROS is not clear, several lines of evidence suggest that this ROS production 
is induced after the expression of genes associated with tumor transformation, such as 
Ras, Bcr-Abl, and c-Myc; resulting in a state of perpetually elevated stress. Addition-
ally, deregulation of antioxidant enzymes was observed (reviewed in67). The increase of 
ROS may promote cell proliferation and survival. It has been established that increased 
ROS may lead to the activation of the phosphoinositide 3-kinase (PI3K)/AKT survival 
pathway, which reflects a cellular response to the ROS-induced stress in the attempt to 
survive the drug insult.68 However, when the increase of ROS reaches a certain level (the 
threshold), it may overwhelm the cellular antioxidant capacity and trigger the cell-death 
process (Fig 5). Therefore, cells with higher basal ROS generation seem to be more 
dependent on the antioxidant system and more vulnerable to further oxidative stress. A 
further increase of oxidative stress by using exogenous ROS-generating agents or drugs 

Figure 5.  Under physiological conditions, normal cells maintain redox homeostasis by controlling the 
proper balance between ROS generation and elimination. An increase of ROS may promote cell prolif-
eration and survival, as in the case of many cancer cells. However, when the increase of ROS reaches a 
critical level (the threshold), it may overwhelm the cellular antioxidant capacity and trigger the cell-death 
process.  Figure adapted from.67 
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that disable the endogenous antioxidant system may preferentially increase ROS above 
the threshold, leading to cell death. In contrast, normal cells may be better able to 
tolerate such exogenous oxidative stress because of their low basal ROS outputs and 
normal metabolic regulations.67, 69 Because cancer cells exhibit increased ROS compared 
with normal cells, this redox difference provides a biochemical basis for the development 
of new therapeutics with high selectivity.67

Fenretinide in cancer
Fenretinide is frequently mentioned for its detrimental effect on tumors. It is this aspect 
of the drug that will be discussed in this chapter. Other important features, such as its 
anti-inflammatory effects70, 71 and its propensity to prevent both obesity and insulin 
resistance72 will not be discussed here.

Retinoids 
It has been established that retinol mainly controls epithelial differentiation. Experi-
ments performed in the 1970s on vitamin A deficient patients with keratinized epithelia 
demonstrated that retinol administration leads to skin normalization and cell differ-
entiation. Since most cancers are epithelia-derived carcinomas, vitamin A was taken 
into consideration as a potential anti-tumor agent.73 Retinoids include active metabo-
lites of vitamin A (retinol) as well as synthetic derivates and are essential regulators of 
cell growth, differentiation, and cell death. Retinoids restore regulation of differentia-
tion and growth in some premalignant and malignant cells in vitro and in vivo. This 
observation has led to their development as chemopreventive drugs.74-77 The anti-tumor 
effects of retinoids were first described in the 1970s in a bladder cancer rodent model.78 
The retinoids all-trans-retinoic acid (ATRA) and 13-cis-RA have been shown to induce 
differentiation and growth inhibition in neuroblastoma cells through its interaction 
with retinoid receptors.47, 79 Dose-limiting toxicity of 13-cis-RA has been observed and 
includes hypercalcemia and combinations of skin, gastrointestinal, and hematopoietic 
toxicities. Prevalence of advanced bone age in a cohort of neuroblastoma patients who 
received 13-cis-RA was also described.79-81

Treatment with 13-cis-RA has been shown to increase the 3 year event-free survival 
in children with advanced-stage neuroblastoma.45 Therefore, treatment with 13-cis-RA 
is now standard therapy in treatment of medium and high risk neuroblastoma, as 
described above. It should be noted that retinoic acid abolishes the cytotoxic effects of 
some chemotherapeutics.82
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1Fenretinide 
Fenretinide (N-(4-hydroxyphenyl) retinamide) (4-HPR) is a synthetic retinoic acid deri-
vate which, unlike 13-cis-RA, induces apoptosis rather than differentiation in a variety 
of tumor cell models76, 83-86 and xenografts.87 Clinically, fenretinide is well tolerated and 
it is currently used in clinical trials for neuroblastoma and other tumors.88-91 A signifi-
cant factor in its development for use in neuroblastoma therapy is that fenretinide is 
synergistic regarding cytotoxicity in combination with some chemotherapeutic drugs.92 

Apoptosis induction  
The exact mechanism underlying the apoptosis-inducing properties of fenretinide is not 
yet fully understood. There is evidence that fenretinide induces apoptosis through both 
retinoic acid receptor (RAR)-dependent and reactive oxygen species (ROS)-dependent 
pathways.93-96 These will be discussed in turn.

Retinoic acid receptors
Fenretinide is a selective activator of retinoic acid receptors, in particular RAR-β and 
RAR-γ. RAR-β stimulates the induction of cell-cycle inhibitors and thus prolifera-
tion inhibition.94, 97 The RAR activation by fenretinide is 10 times less than that by 
retinoic acid.98 The RAR-mediated pathway, however, might be important in fenreti-
nide-induced apoptosis in neuroblastoma.94, 97, 99 Nevertheless, other studies in many 
cell systems, including neuroblastoma, indicate that apoptosis in response to fenretinide 
seems to be RAR-independent.100-103

Reactive oxygen species 
The induction of ROS by fenretinide might be the critical factor underlying the ability 
of fenretinide to induce apoptosis. The effector mechanisms and sources of fenretinide-
induced ROS are not yet fully elucidated. There is evidence that the endoplasmic retic-
ulum and/or the mitochondria might play a role in this ROS induction. 

It has been suggested that oxidative stress induced by fenretinide in neuroblastoma is medi-
ated by increased 12-lipoxygenase (12-LOX) activity. Downstream of 12-LOX the induc-
tion of growth-and-DNA-damage is a consequence of ROS. The subsequent induction 
of the pro-apoptotic protein Bak accompanies mitochondrial cytochrome c release and 
caspase-3-dependent apoptosis.93, 104 Induction of the lipid second messenger ceramide has 
been reported to be the result of fenretinide-induced ROS production105, 106 (Fig. 6). It has 
been suggested that up-regulation of the ceramide-ganglioside signaling pathway might 
lead to induction of endoplasmic reticulum (ER)-stress.104, 107-109 The increase of ceramide 
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after fenretinide treatment in neuroblastoma might promote cell death by a combination 
of apoptosis and necrosis through p53-independent pathways.110 The pro-death c-Jun N 
terminal kinase (JNK) is also activated by sphingosine-1-phosphate activation of extracel-
lular signal regulated kinases (ERK1/2) as a result of ceramide increase.111, 112 Thus, this 
activation of JNK has been implicated in fenretinide-induced apoptosis.113 
It has been described, in ovarian cancer cells, that fenretinide enhances AF1q expression 
levels. This upregulation is an important event in the fenretinide signalling cascade that 
leads to apoptosis through ROS generation, ER-stress response, and JNK activation.114 
Other evidence suggests that in leukemia cells not ceramide but dihydroceramide is induced 
after fenretinide treatment, the role of dihydroceramide has not yet been elucidated.115

Some members of the Bcl2 family (BBC3 also known as PUMA) are key regulators of 
apoptotic pathways, they are influenced by ER stress and conversely can regulate both 
ER stress-induced apoptosis and mitochondrial mediated apoptosis (for the latter see 
below). In neuroblastoma, an early induction of BBC3 has been observed in fenretinide 
treated cells.116 Furthermore, fenretinide activated the NFkB pathway, this pathway is 
also implicated in ER-stress-induced apoptosis.117 

The major cellular sources of ROS are the mitochondrial respiratory chain, ROS-
generating enzymes such as xanthine oxidase and NADPH oxidase, and the phospholi-
pase A2-activated arachidonic acid metabolism. The inability of inhibitors of xanthine 
oxidase, NADPH oxidase, and phospholipase A2 to suppress fenretinide-induced ROS 
generation excludes these ROS-producing systems from being major sources of fenreti-
nide-induced ROS in cervical cancer cells.118 As oxidative stress-inducing agents have 

Figure 6. Proposal of the mechanism of action of fenretinide induced apoptosis in neuroblastoma cells. 
The production of ROS leads to mitochondrial cytochrome c release followed by caspase activation and apop-
tosis induction. There is also evidence that ROS leads to ceramide increase followed by apoptosis induction.
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1been shown to increase the permeability of the inner mitochondrial membrane and 
antioxidants effectively prevent mitochondrial membrane permeabilization, it is to be 
expected that there is a relation between ROS production, mitochondrial membrane 
permeabilization, and apoptosis.119-122 This permeabilization of the inner mitochondrial 
membrane is considered to be one of the mechanisms by which proapoptotic proteins 
are released from mitochondria, including cytochrome c and apoptosis-inducing factor 
(AIF).123 Cytochrome c has been demonstrated to be involved in the activation of a 
caspase cascade (Fig. 6), whereas AIF has been shown to directly trigger apoptosis.118 
Increase in the mitochondrial membrane permeability, release of cytochrome c, and 
induction of the intrinsic apoptosis pathway have been established as key events in 
fenretinide-induced cell death in some cells.124-126 The initial evidence for involvement 
of caspases in fenretinide-induced apoptosis includes the activation of the effector 
caspase-3, which results in cleavage of poly (ADP-ribose) polymerase (PARP), caspase-8 
and caspase-9.118, 127, 128 

Other anti-tumor effects of fenretinide
Apoptosis induction is not the only mechanism through which tumor growth in cancer 
is inhibited. Here some other fenretinide-induced processes resulting in inhibition of 
tumor growth will be discussed briefly.  

Inhibition of angiogenesis 
Angiogenesis, the neoformation of vessels, is an important phenomenon facilitating 
primary tumor growth and metastatic dissemination to distant sites. Several factors 
contribute to the enhanced capacity to form new vessels, leading to extensive tumor 
cell survival and tumor expansion.129 Anti-angiogenic strategies mainly aim to inhibit 
vessel construction in its early stages and/or to normalize newly formed vessels.130 This 
activity is associated with mechanisms directly targeting endothelial cell functions or 
interfering with the production, release and activation of specific growth factors and 
cytokines regulating the angiogenic process, thus creating local conditions in the micro-
environment unfavorable to new vessel formation.73 Experimental evidence indicates 
that fenretinide might also be active because of an anti-angiogenic effect.73, 131 Inhibition 
of vascular endothelial growth factor (VEGF) and fibroblast growth factor was observed 
in neuroblastoma treated with fenretinide, resulting in anti-angiogenic effects.131, 132 
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Inhibition of tumor invasion 
The ability of cancer cells to metastasize to distant organs and to establish new sites of 
tumor formation by locally altering the tissue microenvironment poses a great obstacle to 
the treatment of malignant cancer. The metastatic process crucially requires cell motility 
into and out of blood or lymphatic vessels and invasion of basement membranes.73 

There is evidence that tumor invasion is inhibited by fenretinide in different tumors.133-

135 It has been reported that inhibitory effects of fenretinide on the formation of macro- 
and micro-metastasis in an in vivo metastatic model of neuroblastoma was the result of 
fenretinide incorporation in GD2-targeted immunoliposomes.136

Clinical trials in neuroblastoma
Several clinical trials have been performed to evaluate the activity and efficacy of fenreti-
nide on different malignancies, both in prevention and therapeutic settings. A list of 
ongoing trials can be found on www.clinicaltrials.gov. 
In phase I trials in neuroblastoma the major clinical dose-limiting side effect of fenreti-
nide is reversible night blindness (nyctalopia) resulting from a decrease in circulating 
retinol levels and its specific transport protein (retinol-binding protein (RBP4)).91 Drug 
plasma levels of fenretinide are comparable with apoptosis inducing concentrations 
in cell lines. Prolonged disease stabilization and regression have been reported.88, 137 In 
a phase II trial, data suggested that fenretinide is active against neuroblastoma. The 
capsule formula used in this trial, however, is suboptimal due to poor bioavailability. 
Moreover, due to the large amount of capsules the treatment was challenging to admin-
ister to children.138 

Bioavailability and plasma levels
Thus, it is necessary to improve bioavailability to establish the role of fenretinide therapy 
in high risk neuroblastoma. As fenretinide is a hydrophobic compound, it is gener-
ally recommended to administer the drug with high fat meals to increase its bioavail-
ability.139 Fenretinide cannot easily cross the intestinal membrane and, therefore, has a 
limited oral bioavailability.138, 140, 141 This phenomenon has hampered its clinical assess-
ment. Pharmacokinetics of fenretinide confirmed that steady-state drug concentrations 
are achievable in the range associated with in vitro activity.137 

Several formulas of fenretinide are being tested in different tumors in vitro and in vivo. 
In general, all those formulas are based on the idea that, because of its hydrophobic char-
acter, fenretinide should be packaged in a liposomal structure in order to optimize phar-
macokinetics and feasibility of administration.142-148 For example, fenretinide packaged 
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1in LYM-X-SORB (LXS), a lipid matrix technology powder,149 is tolerated without dose-
limiting toxicity while higher plasma levels are achieved (New Approaches in Neuroblas-
toma Therapy-trial (NANT)).150 An intravenous fenretinide emulsion formulation is 
also being tested in ongoing adult cancer trials and a pediatric neuroblastoma (NANT) 
trial.138 Results from these studies will help to determine whether higher fenretinide 
plasma levels are tolerable and anti-tumor activity is thereby improved.146, 147

Another strategy is to combine fenretinide with a compound that enhances its plasma 
levels, as is performed with a combination of ketoconazole and fenretinide in mice. 
It has been suggested that inhibition of the hepatic cytochrome p450 enzyme CYP 
by ketoconazole results in increased systemic fenretinide levels.151 At normal clinical 
doses the combination with fenretinide may increase systemic exposure to fenretinide 
in humans. Therefore, treatment with ketoconazole is being combined with fenretinide/
LXS oral powder in an ongoing phase I trial.150, 151

Combination therapy
In general
Because combining chemotherapeutic agents is an established way to improve drug-
efficacy, combinations are now the standard treatment of metastatic cancer, including 
neuroblastoma. The triad “synergism – additivity – antagonism” is used to describe 
the effects of combination treatment compared to that observed for the monodrugs. 
Although a number of definitions for these terms are used, the most cited definition 
and the most used method to evaluate synergism is that of Chou and Talalay.152, 153 
The favorable outcomes of synergism are 1) increasing the efficacy of the therapeutic 
effect, 2) decreasing the dosage but increasing or maintaining the same efficacy to 
avoid toxicity, 3) minimizing or slowing down the development of drug resistance, and 
4) providing selective synergism against target (or efficacy synergism) versus host (or 
toxicity antagonism).152 Additivity and antagonism are generally less prominent in the 
literature. Additivity refers to outcomes where the combined effect is the sum of both 
effects taken separately; antagonism means that the combined effect is less than the sum 
of each (and possibly less than either separately).

Fenretinide in combination with other drugs in neuroblastoma
Numerous studies are testing fenretinide in combination with other anti-tumor compounds 
in order to synergistically increase its cytotoxic activity. Here, a distinction can be made 
between studies testing experimental drugs110, 154-159 and studies testing drugs that are 
currently part of regular treatment protocols. According to the latter, synergism has been 
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observed when fenretinide is combined with cisplatin, etoposide, or carboplatin. Though 
the exact mechanism is unclear, the generation of free radicals by fenretinide might be the 
key property causing the synergistic response.160 Fenretinide and vincristine and cisplatin 
have been tested in a xenograft neuroblastoma model. The combination of fenretinide 
with those chemotherapeutics does not support earlier data suggesting favorable effects 
of these combinations.161, 162 The combination of fenretinide and cisplatin has also been 
tested in ovarium cells, which resulted in synergistic growth inhibition.163 Subsequently, in 
a phase I trial performed on adults with different tumors, the combination of fenretinide 
with cisplatin and paclitaxel has been tested. The study demonstrated that it is safe and 
feasible to combine fenretinide with those chemotherapeutics. 

Modulation of ROS induction
This thesis further investigates whether the effects of fenretinide can be increased by 
modulating its ROS-inducing capacities. Two existing strategies show promise, inhibition 
of glutathione (GSH) and Hsp90 respectively. They will be discussed briefly in turn. 
Cellular antioxidants protect cells from ROS-induced damage. GSH is an impor-
tant cellular reducing agent.164 Buthionine Sulfoximine (BSO) is a strong inhibitor of 
γ-glutamylcysteine synthetase (γ-GCS), which is the rate-limiting enzyme in the produc-
tion of GSH, both in vivo and in vitro.165, 166 In some studies the cytotoxic effects of BSO 
have been attenuated by antioxidants.166 In a phase I trial with BSO, performed on 
patients with various tumors, only minimal and no dose-limiting toxicity was observed. 
A significant decrease of GSH, measured in peripheral mononuclear cells, was achieved 
in patients receiving BSO.165 
Another site for modulation of the ROS inducing effect is heat shock protein 90 
(Hsp90), a chaperone protein involved in maintaining the conformation, stability, 
activity, and cellular localization of several key oncogenic client proteins. Many of 
these client proteins are regulatory proteins or perform key functions in proliferation 
or modulation of apoptosis.167, 168 Hsp90 activates the associated client protein to either 
bind ligand or to be phosphorylated during signal transduction, as has been described 
for AKT.169 Inhibition of Hsp90, therefore, should abrogate the AKT survival pathway 
and sensitize cancer cells to certain anticancer agents that may otherwise activate the 
AKT protective mechanism.170, 171 Several recent studies suggest that human cancer cells 
are very sensitive to inhibition of Hsp90, because Hsp90 is overexpressed in various 
tumor cells, including neuroblastoma.172 17-allylaminogeldanamycin (17AAG) exerts 
its antitumor effect by binding the N-terminal ATPase domain of Hsp90 to inhibit its 
chaperone function.170 Preclinical tests have shown that 17AAG is non-toxic to normal 
cells, even though it is highly active against tumor cells.171, 173 Cytostasis, cell-cycle arrest, 
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1and apoptosis as a result of inhibition of RAS-RAF-pathway and PI3K/AKT-pathway 
have been observed following 17AAG incubation in colon carcinoma and leukemia.174, 

175  Furthermore, 17AAG shows a potent synergistic toxicity when combined with other 
chemotherapeutics.175-183 This highlights the potential use of 17AAG as single agent and 
as a sensitizer. 

Aim and scope of this thesis
Despite intensive therapy, the prognosis for high risk neuroblastoma is still poor. New 
therapeutic options are needed to improve the outcome of high risk patients. Fenreti-
nide is a promising new therapy currently tested in different tumors, including neuro-
blastoma. The aim of this thesis is to unravel the apoptosis-inducing mechanism of 
fenretinide in neuroblastoma and to identify targets for combination therapy.
In chapter 2 we describe the cytotoxic effects, growth inhibition, and apoptosis of fenreti-
nide on a panel of neuroblastoma cells, monolayers, and spheroids. Additionally we 
describe our findings regarding ROS generation and mitochondrial membrane depolari-
zation. Chapter 3 develops an in depth analysis of the mechanism of action of fenretinide, 
illustrated by the inhibition of the mitochondrial respiratory chain at the level of complex 
II by fenretinide. In chapter 4 we report the effects of fenretinide on the unique mitochon-
drial phospholipid cardiolipin. In chapter 5 we investigate the effect of the combination 
of fenretinide and BSO on GSH levels, antioxidant enzyme levels, ROS production, and 
viability in neuroblastoma in order to increase the efficacy of fenretinide regarding ROS-
production. In chapter 6 we present our findings on the combination of fenretinide with 
Hsp90 inhibitor 17-AAG. Chapter 7 provides a short summary and discusses the implica-
tions of the results for future clinical application and research. 
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Abstract
The efficacy and mechanism of action of fenretinide (4HPR), a vitamin A analogue, was 
investigated in a panel of six neuroblastoma cell lines and multicellular tumor spheroids. 
The latter are three dimensional cell aggregates and as such, a model for micrometas-
tases. In all cell lines, the production of ROS increased with 163-680 % after 1 h of 
treatment with 4HPR. In addition, a decrease of the mitochondrial membrane potential 
of 30-75 % was observed after 4 h of incubation with 4HPR. A 6-12 fold difference was 
observed between the IC50 values for cell proliferation and viability between the most 
sensitive (IMR32) and most resistant (NASS) cell line towards 4HPR. Flow cytometric 
analysis showed an increased amount of apoptotic bodies and no cell-cycle arrest. The 
antioxidant Trolox completely inhibited the accumulation of 4HPR-induced ROS and 
prevented the 4HPR-associated cytotoxicity. In all neuroblastoma spheroids, 4HPR 
induced a complete cytostasis at clinical relevant concentrations (3-10 µM). Immu-
nohistochemical analysis of 4HPR-treated spheroids showed a decreased staining for 
proliferation marker Ki-67 and an increased staining for cleaved-PARP, a marker of 
apoptosis. Our results suggest that 4HPR might be a promising agent for the treatment 
of micrometastases and high risk neuroblastoma.
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Introduction
Neuroblastoma is the most common solid extracranial tumor in children. The prog-
nosis for children suffering from neuroblastoma is highly dependent on the age at diag-
nosis and the stage of the disease. Patients suffering from metastasized neuroblastoma 
with amplification of the MYCN oncogene, which is found in approximately 25% of 
primary, predominantly metastasized neuroblastomas, have a very poor prognosis.1 
Current therapy is based on treatment with chemotherapeutic drugs, surgery, treatment 
with 131I-meta-iodobenzylguanidine (131I-MIBG) and autologous stem cell transplan-
tation. Despite these aggressive therapeutic strategies, the likelihood for survival for 
patients suffering from high risk neuroblastoma has not increased significantly over the 
last 15 years.2, 3 Therefore, new and effective therapeutic strategies are being developed 
to improve prognosis in these patients. 
Stage 4s neuroblastoma is characterized by spontaneous regression of the tumor by 
differentiation. Retinoids are essential regulators of cell growth, differentiation and cell 
death.4 All-trans retinoic acid (ATRA) and 13-cis retinoic acid (13-cis-RA) have been 
shown to induce differentiation and death in neuroblastoma cells.5 Although treat-
ment with 13-cis-RA increased the event-free survival in children with advanced-stage 
neuroblastoma,6 its use has been restricted by dose-limiting side effects5 and increased 
resistance of retinoic acid differentiated cells to chemotherapeutic drugs.7 Fenretinide 
(N-(4-hydroxyphenyl) retinamide) (4HPR) is a synthetic retinoic acid derivate which 
induced apoptosis rather than differentiation in a variety of tumors.8-11

The precise mechanism underlying the apoptosis-inducing properties of 4HPR is not 
yet fully understood. It has been suggested that 4HPR can induce apoptosis by both 
retinoic acid receptor (RAR)-dependent and reactive oxygen species (ROS)-dependent 
pathways.12-15 Mitochondrial membrane depolarization, which plays a key role in the 
process of apoptosis, has been observed in some tumor types treated with 4HPR.16 
However, it has been reported that 4HPR did not alter the mitochondrial membrane 
potential (Δψm) in neuroblastoma.17 
It is known that solid tumors require adequate diffusion of nutrients for tumor growth. 
Spheroids are three dimensional aggregates of cancer cells that, due to their cellular 
organization, have been shown to resemble in vivo tumors with respect to growth rates 
and sensitivity towards chemotherapeutic drugs.18 Most importantly, they resemble 
micrometastases during the avascular phase of their development,18 which provides the 
opportunity to study phenomena such as the penetration and effectiveness of cytotoxic 
agents on spheroid size. So far, the effect of 4HPR has not been studied on a panel of 
neuroblastoma multicellular spheroids combined with immunohistochemical evalua-
tion. In this report, we describe the effect of 4HPR on various biological parameters in a 
panel of MYCN-single copy and MYCN-amplified neuroblastoma cell line monolayers 
as well as spheroids. 
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Materials and Methods
Chemicals
4HPR (Sigma, St Louis, MO, USA), was dissolved in 100% ethanol, stored at 4° C and 
protected from light. Serial dilutions were prepared from the stock solution with growth 
medium just before use. H2O2 (Sigma, St Louis, MO, USA) was prepared as a 100 µM 
stock solution in double distilled H2O immediately before use. Trolox (Sigma, St Louis, 
MO, USA) was prepared as a 0.5 M stock solution in 100% ethanol and kept at -20 °C 
for one month.

Cell culture
Three MYCN single copy neuroblastoma cell lines (FISK, NASS, SY5Y) and three 
MYCN amplified neuroblastoma cell lines (IMR32, SJ8, SJNB10) were cultured in 
RPMI-1640 culture medium (Gibco, Invitrogen, Carlsbad, CA, USA) supplemented 
with 10% heat inactivated fetal bovine serum, 50 U/ml penicillin/streptomycin and 
4 mM glutamine. Cells were grown at 37° C, 5 % CO2 in 95% humidified air, all 
culture flasks and plates were from Corning (Corning, NY, USA). All cell lines were 
a generous gift of Prof. R. Versteeg (Dept. of Human Genetics, Academical Medical 
Centre, Amsterdam).
Spheroids were prepared by growing 400,000 cells in 4 ml culture medium in an ultra-
low attachment sterile Petri dish. Because the cells could not adhere to the bottom of 
the dish they cohered, forming small aggregates. After three days, small spheroids (0.3-
0.5 mm) were formed and these were individually transferred to ultra-low attachment 
24-wells plates. One well contained one spheroid in 1 ml culture medium. Spheroids 
were treated with different concentrations 4HPR for three weeks, without changing the 
culture medium. The experiments were performed in quadruplicate. Spheroid size was 
monitored weekly by measurement of the cross-sectional area of individual spheroids 
five-times magnified photos using a microscope19 (microscope: Leica DMIL, Wetzlar, 
Gemany. camera: SV camera, Lambert instruments, Leutingewolde, The Netherlands, 
Image Pro Plus 4.1). 

Measurement of cell viability and proliferation
Cells were plated in 96-wells plates at a density of 5,000 or 6,500 cells per cell line per 
well in a total volume of 100 µl and were allowed to adhere overnight, after which the 
medium was replaced by medium containing different concentrations 4HPR (0-40 µM). 
After 24, 48 and 72 h medium with 4HPR was changed for fresh medium and the 
viability of the cells was measured with MTS assay (Promega, Madison, WI, USA) 
according to the manufacturer’s protocol. MTS incubation lasted for 4 hours at 37°C. 
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The effect of the antioxidant trolox on viability was investigated by incubating the cells 
with 4HPR (5 and 10 µM) and/or trolox (500 µM)  for 72 h followed by the MTS assay. 
Cell proliferation was measured using a 5-bromo-2’-deoxyuridine (BrdU) incorporation 
assay (Roche Applied Science, Penzberg, Germany), according to the manufacturer’s 
instructions. Cells were incubated for 2 h at 37°C with BrdU labeling solution, without 
refreshing the medium. The experiments were performed in quadruplicate. The dose-
absorption curves were used to derive the IC50  values. 

Cell cycle analysis
Apoptosis was evaluated by flow cytometry of propidium iodide (PI) stained cells. Cells 
(500.000) were grown in 4 ml culture medium in a 25 cm2 flask and treated with 4HPR 
(1-5 µM) for 24, 48 and 72 h. Both attached and floating cells were harvested and fixed 
in 70 % ethanol in PBS and stored at 4º C. For flow cytometric analysis samples were 
centrifuged at 1000 x g for 1 min. Cell pellets were resuspended in 200 µl PBS after 
which 200 µl RNAse-PBS in a 4 mg/ml concentration was added. Cells were stained 
with 400 µl PI-saponin (0.05 mg PI/ml 0.02% (w/v) (saponin-PBS), vortexed thor-
oughly and incubated for 10 min at 37°C. The stained cell nuclei were analyzed by a 
FACS Calibur flowcytometer (Beckton-Dickinson) and the data were analyzed using 
WinMD1 version 2.8 software.

Measurement of Apoptosis - PARP analysis
Cells (750.000) were cultured in 4 ml in a 25 cm2 flask and allowed to adhere overnight, 
after which the medium was replaced by medium containing 4HPR (0-20 µM). After 
24 h, both attached and floating cells were collected and centrifugated and the pellet was 
resuspended in PBS, sonicated (2x20 s, 8 W) and boiled (5 min). Protein concentrations 
were detected using a BCA protein determination assay.20 Samples were diluted to equal 
protein concentrations in sample buffer. 
Sodium dodecyl sulphate-polyacrylamide gel electrophoresis was performed as described 
by Laemmli21 followed by Western blotting using the primary mouse anti-human poly 
(ADP-ribose) polymerase (PARP) monoclonal antibody 1:10,000 diluted (Biomol, 
UK) and rabbit anti-mouse secondary antibody in a 1:5,000 dilution in PBS containing 
3 % BSA and 0.01% Tween 20 conjugated with horseradish peroxidase. After washing 
the membrane, detection of PARP was performed with enhanced chemiluminescence. 
Equal loading was confirmed using Ponceau S staining.22 Neuroblastoma cells treated 
with the histone deacetylase inhibitor BL1521 were used as a positive control.23
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Immunohistochemistry 
Spheroids were immersion fixed in buffered formalin and embedded in paraffin.  Dewaxed 
and rehydrated sections (4.5 µm thick) were stained with hematoxylin and eosin (H&E) 
for morphology. Endogenous peroxidases were blocked with 3% hydrogen peroxide. 
After antigen retrieval (microwaving, TRIS/EDTA) aspecific binding was prevented by 
blocking with 5% normal goat serum. Apoptosis was detected using anti-cleaved-PARP 
1:200 (BD Biosciences, USA), proliferation was detected using anti-Ki-67 1:200 (Dako, 
M7240), both incubated 1 h at room temperature. Sections were blocked using post-
antibody blocking (Immunologic) for 15 min at room temperature. Sections were incu-
bated with biotinylated secondary poly-HPR anti-rabbit/mouse antibodies and avidin-
biotin complex (Vectastain ABC kit). Immunoreactivity was visualized by incubation 
with 3,3’-diaminobenzidine (Sigma, St Louis, MO, USA), tissues were counterstained 
with hematoxylin QS (Vector laboratories, USA). Sections were dehydrated, cleared 
in HistoClear II and mounted in DPX mounting for histology (Fluka, St Louis, MO, 
USA). For negative controls primary antibodies were omitted. Sections were examined 
using a ZEISS microscope and photographed using a Leica camera. 

Reactive Oxygen Species (ROS)
ROS production was detected using CM-H2DCFDA (Invitrogen, Molecular Probes). 
Cells (100.000) were cultured in 1 ml medium in 12-well plates and allowed to adhere 
overnight. Subsequently, cells were treated with a concentration range of 4HPR (0-10 
µM) for 1, 2, 3, 6 and 24 h. The ROS responsive dye CM-H2DCFDA was prepared 
in DMSO in a 5 µM stock solution and kept on ice until use. Culture medium was 
replaced by 0.8 ml freshly prepared CM-H2DCFDA-solution and incubated at 37° C 
for 15 min. Subsequently, fluorescence was measured in a microplate reader (BMG 
labtech, FLUOstar optima); excitation 485 nm, emission 520 nm. Cells were harvested 
by trypsinization and protein determination was performed using Bicinchoninic Acid 
(BCA) reagens (Sigma) according to the manufacturer’s protocol using Bovine Serum 
Albumin (BSA) as a standard. ROS production was also measured after incubating the 
cells for 4 h with 20 µM 4HPR and/or trolox (500 µM).

Mitochondrial membrane potential (Δψm)
 Cells (200.000) were cultured in 1 ml culture medium in 12 well plates and allowed to 
adhere overnight. Subsequently, medium was replaced by medium containing different 
concentrations of 4HPR (0-20 µM). After 4-h incubation with 4HPR, medium was 
replaced by medium containing 10 µg/ml JC-1 (Invitrogen, Molecular Probes). After 
15 min incubation at room temperature, the cells were washed with 500 µl PBS and the 
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ratio of monomeric form and aggregates was measured in a microplate reader (BMG 
labtech, FLUOstar optima); excitation 485 nm, emission 520 nm and 600 nm. In addi-
tion, the mitochondrial membrane potential was measured using 4µM tetramethylrho-
damine methyl ester (TMRM) (Invitrogen). Fluorescence was measured with excitation 
A550 nm and emmision A600 nm.

Statistics
Differences in viability between MYCN amplified and MYCN single copy cell lines were 
analysed using the two sample t-test (SPSS 14.0.2).

Results
Effect of 4HPR on viability, proliferation and apoptosis in neuroblastoma 
monolayers
A time- and concentration-dependent loss of viability and proliferation was observed in 
all six cell lines. The IC50 values of the six neuroblastoma cell lines towards 4HPR are 
shown in Table 1. A 6-12 fold difference was observed between the IC50 values both for 
cell proliferation and viability between the most sensitive (IMR32) and most resistant 
(NASS) cell line towards 4HPR. No significant differences in sensitivity towards 4HPR 
were observed between MYCN amplified and MYCN single copy cell lines. 

Table 1. IC50 concentrations (µM) of all cell lines for 4HPR, cells were treated 24, 48, 72 h  
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Figure 1. Analysis of apoptosis induced by 4HPR. FACS analysis of PI stained cells; M1 represents the 
cells accumulated in the sub-G0 phase. The bars represent the percentage of cells in sub G0. Note: The 
difference in y-scale for IMR32 in the right hand panel.
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To investigate whether this decrease in viability and proliferation was associated with 
apoptosis, cell cycle studies with 4HPR treated cells were performed (Fig. 1). A substan-
tial amount of cells in sub-G1 phase were detected after incubation with 4HPR, which 
indicates DNA condensation and thus apoptosis. No cell-cycle arrest was observed. In 
addition to cell cycle experiments, the presence or absence of cleaved PARP was studied. 
In all cell lines, 50% of PARP was cleaved at a 4HPR concentration lower or equal 
compared to the IC50 concentration derived from the viability and the proliferation 
assay (data not shown).

Effect of 4HPR on neuroblastoma spheroids
Spheroids grown from each cell line were treated three weeks with a concentration 
range of 4HPR (0-10 µM). The spheroid size was monitored weekly by photo-imaging.  

Figure 2. The effect of 4HPR on spheroids. Spheroids were treated with 4HPR and photographed weekly 
to monitor the increase of the area. A shows IMR32 spheroids treated with 4HPR. B shows the calcu-
lated area of spheroids treated with different concentrations 4HPR for 21 days, depicted as percentage 
compared to the untreated control. Each bar represents the mean area ± SD of four experiments. IMR32 
cells were treated with lower concentrations of 4HPR than the other cell lines. 
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Figure 3. Histological analysis of spheroids treated with 4HPR. IMR32 spheroids were either treated 
1 week with 4HPR (10-20 µM) or untreated (control). Spheroids were paraffin fixed and sections were 
stained with: A) H&E for morphology. B) Immunostaining with proliferation marker Ki-67. C) Immu-
nostaining with apoptosis marker cleaved PARP. All sections were examined and enlarged 100x and 
400x. For color fig see page 159.
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The cross-sectional area of untreated spheroids increased exponentially in time. In 
contrast, spheroids showed a complete cytostasis when treated with high 4HPR concentra-
tions (Fig. 2). The sensitivity for 4HPR in spheroids is similar to the sensitivity observed 
in monolayer, with the exception of NASS, which was approximately 10 times more 
sensitive when treated as a spheroid. An unexpected finding was that in SJNB10 and 
SY5Y spheroids, treated with low concentrations 4HPR, an increased area was observed 
with respect to the untreated control spheroids (Fig. 2B). 
Microscopical examination of H&E stained sections of untreated IMR32 spheroids 
showed an organized pattern of an outer proliferative rim and an inner apoptotic core. 
In the rim of untreated spheroids rosettes were visible, which are histologically typical 
for neuroblastoma (Fig. 3A). Apoptosis was observed by the presence of both picnosis 
and fragmented nuclei. In 4HPR treated spheroids, a looser cell-cell structure and a 
decreased amount of cells were observed (Fig.. 3A). Immunohistochemical sections of 
IMR32 spheroids were stained with an apoptotic marker, PARP, and a proliferation 
marker, Ki-67. Treatment with 4HPR (10-20 µM, 1 week) showed a dose-dependent 
decrease in proliferation (Fig. 3B) and a dose-dependent increase in apoptotic cells (Fig. 3C). 

Analysis of ROS and the mitochondrial membrane potential (Δψm).
In all six cell lines, a dose-dependent increase of ROS production was observed from 1 h 

Figure 4. ROS production by 4HPR. ROS production measured by CM-H2DCFDA fluorecence in six cell 
lines treated with 4HPR, depicted as percentage compared to the untreated control. 
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until 6 h of incubation with 4HPR (Fig. 4). The production of ROS increased with 
482-680% after 1 h of treatment with 4HPR in IMR32, SJ8, SJNB10 and SY5Y. In 
contrast, FISK and NASS showed only a modest increase in ROS (maximum increase 
was 212% and 163%, respectively) after treatment with 4HPR.  In the presence of 
the antioxidant trolox, no accumulation of 4HPR-induced ROS occurred and trolox 
prevented the onset of 4HPR-induced cytotoxicity in all cell lines, except FISK (Fig. 5).
The fluorescent dye, JC-1, accumulates in mitochondria in the presence of a normal 
Δψm and forms reversible aggregates (Fig. 6A). In case of a decreased Δψm, JC-1 aggre-
gates dissociates into the monomeric JC-1 molecule (Fig. 6B). In all cell lines, a similar 
dose-dependent decrease of the Δψm was observed after a 4-h incubation with 4HPR 
(Fig. 6C), these results were confirmed by a second probe, TMRM (data not shown). 
This indicates a disturbance of the Δψm induced by 4HPR, which could result in 
increased ROS production. The decrease in Δψm does not correlate with the degree of 
ROS production. 

Figure 5. The effect of trolox on ROS and viability loss induced by 4HPR. A) ROS production measured 
by CM- H2DCFDA fluorescence in cells treated with 20 µM 4HPR and 500 µM trolox for 4 h, depicted as 
percentage of the untreated control. B) Viability is measured using MTS-assay in cells treated with 5 µM 
4HPR (NASS and SJ8 were treated with 10 µM) and 100 µM trolox for 72 h, depicted as percentage of 
the untreated control.
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Figure 6. Changes in the mitochondrial membrane potential. A) Representative picture of untreated 
NASS cells incubated with the fluorescent dye JC-1. B) Representative picture of 4HPR treated NASS 
cells incubated with the fluorescent dye JC-1 C) Changes of the mitochondrial membrane potential was 
studied using the fluorescent dye, JC-1, in cells incubated 4 h with different 4HPR concentrations. For 
color fig see page 160.
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Discussion
The synthetic retinoid 4HPR has been shown to have a promising preventative effect in 
recurrence of breast cancer, because of its apoptosis-inducing effect.24 A phase I study 
performed in neuroblastoma showed that 4HPR toxicity was moderate when compared 
to other retinoids.25, 26 Until now, most investigations of 4HPR in neuroblastoma have 
been restricted to one or a few cell lines and only in monolayers. Due to the heterogenity 
of neuroblastoma, we have investigated the effectiveness of 4HPR in vitro in a panel of 
six neuroblastoma cell lines. No significant difference was observed in sensitivity towards 
4HPR in MYCN amplified and MYCN single copy cell lines. This is in contrast with 
Reynolds et al 27 and Wei et al 28 who suggested a positive correlation between MYCN 
amplification and sensitivity to 4HPR in neuroblastoma. The effective concentrations 
of 4HPR inducing cytotoxicity in all cell lines were comparable with achievable plasma 
concentrations in vivo. In all cell lines treated with 4HPR, apoptosis was detected by 
accumulation of apoptotic bodies in the sub G1-phase by flow cytometry and by PARP-
cleavage. However, no cell-cycle arrest was observed in 4HPR treated neuroblastoma 
cells. In ovarian cancer cells, 4HPR induced a G2 arrest which was ascribed to the 
formation of 4-oxo-4HPR from 4HPR.29 Therefore, the fact that no cell-cycle arrest was 
observed in neuroblastoma cells might indicate that 4HPR is not metabolized to 4-oxo-
4HPR in neuroblastoma cells. 
The production of ROS has been described in various tumor cell types following expo-
sure to 4HPR.30-32 ROS production has been measured in neuroblastoma with 4HPR 
and peak production was observed after 6 h.17, 30, 33-35 We observed ROS production 
already after 1 h of 4HPR incubation, indicating that ROS production is an early event 
in response to 4HPR incubation. Levels of ROS production correlated with the sensi-
tivity of 4HPR measured in the viability assays, with the exception of FISK, being 
sensitive to 4HPR while producing only low levels of ROS. Trolox was able to prevent 
the accumulation of ROS and the loss of viability due to 4HPR in all cell lines although 
the protection was suboptimal in FISK.  Thus, in FISK another mechanism, apart 
from oxidative stress, might be responsible for the induction of apoptosis by 4HPR. 
Although, the exact mechanism of ROS induction of 4HPR is still unknown, oxidative 
stress appears to be one of the main apoptosis inducing mechanisms. 
Since the ROS producing effect proved to be very fast it is conceivable that 4HPR inter-
feres directly with the mitochondrial respiratory chain.32 Apoptosis may occur when the 
amount of ROS produced in the mitochondria cannot be handled by radical-scavenging 
antioxidants.32 In contrast, some studies suggested that ceramide and gangliosides were 
essential in the induction of ROS via 12-LOX.30, 36, 37 Previously, it was shown that 
4HPR did not alter the Δψm in the neuroblastoma cell line SY5Y.17 However, in our 
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study a profound decrease in the Δψm was observed in all six cell lines after a 4-h incuba-
tion with 4HPR. This decrease in the Δψm might lead to cytochrome c release, and other 
mitochondrial enzymes, which in turn will activate caspase 9 to initiate the downstream 
processes of apoptosis. 
For the first time, the effect of 4HPR on multicellular tumor spheroids was studied 
in a panel of neuroblastoma cell lines combined with histological analysis of immu-
nostained sections. In 4HPR-treated spheroids of all six cell lines growth retardation 
and even cytostasis at higher concentrations was observed. However, SJNB10 and SY5Y 
spheroids treated with low concentrations (2 µM) 4HPR showed an increase in cross-
sectional area compared to the controls. As shown by Marengo et al, ROS can stimulate 
cell proliferation when present in very low doses.38 Thus, it is conceivable that a small 
increase in ROS produced by low concentrations of 4HPR might result in increased 
growth in these spheroids compared to controls. Our results indicated an altered cell-cell 
structure in 4HPR treated spheroids. This mechanism might also explain the increased 
area in spheroids treated with low concentrations 4HPR. Nutrients might penetrate 
more easily due to the open structure allowing cells in the core of the spheroid to prolif-
erate as well. Histological sections stained with an apoptosis marker, anti-cleaved-PARP 
and a proliferation marker, anti-Ki67 showed a concentration-dependent increase of 
apoptosis was observed after 1 week of treatment with 4HPR as well as a decrease in 
proliferation. Thus, the observed cytostasis (Fig. 2) is a result of decreased proliferation 
and induction of apoptosis and probably not a cell cycle arrest. Our results are in contrast 
with studies by Myatt et al who did not observe significant changes in the proliferation 
pattern in Ewing sarcomas.39 It is known that 4HPR also has an anti-angiogenesis effect 
on neuroblastoma cells.40 In this way, 4HPR prevents further development of micro-
metastases.41 Taken together, the cytotoxic effects of 4HPR on avascular spheroids and 
the anti-angiogenesis effect, suggest that 4HPR might be an effective chemotherapeutic 
drug for the treatment of micrometastases of different sizes. 
Our investigations have shown that 4HPR induced loss of the mitochondrial membrane 
potential and ROS accumulation in neuroblastoma cell lines, which is accompanied by 
a strong induction of apoptosis. The potency of 4HPR to induce cytotoxicity in neuro-
blastoma monolayers and spheroids suggest that 4HPR might be a promising new agent 
in treatment of neuroblastoma.
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Abstract 
Fenretinide (4HPR) induces apoptosis in neuroblastoma, by induction of ROS. In this 
study, we investigated the role of mitochondria in 4HPR-induced cytotoxicity and ROS 
production in six neuroblastoma cell lines. ROS induction by 4HPR was of mitochon-
drial origin, demonstrated by detection of superoxide with MitoSOX, the scavenging 
effect of the mitochondrial antioxidant MitoQ and reduced ROS production in cells 
without a functional mitochondrial respiratory chain (Rho zero cells). In digitonin-
permeabilized cells, a 4HPR concentration-dependent decrease in ATP synthesis and 
substrate oxidation was observed, reflecting inhibition of the mitochondrial respiratory 
chain. However, inhibition of the mitochondrial respiratory chain was not required for 
ROS production. Co-incubation of 4HPR with inhibitors of different complexes of the 
respiratory chain suggested that 4HPR-induced ROS production occurred via complex 
II. The cytotoxicity of 4HPR was exerted through the generation of mitochondrial ROS 
and, at higher concentrations, also inhibition of the mitochondrial respiratory chain.
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Introduction
N-(4-hydroxyphenyl) retinamide (4HPR), also known as fenretinide, is a synthetic 
retinoic acid derivate that induces apoptosis in a variety of tumors.1-5 4HPR induces the 
production of reactive oxygen species (ROS), depolarization of the inner mitochondrial 
membrane (Δψm) and apoptosis in neuroblastoma monolayers and spheroids.6-8 This 
ROS production was scavenged by Trolox, a cell-permeable and water-soluble vitamin 
E derivate, and this attenuated the loss of viability by 4HPR, suggesting that ROS plays 
a role in apoptosis induction by 4HPR in neuroblastoma.6 The underlying mechanism 
of 4HPR-induced ROS production and mitochondrial depolarization, however, has still 
to be elucidated. 
The major sources of ROS are the mitochondrial respiratory chain,9, 10 the radical-
generating enzymes xanthine/xanthine oxidase11 and NADPH oxidase12 and the phos-
pholipase A2-activated arachidonic acid metabolism.13 The inability of inhibitors 
of xanthine/xanthine oxidase, NADPH oxidase, and phospholipase A2 to suppress 
4HPR-induced ROS generation excluded these radical-producing systems from 
being major sources of 4HPR-induced ROS in cervical cancer cells.14 In contrast, 
several lines of evidence indicate that mitochondria play an important role in the  
cytotoxicity of 4HPR. 
Inhibition of the mitochondrial respiratory chain reduces the Δψm, which facilitates 
the formation of the mitochondrial permeability transition pore. This permeabilization 
of the inner mitochondrial membrane induced by apoptotic agents is considered to be 
one of the mechanisms by which proapoptotic proteins are released from mitochon-
dria.15, 16 Oxidative stress-inducing agents have been shown to increase the permeability 
of the inner mitochondrial membrane and antioxidants effectively prevented mitochon-
drial membrane permeabilization, suggesting a relation between ROS production, mito-
chondrial membrane permeabilization and apoptosis.17-22 Increase in the mitochondrial 
membrane permeability, release of cytochrome c and induction of the intrinsic apop-
tosis pathway have been shown to be key events in 4HPR-induced cell death in some 
cells.16, 23-25 Nevertheless, it has been suggested that in neuroblastoma cells, lipoxygenase 
(12-LOX) was involved in 4HPR-induced ROS formation and that the ROS-inducing 
process did not take place in mitochondria.26

In this study, we investigated the mechanism of 4HPR-induced ROS production in 
general and the effect of 4HPR on the electron flow through the mitochondrial respira-
tory chain in particular. The electron flow as a result of 4HPR-incubation was studied 
in six neuroblastoma cell lines by measuring the ATP production in situ in a flux model 
of digitonin-permeabilized neuroblastoma cells respiring on specific substrates for either 
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complex I (NADH-Q reductase) or complex II (succinate-Q reductase). The data 
presented in this paper demonstrate the pivotal role of mitochondria in 4HPR-induced 
ROS production and the inhibition of mitochondrial respiration by 4HPR.

Material and methods
Chemicals
MitoQ([10-(4,5-Dimethoxy-2-methyl-3,6-dioxo-cyclohexa-1,4-dienyl)-decyl]-
triphenyl-phosphonium methnesulfonate) and TPP (Decyltriphenylphosphonium 
bromide) were a kind gift from Antipodean Pharmaceuticals, Dunedin, New Zealand. 
CM-H2DCFDA (dichlorofluorescein diacetate), JC-1 and TMRM were purchased from 
Invitrogen, Molecular Probes (Carlsbad, CA, USA). All other chemicals were purchased 
from Sigma (St Louis, MO, USA). 

Cell culture
Three MYCN single copy neuroblastoma cell lines (FISK, NASS, SY5Y) and three 
MYCN amplified neuroblastoma cell lines (IMR32, SJ8, SJNB10) were cultured in 
RPMI-1640 culture medium supplemented with 10% heat inactivated fetal bovine 
serum, 50 U/ml penicillin/streptomycin, 4 mM glutamine (Gibco, Invitrogen, Carlsbad, 
CA, USA) and plasmocin (5.0 mg/l) (InvivoGen, San Diego, California, USA). Cells 
were grown at 37° C in humidified air with 5% CO2; all culture flasks and plates were 
from Corning (Corning, NY, USA). Cells were plated and allowed to adhere overnight 
before incubations were started. All neuroblastoma cell lines were a generous gift of Prof. 
R. Versteeg (Dept. of Human Genetics, Academical Medical Centre, Amsterdam, The 
Netherlands). Rho zero cells, cultured from 143b osteosarcoma cells, were a kind gift 
from dr. L. Nijtmans (Nijmegen Centre for Mitochondrial disorders, Nijmegen, The 
Netherlands) and cultured on DMEM culture medium supplemented with 10% heat 
inactivated fetal bovine serum, 50 U/ml penicillin/streptomycin, 1 mM pyruvate,  
4 mM glutamine and 50 µg/ml uridine under the conditions described above.27 All 
experiments were performed in culture medium unless otherwise specified.

Mitochondrial ROS produced by 4HPR
ROS-production was measured in neuroblastoma and Rho zero cells as described before, 
using the fluorescent dye CM-H2DCFDA which reacts with a wide range of radicals, 
after 2 h incubation with 4HPR (0-20 µM) (neuroblastoma cells and Rho zero cells) 
with or without MitoQ (1-8 µM) (neuroblastoma cells).6, 28  Triphenyl phosphonium 
(TPP) was used as a negative control for MitoQ.29
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IMR32 and SJNB10 cells were incubated with 4HPR (10 µM) and/or the uncoupling 
agent carbonyl cyanide 3-chlorophenylhydrazone (CCCP) (0-20 µM) for 4 h. Subsequently, 
ROS production was measured using the CM-H2DCFDA probe as described before.6 
MitoSOX selectively reacts with superoxide in the mitochondria and was used to measure 
specific mitochondrially generated ROS. All cell lines were incubated for 4 h with 4HPR 
(0-20 µM), after which medium was replaced by Hanks Buffered Salt Solution (HBSS) 
(Lonza, Walkersville, MD, USA) containing 1 µM MitoSOX for 10 min. Subsequently, 
fluorescence was measured in a plate reader (BMG labtech, FLUOstar optima); excita-
tion 510 nm, emission 580 nm. Cells (NASS, SJ8, SJNB10) were cultured and incu-
bated 4 h with 20 µM 4HPR and/or 500 µM Trolox after which the ROS production 
was measured with MitoSOX, as described above. 

Mitochondrial respiratory chain
The ATP assay was performed essentially as described by Wanders et al (Fig. 1).30 
Neuroblastoma cells were grown to confluency and incubated 4 h with 4HPR (0-30 µM). 
This incubation was repeated in the presence of either Trolox (500 µM) or CCCP (5-20 µM). 
After incubation, the cells were harvested and washed twice with PBS, followed by 
addition of the reaction medium containing 150 mM KCl, 25 mM Tris-HCl (pH 7.4), 
2 mM EDTA, 10 mM potassium phosphate, 1 mM ADP, 0.1% (w/v) bovine serum 

Figure 1. Schematic representation of the mitochondrial respiratory chain. After permeabilization of 
the cells with digitonin, the electron flow through the different complexes was measured. Complex I: 
NADH reductase. Complex II: succinate dehydrogenase. Complex III: cytochrome c reductase. Complex 
IV: cytochrome c oxidase. Complex V: ATP synthase. MDH: malate dehydrogenase. GOT: glutamate-
oxaloacetate transaminase.
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albumin, 75 µg/ml digitonin and either 10 mM malate (plus 10 mM glutamate) or 10 
mM succinate (plus 50 µM rotenone). Reactions were allowed to proceed for 30 minutes 
at room temperature, terminated with perchloric acid, protein was removed by centrifu-
gation and the acid protein-free supernatants were neutralized .30 Subsequently, ATP 
was measured fluorimetrically as described previously using a Cobas Fara centrifugal 
analyzer (Roche, Mannheim, Germany).31 Afterwards, the samples were used for aspar-
tate or malate measurements. 
Aspartate was measured using the end-point method described in Bergmeyer et al.32 
This method uses the subsequent conversion of aspartate to malate via oxaloacetate in 
a reaction mixture containing glutamate-oxaloacetate-transaminase, malate dehydroge-
nase, NADH and α-ketoglutarate. The decrease in NADH, as a consequence of the 
reduction of oxaloacetate to malate by malate dehydrogenase, was measured fluorimetri-
cally with a Cobas Fara centrifugal analyzer. Quantification was performed by means of 
a standard curve.
Malate was determined fluorimetrically (excitation at 365 nm, emission at 450 nm) on 
a Cobas Fara centrifugal analyzer by the end-point measurement of the reduction of 
NAD+ analogue 3-acetylpyridine adenine dinucleotide (APAD) to APADH by malate 
dehydrogenase. The reaction was performed in a 100 mM Tris-HCl buffer at pH 9 
containing 0.1% Triton-X-100 and 1 mM APAD. Malate was quantified by means of 
a standard curve. Protein concentration was determined as described before, using the 
BCA assay.6

Inhibiting mitochondrial respiratory chain complexes.
Cells were incubated with 10 µM 4HPR in combination with rotenone (0-80 µM) 
(complex I inhibitor), Carboxin (0-2 mM), TTFA (0-2 mM) (thenoyltrifluoroacetone) 
(both complex II inhibitors) or antimycine A (0-40 µM) (complex III inhibitor) for 4 
h. After incubation, both ROS generation and mitochondrial membrane potential were 
measured with CM-H2DCFDA and JC-1, respectively, as described before.6

Measuring mitochondrial membrane potential
Cells were cultured and incubated with 4HPR (20 µM) for 4 h in combination with 
either Trolox (500 µM) or MitoQ (4 and 8 µM), after which the medium was replaced 
by medium containing 10 µg/ml JC-1 and mitochondrial membrane depolarization was 
measured.6 In addition, the mitochondrial membrane potential was measured using 4 
µM TMRM to confirm the JC-1 data. Fluorescence was measured with excitation 550 nm 
and emission 600 nm.
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Figure 2. Mitochondrial ROS generation after 4HPR incubation. A. Mitochondrial superoxide production 
measured by mitoSOX after 4 h incubation with 0 µM (black bars), 10 µM (grey bars) or 20 µM (white 
bars) 4HPR. B. The effect of the specific mitochondrial probe mitoQ against ROS in cell lines incubated 
for 2 h with (open square) or without (black diamond) 1 µM mitoQ followed by co-incubation for 2 h with 
0-20 µM 4HPR. ROS was measured using the DFCDA probe. Each figure represents the mean ± SD of 
three experiments.
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Measurement of cell viability:
SJNB10 cells were incubated with different concentrations 4HPR (0-40 µM) and/or 
Trolox (500 µM). After 24 h, the viability of the cells was measured using MTS assay 
(Promega, Madison, WI, USA) according to the manufacturer’s protocol. MTS incuba-
tion lasted for 4 h at 37° C. The experiments were performed in quadruplicate. 

Results  
ROS production using mitoSOX and the mitochondrial antioxidant MitoQ
Mitochondrial ROS production was measured using the mitoSOX probe, a ROS probe 
that specifically detects superoxide in mitochondria. A concentration dependent increase 
of mitochondrial ROS after 4 h 4HPR incubation was observed in all cell lines except 
FISK and SY5Y (Fig. 2A). MitoQ is a specific mitochondrial antioxidant that attaches 
to the mitochondrial membrane. To demonstrate that the ROS production induced by 
4HPR incubation is indeed generated mitochondrially cells were pre-incubated with 
MitoQ followed by co-incubation with 4HPR. 4HPR-induced ROS production, meas-
ured using the CM-H2DCFDA probe, was scavenged when cells were pre-incubated for 
2 h with 1 µM MitoQ (Fig. 2B). The degree of protection against ROS varied consid-
erably between the various cell lines. A moderate protective effect of MitoQ on ROS 
scavenging was observed in SJNB10 and SY5Y. However, increasing the concentration 
of MitoQ up to 8 µM resulted in a complete protection against 4HPR-induced ROS 
in SJNB10 cells and SY5Y cells (Fig. 3A). The protective effect of mitoQ in SY5Y cells 
was not observed when cells were incubated with mitoQ and 4HPR separately (Fig. 3B), 
indicating a low retention of mitoQ in SY5Y cells. The apparent inability of mitoSOX 
to detect superoxide in mitochondria in SY5Y cells might be caused by low accumula-
tion or retention of mitoSOX in mitochondria in SY5Y cells, as observed for mitoQ. 
Thus, our data suggest that ROS production induced by 4HPR is formed mitochondri-
ally in our panel of neuroblastoma cells.

ROS-production studied in Rho zero cells.
In Rho zero cells, cultured from osteosarcoma cells, the 4HPR-induced ROS produc-
tion was measured to investigate whether ROS production is due to a specific effect 
of 4HPR on the respiratory chain. After 4 h incubation with 5 µM 4HPR, hardly any 
ROS production was observed in Rho zero cells when compared to control osteo-
sarcoma cells (Fig. 4). In addition, 4HPR-induced ROS production, measured using 
the CM-H2DCFDA probe, was scavenged when the control osteosarcoma cells were 
pre-incubated for 2 h with 1 µM MitoQ followed by co-incubation with 10 µM 4HPR. 
Thus, a functional mitochondrial respiratory chain is required for 4HPR-induced 
ROS production.
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Figure 3. Scavenging of mitochondrial ROS by mitoQ. A. SJNB10 and SY5Y cells were incubated for 2 
h with MitoQ followed by co-incubation for 2 h with 20 µM 4HPR. Control, black bars; 4HPR, dark grey 
bars; 4HPR and MitoQ (4 µM), light grey bars, 4HPR and MitoQ (8 µM), white bars. B. SJNB10 and 
SY5Y cells were pre-incubated for 2 h with MitoQ followed by culturing in mitoQ-free medium for 1 h and 
subsequently incubation with 20 µM 4HPR for 2 h. Control, black bars; 4HPR, dark grey bars; 4HPR and 
MitoQ (4 µM), light grey bars, 4HPR and MitoQ (8 µM), white bars. Each bar represents the mean ± SD 
of three experiments.

Figure 4. ROS production in Rho zero cells (open square) and control cells (black diamond) measured 
after 4 h incubation with 0-20 µM 4HPR. ROS was measured using the DFCDA probe. The amount of 
ROS was expressed relative to that in untreated cells. Each figure represents the mean ± SD of three 
experiments.
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Inhibition of the mitochondrial respiratory chain complexes
To investigate which complexes of the mitochondrial respiratory chain are involved in 
4HPR-induced ROS production, we studied the effect of 4HPR on the electron flux 
through the respiratory chain in digitonin-permeabilized cells (Fig. 1).     
 
The effect on aspartate formation and ATP synthesis was measured using malate as a 
substrate for the mitochondrial respiratory chain in combination with glutamate. The 
effect of 4HPR on the formation of aspartate, which is the end-product of malate oxida-
tion when malate oxidation is studied in the presence of glutamate (Fig.1), and ATP 
synthesis was investigated. 4HPR inhibited aspartate production, in a similar concentra-
tion-dependent manner as observed for the ATP production in all six cell lines (Fig. 5A). 
In order to demonstrate that the inhibition of 4HPR was not restricted to complex 
I-mediated ATP synthesis, we subsequently determined the effect of 4HPR on ATP 
synthesis when the complex II substrate succinate was used as electron donor for 
the mitochondrial respiratory chain (Fig. 1). Rotenone was included in the reaction 
medium to inhibit the electron flow through complex I. In all cell lines a concentra-
tion-dependent decrease of ATP and malate synthesis was observed as a consequence 
of 4HPR incubation (Fig. 5B), although in FISK cells a less potent decrease of malate 
compared to that of ATP was observed. 
To investigate whether the decreased flux through the mitochondrial respiratory chain 
combined with the decreased ATP production was due to complex V (ATP synthase) 
inhibition by 4HPR, the cells were incubated with the uncoupling agent CCCP. ATP 
production followed by CCCP incubation was decreased to <20 % (Fig. 6). As expected, 
aspartate and malate production was not decreased when incubated with only CCCP.  
In the presence of CCCP, a decrease was still observed in malate and aspartate produc-
tion after 4HPR incubation (Fig. 6). Therefore, the decreased flux through the mito-
chondrial respiratory chain combined with the decreased ATP production was not due 
to complex V (ATP synthase) inhibition by 4HPR.
Surprisingly, the 4HPR-induced inhibition of the mitochondrial respiratory chain 
also occurred in FISK cells, which hardly produced any mitochondrial ROS following 
4HPR treatment. However, the 4HPR concentrations required for inhibition of the 
electron flux were much higher than the optimal 4HPR concentrations inducing mito-
chondrial ROS production, which were; 10-30 µM and 5-10 µM, respectively. These 
results demonstrate that 4HPR inhibited the electron flux through the mitochondrial 
respiratory chain between Co-enzyme Q and complex IV and that this inhibition was 
not required for the mitochondrial ROS production.
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Figure 5. The effect of 4HPR on ATP synthesis and aspartate formation (complex I) and ATP synthesis 
and malate formation (complex II) in digitonin-permeabilized neuroblastoma cells. All cell lines were 
treated with 0-30 µM 4HPR for 4 h. To measure the flux through complex I-V and II-V, malate (plus 
glutamate) and succinate (plus rotenone) were used as substrates, respectively, and the products   
A. Aspartate (black diamond) - ATP (open square) and B. Malate (black diamond) - ATP (open square) 
were measured. Each figure represents the mean ± SD of three experiments.
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ROS scavenging and the effects on the mitochondrial respiratory chain
Co-incubation with 4HPR and CCCP did not result in a decreased ROS production 
(data not shown). Thus, uncoupling the mitochondrial membrane did not prevent ROS 
production, which indicates that 4HPR-induced ROS production is not the result of 
inhibition of complex V of the mitochondrial respiratory chain. Trolox is an antioxi-
dant that scavenged the 4HPR-induced ROS in neuroblastoma.6 The decrease of the 
mitochondrial membrane potential induced by 4HPR could not be prevented by Trolox 
or MitoQ (data not shown).6 The activity of the mitochondrial respiratory chain in 
cells incubated with the combination of 4HPR and Trolox was investigated, and Trolox 
did not prevent the decrease of aspartate-ATP and malate-ATP (data not shown). In 
contrast, in cells incubated with low concentrations 4HPR (0-10 µM), the viability loss 

Figure 6. The effect of 4HPR on ATP and aspartate, and ATP and malate synthesis in digitonin-permea-
bilized SY5Y and SJNB10 cells incubated for 4 h with the uncoupling agent CCCP (5 µM for malate-ATP, 
15 µM for aspartate-ATP in SJNB10, 20 µM for aspartate-ATP in SY5Y) and 0-30 µM 4HPR. A. Aspartate 
(black triangle)-ATP (open square) and B. Malate (black triangle)-ATP (open square). Each figure repre-
sents the mean ± SD of three experiments.
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is attenuated by Trolox. However, when cells were incubated with higher 4HPR concen-
trations (20-40 µM), the loss of viability could not be fully prevented by Trolox (Fig. 7). 
These data suggest that the cytotoxicity of 4HPR is exerted through the generation of 
ROS at low concentrations of 4HPR, whereas inhibition of the mitochondrial respira-
tory chain might play a role at high concentrations of 4HPR. 

Specific inhibition of the mitochondrial respiratory chain complexes
To investigate the role of each complex in the 4HPR-induced ROS production, the 
neuroblastoma cells were incubated with specific inhibitors of complex I, II and III. 
Carboxin and TTFA, two inhibitors of complex II, were the only mitochondrial respira-
tory chain complex inhibitors that reduced the 4HPR-induced ROS production (Fig. 8). 
Rotenone and antimycin A, inhibitors of complex I and complex III (cytochrome 
reductase), respectively, did not reduce the ROS production (data not shown). A similar 
protective effect of the complex II inhibitor TTFA on 4HPR-induced ROS formation 
was observed in other neuroblastoma cell lines such as IMR32, SJNB10, NASS, SY5Y 
and FISK (as well as in the osteosarcoma control cells). This result is in line with the 
observation that mitochondrial ROS production and inhibition of the electron flux 
through the mitochondrial respiratory chain are two independent mechanisms of 4HPR.

Figure 7.  Effect of Trolox on loss of viability in 4HPR-treated cells. SJNB10 cells were incubated with 
0-40 µM 4HPR with (grey bars) or without (black bars) 500 µM Trolox for 24 h. Viability was measured 
using the MTS method and was depicted as percentage of control. Each figure represents the mean ± 
SD of four experiments.
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Figure 8. The effect of complex II inhibitors on ROS production in SJNB10 cells. Cells were incubated 
with (grey bars) or without (black bars) 10 µM 4HPR for 4 h. 
A. In combination with 0-2 µM TTFA. B. In combination with 0-2 mM Carboxin. After incubation, ROS 
production was measured using DCFDA probe. Percentage of ROS induction compared to control. Each 
figure represents the mean ± SD of three experiments.
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Discussion
In this paper, we have performed an in depth analysis of the role of mitochondria 
in 4HPR-induced ROS formation. Using the specific mitochondrial ROS-probe, 
MitoSOX, we showed that 4HPR-induced ROS is of mitochondrial origin in our panel 
of neuroblastoma cell lines. As MitoSOX detects primarily superoxide, our results are in 
apparent contrast with those of others who suggested that hydrogen peroxide is produced 
as a result of 4HPR incubation.14, 24 The pivotal role of mitochondria in 4HPR-induced 
ROS formation was further strengthened by the scavenging effect of MitoQ, a specific 
mitochondrial antioxidant. Furthermore, the fact that Rho zero osteosarcoma cells were 
unable to produce as much ROS as their control cells indicated that for ROS production 
to occur a functional mitochondrial respiratory chain is required. 
Our finding that ROS production is reduced by the complex II inhibitors Carboxin and 
TTFA suggests that complex II is the major source of 4HPR-induced ROS formation 
in neuroblastoma. It should be noted that the difference between the efficacy of the 
complex I and II inhibitors in ROS formation might be due to the fact that electrons 
channelled through complex II produce about four times more superoxide than those 
channelled through complex I.33, 34 Suzuki et al suggested that 4HPR activated ROS 
generation in mitochondria at the Co-enzyme Q site, complex III or both in cervical 
cancer.14 In leukemia cells 4HPR-induced ROS production has been suggested to occur 
between complex I and II.35 Our results demonstrate a major role for complex II in the 
generation of ROS.
Our results are in apparent contrast with those of Lovat et al, who stated that lipoxyge-
nase (12-LOX) was the mediator of 4HPR-induced ROS in SY5Y neuroblastoma cells 
and that the ROS inducing process did not take place in the mitochondria. Inhibitors 
of 12-LOX and phospholipase A2 blocked 4HPR-induced apoptosis.36, 37 However, in 
cervical cells inhibition of phospholipase A2 was unable to suppress 4HPR-induced ROS.14 
Analysis of the electron flux through the mitochondrial respiratory chain in situ, using 
digitonin-permeabilized neuroblastoma cells, showed a strong concentration-dependent 
decrease in ATP synthesis in mitochondria selectively respiring on either the complex 
I substrate malate (plus glutamate) or the complex II substrate succinate (plus rote-
none). Parallel measurement of either the complex I-mediated production of aspartate 
or the complex II-mediated production of malate showed a decrease in synthesis of 
both products. Combining 4HPR with the uncoupling agent CCCP demonstrated that 
the inhibiting effect did not take place in complex V, as the inhibition in aspartate and 
malate oxidation by 4HPR is not alleviated by CCCP. These data suggest that 4HPR 
inhibits the mitochondrial respiratory chain between Co-enzyme Q and complex IV 
(cytochrome oxidase). Previously, the effect of 4HPR-induced ROS generation on the 
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mitochondrial respiratory chain has been examined to some extend in cervical cancer 
cells and leukemia cells, and the main target site of 4HPR was located ‘downstream’ of 
mitochondrial respiratory chain complexes I and II and ‘upstream’ of complexes III and 
IV, possibly at the coenzyme Q site of the mitochondrial respiratory chain.14, 35

No scavenging effect of CCCP on 4HPR-induced ROS production was observed in our 
study. This is in contrast with the fact that CCCP inhibits ROS formation induced by 
4HPR in cervical cancer cells, which strongly supports the conclusion that 4HPR acts 
as a pro-oxidant via the mitochondrial respiratory chain.14 The uncoupling proton iono-
phore CCCP can ‘short-circuit’ the proton current so that both the proton gradient and 
membrane potential across the inner mitochondrial membrane collapse. Consequently, 
no phosphorylation of ADP can take place.38

Cytochrome c oxidase (Complex IV) subunit VI overexpression in glioblastoma cells led 
to decreased ROS production followed by decreased apoptosis by 4HPR. In addition, 
cytochrome c oxidase subunit III was down-regulated by 4HPR in hepatoma cells which 
was accompanied by ROS production and apoptotic cell death.39, 40 In this respect, it 
is worthwhile to note that the oxidation of cardiolipin by 4HPR has been suggested to 
occur, which would result in inhibition of complex IV of the mitochondrial respiratory 
chain.35 An association between mitochondrial cardiolipin peroxidation and cytochrome 
c release has been established,10, 41 which would be in line with the 4HPR-induced cyto-
chrome c release in cervical carcinoma cells, head and neck squamous carcinoma cells, 
leukemia cells and neuroblastoma cells.14, 16, 23, 35, 37 
Previously, it has been shown that in leukemia cells and cervical cancer cells, 4HPR 
decreased the mitochondrial membrane potential in an antioxidant-sensitive pathway, 
which indicated that 4HPR-induced ROS generation is required for mitochondrial 
membrane depolarization.14, 42 However, in neuroblastoma cells, depolarization of the 
mitochondrial membrane potential was not attenuated by Trolox or by MitoQ, nor was 
the inhibition of 4HPR on the mitochondrial respiratory chain scavenged by Trolox. 
This indicates that in neuroblastoma cells ROS is not the cause of the inhibition of 
the mitochondrial respiratory chain and the mitochondrial depolarization. This is in 
contrast with Asumendi et al who suggested ROS production to be the cause of mito-
chondrial alterations in leukemia.35 Our results indicated that low concentrations 4HPR 
(< 10 µM) induced ROS-production at complex II of the mitochondrial respiratory 
chain in most cell lines; this effect and the loss of viability is scavenged by Trolox. High 
concentrations 4HPR (> 20 µM) inhibited the mitochondrial respiratory chain, which 
is not scavenged by Trolox, nor is the loss of viability in cells treated with high concen-
trations 4HPR. In addition, the inhibition of the mitochondrial respiratory chain might 
result in the disappearance of the mitochondrial membrane potential.
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In HeLa cells, 4HPR does not induce mitochondrial membrane permeabilization 
through a direct action of 4HPR on mitochondria or on the mitochondrial permeability 
transition pore complex. Thus, in HeLa cells the ability of 4HPR to generate ROS, 
mitochondrial depolarization, and permeabilization must involve mediators generated 
outside of mitochondria, such as ceramide, lipoxygenase and ROS.23 
In this paper, we showed that 4HPR-induced ROS production in neuroblastoma cells 
mainly takes place in the mitochondria, more precisely, at complex II of the mitochon-
drial respiratory chain. At low concentrations of 4HPR, the cytotoxicity of 4HPR was 
exerted through the generation of mitochondrial ROS, whereas high concentrations of 
4HPR were associated with inhibition of the mitochondrial respiratory chain. 
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Abstract
Fenretinide induces apoptosis in various cancers, including neuroblastoma, and mito-
chondrially-formed ROS is part of the apoptosis-inducing mechanism. Cardiolipin 
(CL) is a typical phospholipid of the mitochondrial membrane and is prone to oxida-
tion. Therefore the effect of fenretinide on CL was investigated. However, no oxidation 
of CL was observed in neuroblastoma cell lines (NASS and SJNB10) incubated with 
fenretinide. Similar results were obtained after enrichment of CL with the highly unsat-
urated linoleic acid (18:2). Surprisingly, fenretinide increased the monolysocardiolipin 
(MLCL):CL-ratio which might reflect a disturbed mitochondrial homeostasis and the 
induction of apoptosis. 
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Introduction
Fenretinide (4HPR) is a reactive oxygen species (ROS)-inducing agent that, as a result, 
induces apoptosis in various cancers, including neuroblastoma.1;2 In neuroblastoma, fenreti-
nide inhibits the respiratory chain in the mitochondria, which results in ROS generation.3

The mitochondrial respiratory chain is the major site of intracellular ROS generation.4 
Oxidative stress can cause changes in phospholipids and membrane integrity, followed 
by apoptotic response.5;9 Cardiolipin (CL) is an unique phospholipid of the mitochon-
drial membrane and CL is involved in electron transport and adenosine triphosphate 
(ATP) synthesis, apoptotic signaling and mitochondrial protein import.10;12 CL is well 
known for its high content of unsaturated fatty acids and is therefore, a major target of 
oxidative modification.13;14 For example, linoleic acid (C18:2), one of the most common 
unsaturated fatty acids, is often part of the CL molecule7;15 and is therefore prone to 
oxidation. Oxidative modification could remodel the CL molecule by two major mech-
anisms. ROS could induce lipid peroxidation via free-radical mediated chain reactions. 
Alternatively, the fatty acid chains are targets of enzyme-mediated addition of oxygens 
via the action of lipoxygenases (LOX) or peroxidases. Oxidation of CL might be essen-
tial for the release of pro-apoptotic factors, including cytochrome c, membrane permea-
bilization and caspase-9 and caspase-3 activation.16;19 Thus, excessive ROS generated in 
mitochondria act as mediators of the apoptotic-signaling pathway.20;22 

Peroxidation of CL has been demonstrated after incubation of HL60 cells with H2O2 
and in heart of a mouse model after ischemia.16;23 Selective oxidation of CL was also 
found in the lungs of mice exposed to hyperoxia.24 The mass spectrometry (MS) analysis 
of CL oxidation products identified CL molecular species containing hydroperoxy-
linoleic acid (C18:2-OOH) along with palmitic C16:0, linoleic C18:2, and stearic 
C18:0 fatty acids.24 
The degradation of CL can generate monolysocardiolipin (MLCL) via the action of 
phospholipases and contribute to both the delocalization of cytochrome c and the subse-
quent attraction of pro-apoptotic peptides to the outer mitochondrial membrane.25

We hypothesized that fenretinide-induced mitochondrial ROS might trigger apoptosis 
via cardiolipin oxidation and remodelling. In this study, we describe an increase of 
MLCL as a result of fenretinide incubation in neuroblastoma together with a decrease of 
the total CL amount. No oxidation of CL was observed as a consequence of fenretinide 
incubation in neuroblastoma cells nor were any oxidized CL-products measured after 
incubation with fenretinide in linoleic acid enriched neuroblastoma cells. The increase 
of MLCL might reflect a disturbed mitochondrial homeostasis and contribute to both 
the delocalization of cytochrome c and induction of apoptosis.
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Materials and methods
Chemicals
Fenretinide (Sigma), was dissolved in 100 % ethanol, stored at 4° C and protected 
from light. Chemicals were purchased from Sigma (St Louis, MO, USA), unless stated 
otherwise.

Cell culture and incubation
Two neuroblastoma cell lines (NASS, SJNB10) and one leukemia cell line (HL60) were 
cultured in RPMI-1640 culture medium supplemented with 10 % heat inactivated fetal 
bovine serum, 50 U/ml penicillin/streptomycin, 4 mM glutamine (Gibco, Invitrogen, 
CA, USA) and 5 mg/l plasmocin (Invivogen, San Diego, USA). Cells were grown at 
37 °C, 5 % CO2 in 95 % humidified air, all culture flasks were obtained from Corning 
(Corning, NY, USA). All neuroblastoma cell lines were a generous gift of Prof. R. 
Versteeg (Dept. of Oncogenomics, Academic Medical Centre, Amsterdam). HL60 cells 
were obtained from ATCC (Manassas, Virginia, USA). All experiments were performed 
in triplicate unless stated otherwise.
NASS and SJNB10 cells were allowed to adhere overnight, after which the medium 
was replaced by medium containing different concentrations fenretinide (0-50 µM), 
depending on the cell line’s sensitivity for fenretinide1 or H2O2 (100 µM). After 4 h, the 
cells were harvested with trypsine and washed with PBS and the pellets were stored until 
use at -80 °C.  HL-60 cells were incubated with 100 µM H2O2 for 1 h 
 
Enrichment with linoleic acid
In order to increase the amount of unsaturated fatty acids in cellular CL, SJNB10 cells, 
were cultured for six passages with culture medium supplemented with 10 µM linoleic 
acid (18:2) (Acros Organics, New Jersey, USA). After six passages, the cells were incu-
bated with 10 µM fenretinide for 4h and harvested, as described above. 

In vitro incubation with H2O2
Cardiolipin was oxidized in vitro using a combination of H2O2 and cytochrome c, as 
described before.16 Briefly, 2 nmol of bovine heart cardiolipin was incubated with 100 
µM H2O2 and 10 µM cytochrome c in a 10 mM Tris-HCl buffer at pH7.4. After 1h 
incubation at 37 ºC, the reaction was stopped by the addition of chloroform:methanol 
1:1 (v/v), followed by cardiolipin extraction and measurement, as described in detail below.

Cardiolipin extraction
Neuroblastoma cells were resuspended in PBS and sonicated for 20 s. Protein concen-
tration was determined as described before, using the BCA assay (Thermo Scientific).26  
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Protein (1 mg) was transferred to a glass tube in order to perform a single-phase extrac-
tion. 3 ml of chloroform:methanol 1:1 (v/v) was added to the cells. After addition of the 
internal standard (0.4 nmol of CL(14:0) dissolved in 50 µl chloroform) the mixture was 
shaken vigorously for 2 min and placed on ice for 15 min, followed by centrifugation 
at 1000 x g. The supernatant was transferred to another tube, and the protein pellet was 
extracted another time with 3 ml of chloroform:methanol 2:1 (v/v). The organic layers 
were combined  and evaporated under a stream of nitrogen at 45 oC. The residue was 
dissolved in 150 µl of chloroform:methanol:water 50:45:5 (v/v/v) containing 0.01% 
NH4OH. Subsequently, 10 µl of the dissolved residue was injected into the High-
performance Liquid Chromatography (HPLC)-MS system.27

HPLC - Mass spectrometry of cardiolipin
The HPLC system consisted of a Surveyor quaternary gradient pump, a vacuum degasser, a 
column temperature controller, and an autosampler (Thermo Electron, Waltham, MA, 
USA). The column temperature was maintained at 25 °C. The lipid extract was injected 
onto a LiChrospher 2 250-mm silica-60 column, 5 µm particle diameter (Merck, 
Darmstadt, Germany). The phospholipids were separated from interfering compounds 
by a linear gradient between solution B (chloroform/methanol, 97:3, v/v) and solution 
A (methanol/water, 85:15, v/v). Solutions A and B contained 1 and 0.1 ml of 25% 
(v/v) aqueous ammonia per liter of eluent, respectively. The gradient (0.3 ml/min) was 
as follows: 0–10 min, 20% A–100% A; 10–12 min, 100% A; 12–12.1 min, 100% 
A–0% A; and 12.1–17 min, equilibration with 0% A. All gradient steps were linear, and 
the total analysis time, including the equilibration, was 17 min. A splitter between the 
HPLC column and the mass spectrometer was used, and 75 µl/min eluent was intro-
duced into the mass spectrometer. A TSQ Quantum AM (Thermo Electron) was used in 
the negative electrospray ionization mode. Nitrogen was used as the nebulizing gas. The 
source collision-induced dissociation collision energy was set at 10 V. The spray voltage 
used was 3600 V, and the capillary temperature was 300 °C. Mass spectra of CL and 
MLCL molecular species were obtained by continuous scanning from m/z 380 to m/z 
1100 with a scan time of 2 s.27

Data analysis
Quantification of CL and MLCL levels was performed using Xcalibur MS quantifica-
tion software. For quantification of CL and MLCL levels, the area under the curve of the 
HPLC profile corresponding to the complete mass spectra of CL (m/z 699–742) and 
MLCL (m/z 565–610) species was integrated, as was that of the internal standard (m/z 
619–622). The MLCL:CL-ratio was calculated  from these results, this ratio is based on 
the complete spectrum of MLCL and CL. 
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Statistics
Differences in MLCL:CL-ratio between two groups were analyzed with the independent 
samples t-test (IBM SPSS Statistics 20).

Results
In an in vitro model we incubated CL(18:2)4 for 1 h with 100 µM H2O2, and observed 
a mixture of oxidized products. Non-oxidized CL(18:2)4 with m/z of 723,5 m/z was 
found, together with peroxidation products of linoleic acid with the following m/z: 
731,5, 740, 748,5, 757 and 765 (Fig. 1). To evaluate in vivo peroxidation of CL, SJNB10 
and NASS cells were treated with fenretinide. SJNB10 cells are known to generate large 
amounts of ROS after fenretinide incubation whereas NASS cells hardly produce any 
ROS after fenretinide incubation.1 Cells were incubated with fenretinide, after which 
CL was extracted and the mass spectrum of CL molecules was measured. No oxidized 
CL-products were observed after fenretinide incubation (Fig. 2A), nor after increasing 
the concentrations of fenretinide. Surprisingly, increasing the fenretinide concentra-
tions resulted in an increase of the MLCL/CL ratio in NASS (p-value 0.043) cells but 
not in SJNB10 (p-value 0.308) as compared to untreated cells (Fig. 2B). In SJNB10 cells, 
the MLCL/CL ratio increased with 23% in cells treated with fenretinide compared to 
untreated cells, which was due to a decrease in CL concentration and a minimal increase 
in MLCL. However, in NASS a profound increase of 416%, of the MLCL/CL ratio was 

Figure 1. In vitro CL oxidation. In an in vitro model, CL(18:2) was incubated with 100 µM H2O2 and 10 µM 
cytochrome c for 1 h (panel B) or without H2O2 (panel A). Oxidized products of CL with higher m/z were 
present. CL, unoxidized native linoleic acid, i.s = internal standard.
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observed, which was a combination of an increase of MLCL in addition to a decrease 
of CL. The decrease of the total amount of CL that was observed in both cell lines, as a 
result of fenretinide incubation, was not significant (data not shown). 
SJNB10 cells and HL60 cells were incubated with H2O2 (100 µM) for 1 h, after which CL 
was extracted and the CL spectrum was studied. No oxidized CL products were identi-
fied (data not shown). To increase the susceptibility of CL to oxidation, the amount 
of unsaturated fatty acids in CL was increased by culturing the cells in the presence of 

Figure 2a. MLCL formation. No oxidized products were observed in NASS and SJNB10 cells after incuba-
tion with 20 and 10 μM fenretinide respectively for 4 h. Indicated by the same CL profiles in control versus 
fenretinide-treated cells. 
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linoleic acid (18:2). After 6 passages of cell culturing in the presence of 18:2, incor-
poration of 18:2 was observed by a general increase of m/z of the total CL-spectrum, 
indicated by the arrow in Fig. 3. However, this enrichment with unsaturated fatty acid 
chains did not result in peroxidation of CL after incubation with fenretinide (Fig. 3).  

Discussion
Cardiolipin (CL) is a specific mitochondrial phospholipid and as such, able to bind 
cytochrome c, which is a pro-apoptotic factor. Previously, it has been shown that cyto-
chrome c, bound to CL liposomes, was released after peroxidation of CL by ROS.18 
This liberation of cytochrome c was followed by the release of proapoptotic factors.16;28 
Due to its double bonds and its existence in the mitochondrial membrane cardiolipin 
is prone to oxidation.28;29 As fenretinide is known to induce mitochondrial ROS and 
inhibit the mitochondrial respiratory chain followed by apoptosis, we hypothesized that 
alterations in the cardiolipin structure might be a result of fenretinide treatment in 
neuroblastoma.3

Kim and Kagan reported that CL-oxidation occurred, in pure CL and in CL extracted 
from HL60 cells respectively, after incubation with ROS-inducing agents.16;30 Asumendi et al., 
reported CL-peroxidation in leukemia after fenretinide incubation, using the 10-n-nonyl-
acridin-orange assay.31;32 In this study, we showed that treatment of neuroblastoma and 
leukemia cells with the mitochondrial ROS-inducing agent fenretinide or H2O2 did 
not result in detectable levels of oxidation of CL.Enrichment of cardiolipin with poly-

Figure 2b. MLCL formation. Neuroblastoma cells (NASS en SJNB10) were incubated with 20 µM 
(SJNB10) and 50 µM (NASS) fenretinide for 4 h after which the CL spectrum was identified using HPLC-
MS. Total amounts of CL and MLCL and the MLCL:CL-ratio were calculated. In this figure we present the 
calculations of the MLCL:CL-ratio compared with untreated controls. (* p-value < 0,05).
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Figure 3. Linoleic acid enrichment. Neuroblas-
toma cells (SJNB10) were enriched with linoleic 
acid (18:2) and treated with 10 µM fenretinide for 
4 h (18:2 + 4HPR). The arrow indicates the shift 
of the CL profile as a result of 18:2 incubation. No 
oxidized cardiolipin was observed, as a result of 
fenretinide treatment.
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unsaturated fatty acid acyl chains may lead to increased peroxidation.33;34 Although the 
enrichment of the neuroblastoma cells with the polyunsaturated fatty acid acyl chain, 
linoleic acid (18:2), was successful, this enrichment did not lead to any detectable levels 
of CL-oxidation. Our results are in apparent contrast with those reported by others 
since no CL-OOH (CL-hydroperoxide) was identified in our neuroblastoma cells and 
leukemia cell line following H2O2 treatment.13;16;23;31 Even though no oxidized CL prod-
ucts were identified after incubation with fenretinide or H2O2 in cells, CL oxidation 
was observed in vitro in CL(18:2)4 incubated with H2O2. Phospholipid hydroperoxide 
glutathione peroxidase (PH-GPx) is one of the antioxidant enzymes of the mitochondria 
that protects cells from lipid peroxidation; it metabolizes phospholipids hydroperoxides 
in membranes utilizing glutathione (GSH) as reducing agent.35 Although, GPx levels 
were not upregulated as a result of fenretinide incubation in neuroblastoma cells,36 it has 
been established that overexpression of PH-GPx in general suppressed the generation 
of CL-OOH and the release of cytochrome c from mitochondrial inner membrane.18 
Surprisingly, MLCL (monolyso-CL) was observed in the CL-spectrum of NASS cells 
after incubation with high concentrations fenretinide. The increase of MLCL might 
indicate that mitochondrial homeostasis has been disturbed. MLCL may appear when 
the capacity to repair CL via enzymatic remodeling has been exceeded.25 This phenom-
enon has only been observed in NASS treated with high concentrations of fenretinide 
and the amount of ROS production after fenretinide incubation in this cell line is low 
compared to other cell lines (i.e SJNB10). Strengthened by the fact that no CL-OOH 
formation was observed, this indicates that MLCL formation is a non-oxidative effect. 
The exact mechanism underlying this MLCL formation remains to be elucidated. In 
addition, a slight decrease of the total levels of CL after fenretinide incubation was 
observed, which might be the result of apoptosis and/or may reflect the degradation of 
CL to MLCL.8;37 Formation of MLCL leads to permeabilization of the outer membrane 
which might result in the release of pro-apoptotic factors38 such as cytochrome c.25;39;40 
From our data, we conclude that fenretinide treatment did not result in the produc-
tion of CL-OOH in neuroblastoma. In one out of two cell lines, formation of MLCL 
was observed which might indicate destruction of the mitochondrial membrane. The 
underlying mechanism of this action was not the result of oxidative stress and has to be 
further elucidated.
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Abstract
To enhance the efficacy of fenretinide-induced reactive oxygen species (ROS) in neuro-
blastoma, Fenretinide (N-(4-hydroxyphenyl) retinamide; 4HPR)  was combined with 
buthionine sulfoximine (BSO), an inhibitor of glutathione (GSH) synthesis, in neuro-
blastoma cell lines and spheroids, the latter being a three-dimensional tumor model. 
4HPR exposure (2.5-10 µM, 24 h) resulted in ROS induction (114% - 633%) and 
increased GSH levels (68%-120%). A GSH-depletion of 80% of basal levels was 
observed in the presence of BSO (25-100 µM, 24 h). The 4HPR-BSO-combination 
resulted in slightly increased ROS levels (1.1- to 1.3-fold) accompanied by an increase 
in cytotoxicity (110%-150 %) compared to 4HPR treatment alone. A correlation was 
observed between ROS-inducing capacities of each cell line and the increase in cytotox-
icity induced by 4HPR-BSO compared to 4HPR. No significant correlation between 
baseline antioxidant levels and sensitivity for 4HPR or BSO was observed. In spheroids, 
4HPR-BSO induced a strong synergistic growth retardation and induction of apoptosis. 
Our data show that BSO increased the cytotoxic effects of 4HPR in neuroblastoma 
monolayers and spheroids in ROS producing cell lines. This indicates that the 4HPR-
BSO combination might be a promising new strategy in treatment of neuroblastoma. 
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Introduction
Patients suffering from stage 4 neuroblastoma have a poor prognosis, and therefore, new 
therapeutic options are needed. Fenretinide (N-(4-hydroxyphenyl) retinamide; 4HPR) 
induces apoptosis in various cancers, including neuroblastoma.1, 2 The precise mechanism 
underlying the apoptosis-inducing properties of 4HPR is not yet fully understood. It has 
been suggested that 4HPR induces apoptosis by both retinoic acid receptor-dependent 
and reactive oxygen species (ROS)-dependent pathways.3-8 We have previously shown 
that Trolox, a radical scavenger, protected 4HPR-treated neuroblastoma cells from ROS 
and from loss of viability. This indicated that ROS-production, induced by low doses of 
4HPR, might be involved in the occurrence of apoptosis in neuroblastoma.9 
Glutathione (GSH) was first described by Hopkins as an important cellular reducing 
agent.10 In addition to protecting the cell against free radicals, GSH is also involved in 
detoxification of alkylating agents, storage and transport of cysteine, cell proliferation 
and regulation of apoptosis, signal transduction, gene expression and interaction with 
nitric oxide.11-16 

The rate-limiting step in the de novo synthesis of GSH is the formation of 
γ-glutamylcysteine from glutamate and cysteine performed by γ-glutamylcysteine 
synthetase (γ-GCS). Buthionine Sulfoximine (BSO) is a strong γ-GCS inhibitor both 
in vivo and in vitro.10, 17, 18 Conflicting data exists as to whether BSO-induced cytotox-
icity in neuroblastoma cells is associated with ROS production. In some studies the 
cytotoxic effects of BSO were attenuated by antioxidants, whereas in other studies, the 
cytotoxicity of BSO was concentration and cell-line dependent.17-19 A phase I trial with 
BSO, performed in patients with various tumors, showed minimal toxicity. A significant 
decrease of GSH, measured in peripheral mononuclear cells, to approximately 30% 
to 40% of control was achieved in patients receiving BSO. Clinical achievable plasma 
levels for BSO up to 465 µM (± 189) have been reported.20, 21

Because both 4HPR and BSO are agents with minimal systemic toxicity, the combi-
nation of 4HPR and BSO might be beneficial in neuroblastoma.21, 22 To increase the 
efficacy of 4HPR we investigated the effect of the combination of 4HPR and BSO on 
GSH levels, antioxidant enzyme levels, ROS production, and viability in neuroblastoma 
monolayers and multicellular tumor spheroids.

Methods
Chemicals:
4HPR (Sigma, St Louis, MO, USA), was dissolved in 100% ethanol, stored at 4° C and 
protected from light. L-BSO (Sigma) was dissolved in H2O at a 0.1 M stock concentra-
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tion and stored at 4° C. Serial dilutions were prepared from the stock solutions with 
growth medium just before use. Glutathione reductase and NADPH were obtained 
from Roche (Mannheim, Germany). All other chemicals were purchased from Sigma 
(St Louis, MO, USA).

Cell culture
Three MYCN-single-copy neuroblastoma cell lines (FISK, NASS, SY5Y) and three 
MYCN-amplified neuroblastoma cell lines (IMR32, SJ8, SJNB10) were cultured in 
RPMI 1640 culture medium supplemented with 10% heat-inactivated fetal bovine 
serum, 50 U/ml penicillin/streptomycin, 4 mM glutamine (Gibco, Invitrogen, CA, 
USA) and 5 mg/l plasmocin (Invivogen, San Diego, USA). Cells were grown at 37 
°C, 5% CO2 in 95% humidified air, culture flasks and plates were obtained from 
Corning (Corning, NY, USA). All cell lines were a generous gift of Professor R. Versteeg 
(Department of Human Genetics, Academic Medical Centre, Amsterdam, The Nether-
lands). Spheroids were prepared from IMR32 cells and spheroid growth was analyzed 
as described before.9 The spheroids were treated with 1 µM 4HPR and/or 12.5 µM 
BSO for 2 weeks, without changing the culture medium. Spheroids for immunohisto-
chemical analysis were cultured without drugs for 1 week, after which incubation with 
10 µM 4HPR and/or 200 µM BSO was started. All experiments were performed in 
quadruplicate unless stated otherwise.

Measurement of cell viability and apoptosis
Cells were plated (30 *103 /ml) in 100 µl in 96-well plates and allowed to adhere over-
night, after which the medium was replaced by medium containing different concentra-
tions 4HPR (0-50 µM) or BSO (0-1000 µM). After 24, 48 and 72 h the viability of the 
cells was measured using an MTS assay (Promega, Madison, WI, USA) according to the 
manufacturer’s protocol. MTS incubation lasted for 4 h at 37° C. The dose-absorption 
curves were used to calculate the IC50-values. 

Cells (125x103/ml) were plated in 4 ml in 25-cm2 flasks and allowed to adhere over-
night. Subsequently, the cells were preincubated with BSO (12.5 or 25 µM) for 24 h, 
followed by co-incubation with 4HPR (0-10 µM) and BSO. After 48 h 4HPR-BSO 
co-incubation, the cells were harvested and the total amount of cells was counted 
using a cell counter (Coulter Counter; Beckman Coulter, Fullerton, CA, USA). The 
percentage of viable cells was determined using the trypan blue assay. A cell suspension 
was resuspended 1:1 with 0.4% trypan blue and incubated for 1 min. The viable cells 
were counted with the microscope using a Bürker-Türk counting chamber. The amount 
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of viable cells was calculated from the total amount of cells and the percentage of trypan 
blue-negative cells. Incubation times and concentrations for the combination experi-
ments were chosen according to the knowledge that BSO and 4HPR induced time- and 
dose-dependent cytotoxicity in our cell lines (Table1).
Apoptosis was measured using the Caspase Glo assay (Promega). Cells were plated in 
96-well plates as described above. After incubation for 24 h, with BSO (0-50 µM) and/
or 4HPR (0-20 µM), the cells were incubated for 30 min with 100 ul Caspase Glo 
reagent per well, prepared according to the manufacturer’s protocol. Luminescence was 
measured using a plate reader (Fluostar optima, BMG).

Measurement of GSH
Total GSH levels (reduced and oxidized) were measured according to the enzymatic 
method described by Neumann et al. and Tietze,23, 24 which relies on the fact that GSH 
can cleave DTNB to the yellow-colored TNB (412 nm). By addition of glutathione 
reductase to the reaction mix the oxidized GSSG is reduced to GSH and the total 
amount of GSH is measured. Cells were cultured and allowed to adhere and grow for 
48 h before harvesting or incubation. To measure the effect of BSO on the GSH levels, 
cells were incubated with BSO (0-200 µM) for 24 h. To study the effect of 4HPR-BSO-

Table 1. IC50 values for 4HPR and BSO, baseline ROS production and baseline antioxidant levels in six 
neuroblastoma cell lines. *MYCN amplified cell lines, ** IC50 values of 4HPR were obtained from Cuperus 
et al [9] *** Arbitrary units
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combination on GSH levels, IMR32, NASS and SJNB10 were incubated 3, 6 or 24 h 
with 4HPR (0-20 µM) and/or BSO (0-100µM) after which cells were harvested with 
trypsine and lysed in 0.1% triton-X-100 for 10 min at room temperature. The homoge-
nates were centrifuged 10,000g, 2 min at 4 °C, and the supernatant was frozen in liquid 
nitrogen and stored at -80 °C until use. The reaction mix contained 0.06 mM DTNB, 
0.2 mM NADPH and 5 mM EDTA in a 100 mM sodium phosphate buffer, pH 7.4 
and an aliquot of supernatant. The reaction was started by the addition of a 0.1 mg/ml 
glutathione reductase solution in 100 mM sodium phosphate buffer, pH 7.4. TNB 
formation was measured spectrophotometrically at 412 nm using a COBAS FARA 
centrifugal analyzer (Roche, Mannheim, Germany). All experiments were performed 
in triplicate.

Measurement of antioxidants; catalase, glutathione peroxidase (GPx),  
superoxide dismutase (SOD)
For measurement of baseline antioxidant levels, cells of each cell line were cultured in 
triplicate in 75-cm2 flasks and harvested after 48 h, and the cell pellets were frozen in 
liquid nitrogen and stored at -80°C. For measurement of the effect of BSO and 4HPR on 
antioxidant levels, SJNB10 cells were cultured in 162-cm2 flasks and allowed to adhere 
overnight after which they were preincubated with BSO (25 µM) for 24 h followed by 
co-incubation with 4HPR (0-5 µM) and BSO for 48 h. Cells were harvested and the 
cell pellets were frozen in liquid nitrogen and stored at -80°C. Catalase activity was 
measured spectrophotometrically, following the decomposition of H2O2 at 240 nm in a 
0.1 M potassium phosphate buffer, pH 7.0, at 37° C.25 GPx activity and SOD activity 
were measured using commercial assay kits (Calbiochem, CA, USA and Fluka, Buchs, 
Switzerland, respectively) according to the manufacturer’s protocol. 

Measurement of Reactive Oxygen Species (ROS)
Cells were cultured and allowed to adhere overnight. Subsequently, cells were prein-
cubated with BSO (50 µM) for 24 h followed by co-incubation with 4HPR (0-10 µM) 
for 4 h. Previously, we showed that ROS-induction is an early phenomenon after 
4HPR administration occurring 1-6 hours after incubation.9 ROS was detected using 
the ROS responsive dye CM-H2DCFDA (Invitrogen, Molecular Probes) as described 
before.9 Protein determination was performed using bicinchoninic acid (BCA) reagents 
according to the manufacturer’s protocol, using Bovine Serum Albumin as a standard 
(Thermo Scientific, Rockford, IL, USA).
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Immunohistochemistry 
Spheroids were grown, and incubation with 4HPR (10 µM) and/or BSO (200 µM) for 
2 weeks was started. Immunohistochemistry was performed as described before.9 Apop-
tosis was detected using anti-cleaved caspase 3 1:100 (Bioke, Leiden, The Netherlands), 
and proliferation was detected using anti-Ki-67 1:200 (Dako, CA, USA), both incubated 
at room temperature for 1 h. Sections were examined using a Zeiss microscope and 
photographed using a Leica camera. The assessment of the sections was performed qualitative. 

Statistics
Differences in cytotoxicity between two groups were analyzed with the two-sample t test 
(SPSS 16.0). Correlation between ROS production and sensitivity for the different drugs 
was studied by linear regression and determination of Pearson correlation coefficient. 

Results
Evaluation of antioxidant baseline levels and sensitivity to 4HPR and BSO
In six cell lines the IC50 values for 4HPR and BSO were determined in addition to base-
line ROS production, baseline levels of GSH, and the activity of antioxidant enzymes 
catalase, GPx and SOD (Table1). No clear correlation was observed between sensitivity 
for 4HPR or BSO and the baseline levels of ROS production. Furthermore, the endog-
enous levels of GSH and the baseline levels of the various antioxidant enzymes did 
not correlate with the sensitivity for 4HPR or BSO (table 1). Nevertheless, the levels 

Figure 1. The effect of BSO on GSH levels. IMR32 cells were incubated for 24 h with a BSO concen-
tration range of 0-100 µM. After incubation, GSH concentration was measured (control: 36.0 nmol/mg 
protein). Error bars represent standard deviation. The inset shows the decrease in GSH in the lower BSO 
concentration range. The decline of GSH in the IMR32 cell line is representative of the other cell lines of 
our panel. The GSH levels are depicted as percentage of the control.
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of GSH, catalase and GPX were high in NASS cells, which are relatively insensitive to 
4HPR, compared to other cell lines. 

Effects of BSO and 4HPR on cellular GSH levels
After 24 h incubation with 12.5 µM BSO a decrease of at least 75% in GSH levels was 
observed in all six cell lines. Increasing BSO concentration up to 100 µM resulted in 
a reduction of at least 82% of GSH levels in all cell lines tested (Fig. 1). In addition, 
a time-dependent decrease in GSH levels was observed in three cell lines tested when 
incubated with BSO only. Treatment with 4HPR for 24 h resulted in an increase of 120 
and 68% in GSH compared to untreated cells in IMR32 and SJNB10, respectively. In 
contrast, GSH levels dropped to 86% in NASS after incubation with 4HPR for 24h. 
In IMR32 and SJNB10, the addition of BSO to 4HPR annulled the effect of 4HPR, 
and the GSH levels observed after 4HPR-BSO incubation were comparable to the GSH 
levels of the cells treated with BSO alone (Fig. 2). 

The effect of 4HPR and BSO on ROS production
4HPR induced the production of ROS (14-533%) in a dose-dependent manner in all cell 
lines. However, the 4HPR-induced ROS production was minimal in FISK and NASS 
(Fig. 3). BSO induced a significant increase in ROS production in NASS, SJ8, SJNB10 

Figure 2. Time-dependent effect of 4HPR and BSO on GSH levels. GSH levels were measured in three 
cell lines treated for 24 h with control medium (black), BSO (dark grey), 4HPR (light grey), 4HPR-BSO 
combination (white). Concentrations: IMR32: 2.5 µM 4HPR, 25 µM BSO; NASS: 20 µM 4HPR, 100 µM 
BSO; SJNB10: 5 µM 4HPR, 50 µM BSO. The GSH levels were depicted as percentage of the control. * 
p < 0.05. **p ≤ 0.001.
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and SY5Y (17-160%) but not in FISK and IMR32. Incubation with the 4HPR-BSO 
combination increased the ROS production significantly in SJ8 and SJNB10 (31-62%) 
compared to 4HPR incubation alone, depending on the concentration of 4HPR. In 
NASS a marginally increased ROS production (30%, p=0.03) was observed and in 
FISK, IMR32 and SY5Y no significant increase in ROS was observed after incubation 
with the 4HPR-BSO combination compared to incubation with 4HPR alone (Fig. 3). 

Figure 3. The effect of 4HPR and BSO on ROS production. ROS production was measured using the 
ROS-responsive dye CM-H2DCFDA. Cells were preincubated  with BSO (50 µM) for 24 h followed by a 
4-h co-incubation with a range of concentrations of 4HPR (0-10 µM). Black bars represent ROS produc-
tion with 4HPR without BSO, grey bars represent ROS production with 4HPR and BSO. The ROS produc-
tion was depicted as percentage of the control. * p< 0.05.
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In cell lines with a high production of ROS, as a result of 4HPR incubation, GSH was 
strongly upregulated (IMR32, SJNB10). When 4HPR-induced ROS production was 
low, no increase of GSH was observed (NASS; Fig. 2). 

Viability and apoptosis after incubation with 4HPR and BSO
To reduce GSH levels, all cell lines were pre-incubated with BSO for 24 h, followed 
by co-incubation for 48 h with 4HPR and BSO. 4HPR reduced the number of viable 
cells in all cell lines. BSO as a single drug significantly reduced the number of viable 
cells only in IMR32 (22% reduction, p=0.015). However, in four out of six cell lines 

Figure 4. The effect of 4HPR and BSO on viability. Cells were counted and the percentage of viable cells 
was measured using the trypan blue exclusion assay. Cells were preincubated 24 h with BSO (FISK, 
NASS, SJ8 and SJNB10: 25 µM, IMR32 and SY5Y: 12.5 µM) followed by a 48 h co-incubation with a 
range of concentrations of 4HPR (0-10 µM, depending on the sensitivity to 4HPR of each cell line). Black 
bars represent the amount of viable cells with 4HPR without BSO, grey bars represent the amount of 
viable cells with 4HPR and BSO. * p< 0.05.

Cuperus proefschrift Garamond.indd   104 21-8-2014   16:01:11



105

Promising effects of fenretinide and BSO in neuroblastoma

5

a significant decrease in number of viable cells was observed after treatment with the 
4HPR-BSO combination, compared to that observed for 4HPR alone (Fig. 4). In the 
two cell lines (FISK and NASS), which show minimal 4HPR-induced ROS production, 
no additional effect of BSO was observed on the viability of the cells. 
Previously, we showed that 4HPR induced concentration- and time-dependent apop-
tosis in neuroblastoma cell lines.9 BSO, as a single drug, induced apoptosis in IMR32 
and SJNB10 cells (55%, p=0.002, and 85%, p=0.012, respectively) and no signifi-
cant apoptosis in NASS cells. In contrast, an increase in apoptosis of 90, 46 and 24% 
(p=0.007, 0.002, and 0.032, respectively) was observed when BSO was combined with 
4HPR in IMR32, SJNB10 and NASS cells, respectively, compared with incubation 
with 4HPR alone.

Activity of catalase, GPx and SOD after 4HPR-BSO-combination
The activity of various antioxidant enzymes was measured in SJNB10 after incubation 
with the 4HPR-BSO combination to investigate whether their activity was increased 
because of the ROS induction. Neither GPx nor SOD activity was increased after 
4HPR and/or BSO incubation. Catalase activity was increased (1.5-fold, p=0.003) after 
4HPR-BSO incubation compared to untreated, whereas 4HPR incubation alone was 
followed by a lower increase in catalase activity (1.3-fold, p=0.000; data not shown). 
However, this increase was apparently not sufficient to protect the cells against the cell 
death induced by the 4HPR-BSO-combination (Fig. 4).

Synergistic growth retardation in IMR32 spheroids after incubation with 
4HPR and BSO
The beneficial effects of the BSO-4HPR combination in monolayers prompted us to 
investigate the efficacy of this combination in IMR32 spheroids (Fig. 5). After sphe-
roids were incubated 2 weeks with both 4HPR (1 µM) and BSO (12.5 µM), a decrease 
of cross-sectional area of about 20% was observed compared to the untreated control 
spheroids. Surprisingly, in spheroids treated with the combination of the two agents a 
decrease of 90% of the cross-sectional area was observed compared to untreated 
spheroids (Fig. 5).

Combined treatment with 4HPR and BSO decreased proliferation and 
increased apoptosis in IMR32 spheroids
Histological sections of IMR32 spheroids treated with 4HPR, BSO or the 4HPR-BSO 
combination were stained with a proliferation marker, anti-Ki67, and an apoptosis 
marker, anti-cleaved caspase-3 (Fig. 6). In untreated control spheroids a classical organ-
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ized pattern of an outer proliferative rim and an inner apoptotic and necrotic core was 
observed; fussy cells with disrupted membranes represent either apoptosis or necrosis. 
Apoptotic cells were represented by both fragmentation of the nuclei and staining with 
the apoptosis marker. Morphological assessment of the spheroids showed little effect 
of BSO; the cell structure of the rim is looser than that of the untreated control. In 
contrast, in 4HPR-treated spheroids the organized cell structure disappeared and the 
cell-cell pattern was looser than the rim of the control spheroids. Spheroids treated 
with the 4HPR-BSO combination showed a similar structure compared to the 4HPR-
treated spheroids. However, at the cellular level an enormous change in morphology was 
observed; in a substantial amount of cells no nucleus was observed, indicating that these 
were apoptotic or necrotic cells.  

Figure 5. The effects of 4HPR and BSO on spheroid growth. IMR32 spheroids were treated with 4HPR  
(1 µM) and/or BSO (12.5 µM) and photographed weekly to monitor the increase of the cross-sectional 
area. A) The calculated cross-sectional area of spheroids treated with 4HPR and/or BSO for 2 weeks, 
depicted as percentage compared to the untreated control. Each bar represents the mean area ± SD of 
four experiments. B) IMR32 spheroids treated with 4HPR and/or BSO.  *p< 0.05. **p ≤ 0.001.
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Figure 6. The effects of 4HPR and BSO 
on proliferation and apoptosis in sphe-
roids. Immunohistochemical stained 
sections of spheroids treated with 
control medium, 4HPR (10 µM), BSO 
(200 µM) or the 4HPR-BSO combina-
tion for 2 weeks are shown. An apop-
tosis maker, anti-caspase-3 (brown 
nuclei, left), and a proliferation marker, 
anti-Ki67 (brown nuclei, right) were 
used to stain the cells. Assessment of 
the sections was performed on two 
different magnifications, 10x and 20x. 
For color fig see page 161.
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Discussion
4HPR is known to induce oxidative stress, which induces apoptosis in neuroblastoma 
cells.2, 9, 26-28 Therefore, the cellular redox state, reflecting the intracellular antioxidant 
defence against free radicals, might be a key factor in protecting the cells from 
ROS-induced cytotoxicity. To test this hypothesis, on the one hand, we induced ROS 
by incubation cells with 4HPR and, on the other hand, we reduced the capacity to 
scavenge these ROS by reducing the GSH levels with BSO, in a panel of neuroblastoma 
cell lines. In line with our hypothesis is the observation that GSH levels increased in cell 
lines that showed profound 4HPR-induced ROS production, whereas in cell lines that 
did not produce ROS after 4HPR incubation, no upregulation of GSH was detected. 
This suggests that GSH is an important component of the cellular defence mechanism 
against 4HPR-induced cytotoxicity in neuroblastoma. With respect to other tumors, in 
Ewing sarcoma a decreased level of GSH as a result of 4HPR incubation was observed 
depending on the cell line; in cell lines with no ROS induction, no change in GSH levels 
as a result of 4HPR incubation was observed.29 In leukemia cells, a decrease of GSH was 
observed after 4HPR incubation, whereas increased levels were observed after retinoic 
acid incubation. This indicates that modulatory effects of retinoic acids on intracellular 
antioxidant levels seem to be cell-type specific.30 
Previously, a correlation between high GSH levels and low sensitivity for ROS was 
observed in neuroblastoma,31, 32 whereas a relation between high GSH baseline levels 
and low sensitivity for 4HPR has only been observed in leukemia cells.30, 33 In our study, 
no correlation between baseline levels of GSH and other antioxidants and sensitivity for 
4HPR was observed. Nevertheless, in NASS cells, GSH, catalase, GPX and SOD levels 
are high compared to other cell lines. This phenomenon might underlie the lack of ROS 
induction in NASS after 4HPR incubation. In SJNB10, which showed low endog-
enous levels of ROS, GSH levels are high and other antioxidant levels are relatively low. 
Therefore, GSH might be important in protection against ROS-induced cytotoxicity in 
neuroblastoma cells.
The degree of cytotoxicity induced by BSO as a single drug was dependent on the cell 
line. ROS were increased after BSO incubation in cell lines sensitive to BSO, which is 
line with earlier studies, and most likely due to inhibition of GSH levels.34-36 Anderson 
et al claimed that formation of ROS is the underlying apoptosis-inducing mechanism 
of BSO.17, 19, 20, 34 This ROS induction resulted in reduction of the levels of the antiapo-
ptotic protein Bcl-2 and activation of the levels of protein kinase C, p38, JNK MAPK, 
and Caspase 3.21, 37-39 No correlation was observed between MYCN amplification and 
sensitivity to BSO, baseline GSH levels, or antioxidant enzyme levels. This is in contrast 
with the findings of others, who suggested that MYCN-amplified cell lines might have 
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lower GSH levels and be more sensitive to BSO than MYCN-single-copy cell.18, 34, 35, 40 

A moderate upregulation of catalase was observed after incubation with the 4HPR-BSO 
combination (in SJNB10 cells). However, this effect did not attenuate the beneficial 
effect of the 4HPR-BSO combination. The other antioxidants enzyme activities (SOD 
and GPx) were not affected by 4HPR-BSO treatment. Cornelissen et al observed an 
increase in both catalase and GPx in neuroblastoma cells suffering from ROS as a result 
of Meta-iodobenzylguanidine (MIBG) incubation and Lee suggested an upregulation of 
catalase and SOD and a downregulation of GPx after induction of ROS in neuroblas-
toma cells.31, 41, 42 This indicates that regulation of antioxidant levels as a result of ROS 
induction might depend on the cell lines that are involved.
The depletion of GSH by BSO resulted in a profound cytotoxic effect of the 4HPR-
BSO combination in ROS-producing cell lines, although the additional ROS induction 
in these cell lines after incubation with BSO and 4HPR was only moderate. The GSH 
depletion by BSO also enhanced the cytotoxicity of 4HPR in both leukemia cells and 
Ewing sarcoma cells.29, 30 This beneficial effect was confirmed in spheroids; the 4HPR-BSO 
combination showed profound growth retardation, as a result of decreased proliferation 
and increased apoptosis, compared to either BSO-treated spheroids or 4HPR-treated 
spheroids. As spheroids resemble micrometastases, these results indicate that the combi-
nation might be successful in clinical use. 
Over all, we conclude that the combination of 4HPR and BSO has a beneficial effect 
on cytotoxicity in neuroblastoma monolayers as well as in spheroids in cell lines with 
ROS-producing properties. The sensitivity to BSO in ROS-producing cell lines is within 
the range of clinically achievable plasma levels for BSO.23 Because both 4HPR and BSO 
have been tested in clinical trials and no dose limiting toxicity was observed,21, 22 the 
4HPR-BSO combination could be a potential combination therapy for neuroblastoma.
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Abstract
The efficacy and mechanism of action of 4HPR and 17 AAG were investigated in a 
panel of neuroblastoma cell lines and spheroids. In spheroids, the combination of 4HPR 
and 17AAG induced enhanced cytotoxicity compared to either of the drugs alone. A 
synergistic effect was observed in two out of four cell lines when cells were coincubated 
with both drugs. The synergistic effects of this combination might depend on the cells 
ability to suppress Hsp70-induction. Our results showed favorable interactions between 
4HPR and 17AAG. Therefore, we feel that this combination might be a promising new 
strategy in neuroblastoma treatment.
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Introduction
Fenretinide (N-(4-hydroxyphenyl) retinamide) (4HPR), a vitamin A analogue, induces 
apoptosis in various cancers, including neuroblastoma.1, 2 4HPR incubation results 
in induction of reactive oxygen species (ROS) and apoptosis in neuroblastoma.1 It is 
known that increased ROS levels may lead to the activation of the phosphoinositide 
3-kinase (PI3K)/AKT survival pathway, which reflects a cellular response to the ROS-
induced stress in the attempt to survive the drug insult.3, 4

Heat shock protein 90 (Hsp90), a chaperone protein, is involved in maintaining the 
conformation, stability, activity and cellular localisation of several key oncogenic client 
proteins. Many of these client proteins are regulatory proteins or perform key func-
tions in proliferation or modulation of apoptosis.5-7 Hsp90 activates the associated client 
protein to either bind ligand or be phosphorylated during signal transduction, as has 
been described for AKT.8 Inhibition of Hsp90 function, therefore, would abrogate the 
AKT survival pathway and sensitize cancer cells to certain anticancer agents that may 
otherwise activate the AKT protective mechanism.9, 10 Several recent studies suggested 
that human cancer cells are very sensitive to inhibition of Hsp90, because Hsp90 is 
overexpressed in various tumour cells, including neuroblastoma.11

17-allylaminogeldanamycin (17AAG) exerts its antitumour effect by binding to the 
N-terminal ATPase domain of Hsp90 to inhibit its chaperone function.9 Preclinical 
tests have shown that 17AAG is non-toxic to normal cells, even though it is highly active 
against tumour cells.10, 12 Cytostasis, cell-cycle arrest and apoptosis as a result of inhibi-
tion of RAS-RAF-pathway and PI3K/AKT-pathway were observed following 17AAG 
incubation in coloncarcinoma and leukemia.13, 14 Furthermore, 17AAG showed a potent 
synergistic toxicity when combined with other chemotherapeutics or irradiation.14-22 

This highlights the potential use of 17AAG as single agent and as a sensitizer of chemo-
therapeutic drugs. By blocking ATP binding to Hsp90, activation of heat shock tran-
scription factor (HSF1) might occur, followed by induction of Hsp70, which protects 
cancer cells from apoptosis (reviewed in Neckers CCR 201212).
In this study, we describe the beneficial effect of the combination of 4HPR and 17AAG 
in neuroblastoma monolayers and spheroids. 

Materials and methods
Chemicals
4HPR (Sigma, St Louis, MO, USA), was dissolved in 100% ethanol, stored at 4° C and 
protected from light. 17AAG (Invivogen, San Diego, USA) was dissolved in DMSO 
at a 2.0 mM stock concentration and stored at -20 ° C. Serial dilutions were prepared 
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from the stock solutions with growth medium just before use. All other chemicals were 
purchased from Sigma (St Louis, MO, USA).

Cell culture
Three MYCN single copy neuroblastoma cell lines (FISK, NASS, SY5Y) and three 
MYCN amplified neuroblastoma cell lines (IMR32, SJ8, SJNB10) were cultured on 
RPMI-1640 culture medium (Gibco, Invitrogen, Carlsbad, CA, USA) supplemented 
with 10% heat inactivated fetal bovine serum, 50 U/ml penicillin/streptomycin, 4 mM 
glutamine (Gibco, Invitrogen, Carlsbad, CA, USA) and 5 mg/l plasmocin (Invivogen, 
San Diego, USA). Cells were grown at 37° C, 5 % CO2 in 95 % humidified air, all 
culture flasks and plates were from Corning (Corning, NY, USA). All cell lines were a 
generous gift of Prof. R. Versteeg (Dept. of Oncogenomics, Academic Medical Centre, 
Amsterdam). Spheroids were prepared from IMR32 and SJNB10, two cell lines well 
known for their capability of forming spheroids, as described before; 400,000 cells were 
grown in 4 ml culture medium in an ultra-low attachment sterile Petri dish.1 The sphe-
roids were treated with a concentration range of 17 AAG (0-1000 nM) and/or 2 or 4 µM 
4HPR for 2 weeks, without changing the culture medium. After treatment, the sphe-
roids’ potency for regrowth was tested for 1 or 2 weeks by changing the medium with 
17AAG for medium without 17AAG. The experiments were performed in quadrupli-
cate. Growth curves were established by monitoring the spheroid size weekly by meas-
urement of the cross-sectional area from five-times magnified photos using a microscope 
(microscope: Leica DMIL, Wetzlar, Germany. camera: SV camera, Lambert instru-
ments, Leutingewolde, The Netherlands, Image Pro Plus 4.1). 

Measurement of cell viability
Cells were plated in 96-wells plates and allowed to adhere overnight, after which the 
medium was replaced by medium containing different concentrations 4HPR (0-20 µM) 
and 17AAG (0-200 nM). After 72 h, the viability of the cells was measured using MTS 
assay according to the manufacturer’s protocol (Promega, Madison, WI, USA). The 
experiments were performed in quadruplicate. IC50-values for each drug were calcu-
lated from the dose-absorption curves. 

Immunohistochemistry
Immunohistochemical analysis of sections of IMR32 spheroids was performed as 
described before.1 Apoptosis was detected using anti-cleaved caspase 3 1:100 (Bioke, 
Leiden, The Netherlands), proliferation was detected using anti-Ki-67 1:200 (Dako, 
M7240). Sections were examined using a ZEISS microscope and photographed using 
a Leica camera. 
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Expression of Hsp70
Hsp70 expression was measured in NASS and SJ8 cell lines. Both cell lines were cultured 
in 15 ml medium in a 75 cm2 flask and allowed to adhere for 18 h, after which the 
medium was replaced by medium containing 4HPR (0-8 µM) and/or 17AAG (0-62.5 
nM). After 24 h incubation cells were washed with PBS, then cells were lysed with RIPA 
buffer [1% (v/v) NP40, 5 g/l sodiumdeoxycholate and 0.1 % SDS in PBS) containing 
protease inhibitors (Roche) and phosphatase inhibitors (0.5 mM sodiumfluoride 
(Merck) and 0.5 mM sodiumorthovadate (Sigma)]. Cell lysates were kept on ice and 
protein concentrations were detected using a BCA protein assay (Thermo Scientific).23 
Samples were mixed with sample buffer containing; 0.035 % (w/v) bromophenol blue, 
17.5 % (v/v) glycerol, 10 % SDS, 0.2 M TRIS-HCl pH 6.7, 8.7 % (v/v) β mercaptoe-
thanol and boiled for 5 min. Protein (15 µg) was loaded on a 7.5 % SDS/PAGE gel 
followed by Western blotting on nitrocellulose.24

Western blotting was performed using the antibody: Hsp70 (Santa Cruz Biotechnology inc) 
1:200 overnight and the secondary goat anti mouse antibody 1:2000 (conjugated with 
horseradish peroxidase) (Dako P0447). The antibody was dissolved in 3 % (w/v) BSA 
in 0.1 % (v/v) Tween 20 in PBS. After washing the membrane, detection of Hsp70 was 
performed with ECL plus (GE Healthcare Amersham). Equal loading was confirmed 
using a primary β-actin antibody in a 1:5000 dilution (Sigma) and a secondary goat anti 
mouse antibody in a 1:5000 dilution (Dako P0447). 

Statistical analysis
Analysis regarding the efficacy of the combination treatment on growth inhibition was 
performed using the commercially available Calcusyn software (Calcusyn, Biosoft, 
Cambridge) designed by Chou and Talalay.25, 26  The mode of interaction is reflected by 
the Combination Index (CI) indicating synergism CI < 0.9, additivity (CI 0.9 – 1.1) 
and antagonism (CI > 1.1). As CI values depend on the levels of growth inhibition 
(fraction affected (Fa)) data are presented in CI versus Fa graphs. Differences in spheroid 
growth were analyzed with the two sample t-test (SPSS 16.0). 

Results
Viability after incubation with 4HPR and 17AAG.
In six neuroblastoma cell lines, the IC50 values for both 4HPR and 17AAG were deter-
mined after 72 h incubation. The IC50 values for 17AAG ranged from 51 nM to 151 
nM (Table I). No correlation was observed between MYCN amplification and sensitivity 
to any of the drugs (Table I). IMR32, NASS, SJ8 and SJNB10 were co-incubated for 72 
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h with the 4HPR-17AAG-combination. The effect of the 4HPR-17AAG-combination 
was different in each cell line. Combination treatment in IMR32 and SJ8 cells showed 
an antagonistic effect, indicated by a CI > 1.1 (Fig 1). In NASS and SJNB10 cells, a 
synergistic effect of the combination was observed in cells treated with higher concentra-
tions, indicated by a CI < 0.9. At lower concentrations, an additive effect was observed 
for the drug-combination in both cell lines (Fig 1).

Growth retardation in IMR32 and SJNB10 spheroids after incubation with 
4HPR and 17AAG.
A strong concentration-dependent decrease in cross-sectional area was observed in 
IMR32 and SJNB10 spheroids treated with 17AAG for two weeks, with a complete 
growth arrest at highest doses (Fig 2A and 2B). Subsequently, medium of the sphe-
roids treated with 1000 nM 17AAG was replaced by fresh medium to evaluate the cells 
potency for regrowth; in IMR32 spheroids, no regrowth was observed after 2 weeks of 
culturing in drug-free medium (Fig 2A). However, in SJNB10 a 1.6 x increase of the 
area was observed after 1 week of culturing in drug-free medium, indicating a slight 
increase in growth of the spheroids (Fig 2B).  Additionally, IMR32 and SJNB10 sphe-
roids were incubated with 2 or 4 µM 4HPR, respectively, and/or 500 nM 17AAG for 2 
weeks. In both cell lines a significant decrease in area was observed in spheroids treated 
with the 4HPR-17AAG-combination compared with spheroids treated with single 
drugs (Fig 2C-D). 

Table 1. IC50 values of both 4HPR and 17AAG in six neuroblastoma cell lines. Six neuroblastoma cell 
lines were incubated for 72 h with a concentration range 4HPR or 17AAG; IC50-values were calculated 
from these data. *MYCN amplified cell lines ** Data from Cuperus et al1
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Figure 1. Combination indices of neuroblastoma cells treated with the 4HPR-17AAG-combination for 72 
h. A decline in CI was observed with higher fractions affected. Synergy of the 4HPR-17AAG-combination 
was observed in NASS (◊) and SJNB10 (♦) cells with a Fa > 0.75, indicated by a CI < 0.9. In IMR32 (■) 
and SJ8 (□) the combination effect was antagonostic indicated by CI values > 1.1. CI: Combination Index, 
Fa: Fraction affected

Figure 2. The effect of 4HPR and/or 17AAG on spheroid growth. IMR32 and SJNB10 spheroids were 
treated for 14 days with 0-1000 nM 17AAG. At day 0, day 7 and day 14 the area of the spheroids was 
measured. IMR32 and SJNB10 spheroids were treated with 0 (♦), 125 (■), 250 (▲), 500 (□) or 1000 
nM (∆) 17AAG. The culture medium of spheroids treated with 1000 nM 17AAG was replaced after 14 
days incubation by drug-free medium. A. IMR32 spheroids. B. SJNB10 spheroids C. IMR32 spheroids 
treated 14 days with 2 µM 4HPR, 500 nM 17AAG or the combination of both drugs. Area is depicted as 
percentage of t=0 D. SJNB10 spheroids treated 14 days with 4 µM 4HPR, 500 nM 17AAG or the combina-
tion of both drugs. Area is depicted as percentage of t=0. * p-value < 0.05, ** p-value < 0.001. 
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Figure 3. Immunohistochemistry of spheroid sections treated with the 4HPR-17AAG-combination. IMR32 
spheroids were treated for 1 weeks with 10 µM 4HPR, 1 µM 17AAG or the combination of both drugs. 
Histological sections were prepared and stained with anti-cleaved caspase 3, a apoptosis marker and 
Ki67, a marker for proliferation. For color fig see page 162.
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Combined treatment with 4HPR and 17AAG decreased proliferation and 
increased apoptosis in IMR32 spheroids.
Histological sections of IMR32 spheroids treated with 4HPR, 17AAG and the combi-
nation of these agents were stained with a proliferation marker, anti-Ki67 and an apop-
tosis marker, anti-cleaved-caspase-3 (Fig 3). In untreated spheroids a classical organ-
ized pattern of an outer proliferative rim and an inner apoptotic core was observed. In 
the single drug (4HPR and 17AAG) treated spheroids the classical rim-core pattern 
disappeared and the cell-cell structure became loser. The presence of apoptotic cells 
was observed as well as a decreased staining with the proliferation marker Ki67. The 
4HPR-17AAG-combination resulted in a loose cell-cell structure, some cells stained 
positive for apoptosis and hardly any cell stained positive for proliferation. Addition-
ally, morphological examination showed the presence of fussy cells with disintegrated 
membranes and cell debris, indicating apoptosis and necrosis. The cytotoxic effect of 
the combination of 4HPR and 17AAG was mainly due to a decreased proliferation, 
disintegration of the membrane and an increase in cell debris. 

The effect of 4HPR and 17AAG on the Hsp70 expression
As mentioned above, NASS cells show a synergistic effect of the combination of 4HPR 
and 17AAG. An increase of Hsp70 expression was observed in NASS cells after incuba-
tion for 24 h with 17AAG only (Fig 4), this upregulation of Hsp70 was not observed 
upon co-treatment with  4HPR or with 4HPR treatment only. In contrast, in SJ8 an 
increase of Hsp70 was observed after incubation with either 17AAG and/or 4HPR (Fig 4). 
In SJ8 cells the 4HPR-17AAG combination has an antagonistic effect. Incubation with 
17AAG results in a clear upregulation of Hsp70 and co-incubation with 4HPR did not 
abolished the Hps70 upregulation. 

Figure 4. Immunoblot analysis of Hsp70 after 4HPR and/or 17AAG incubation. NASS and SJ8 cells were 
incubated for 24 h with a concentration range 4HPR and 17AAG and the combination of both drugs.

Cuperus proefschrift Garamond.indd   123 21-8-2014   16:01:16



124

Chapter 6

Discussion
4HPR, a vitamin A analogue, induces apoptosis in neuroblastoma, the induction of 
ROS has been shown to be one of the underlying apoptosis-inducing mechanisms.1 
Hsp90 is a molecular chaperone protein that is induced in response to cellular stress 
and stabilizes client proteins involved in proliferation and anti-apoptotic signalling. For 
instance, Hsp90 is involved in AKT activation after stress induction [5-7]. Since oxida-
tive stress has been associated with 4HPR induced apoptosis, we investigated the effect 
of the combination of 4HPR and Hsp90 inhibitor 17AAG in neuroblastoma cell lines 
and spheroids. 
All cell lines of our panel were sensitive to both 4HPR and 17AAG, the sensitivity to 
both drugs did not correlate with MYCN amplification. The sensitivity for 17AAG in 
our panel of neuroblastoma cell lines is in line with results obtained by others17, 19, 27, 28 and 
the IC50-values were lower than the clinical achievable plasma levels of 10-21 12-39 µM, 
measured in pediatric patients with various tumours, including neuroblastoma.29-31 The 
combination of both drugs appeared to be synergistic in two out of four cell lines (NASS 
and SJNB10). The CI decreased with the fraction affected, indicating that the syner-
gistic effect of the combination increased with the concentrations of either single drug. 
In spheroids, which resemble micro metastasis in the avascular state, both IMR32 and 
SJNB10 showed profound growth retardation in the presence of either 17AAG or 
17AAG combined with 4HPR. An increase in growth retardation was observed when 
spheroids were treated with the 4HPR-17AAG-combination compared to either of the 
single drugs. The effect of the combination was stronger in SJNB10 spheroids compared 
to that observed in IMR32 spheroids, which is in line with the results obtained in the 
monolayers. In immunohistochemical sections an increase of apoptosis and a decrease 
of proliferation were observed after treatment with both drugs, this effect is enhanced 
in sections treated with the combination. This is in contrast with immunohistochem-
ical data of prostate cancer spheroids which suggested that growth control of sphe-
roids exposed to the combination of 17AAG and irradiation is not mediated through 
enhanced apoptosis, but rather by a block in proliferation.16, 22

The expression of Hsp70 is of particular interest since this molecular chaperone has a 
well-documented anti-apoptotic function and its increase may reduce 17AAG induced 
cytotoxicity.32, 33 Hsp70 expression was strongly increased in a concentration dependent 
manner after treatment with 17AAG which is line with results obtained by others.28, 34, 35 In 
clinical trials, an increase of Hsp70 levels in peripheral blood mononuclear cells have 
been observed after treatment with 17AAG.30, 31, 36 These increased levels of Hsp70 indi-
cated induction of the cellular stress response following Hsp90 inhibition.30 Hsp70 is 
known to be rapidly induced after chemical or physical stress, including oxidative stress. 
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4HPR induced an increase of Hsp70 only in SJ8 cells which might reflect the 4HPR-
induced oxidative stress in this cell line.1 
The fact that the 4HPR-17AAG-combination induced Hsp70 expression in SJ8 cells 
but less in NASS cells might explain the difference in efficacy of the 4HPR-17AAG-
combination between SJ8 and NASS, with SJ8 cells being less sensitive for the 
4HPR-17AAG-combination.10 However, a conceivable possibility might be that in SJ8 
cells the induction of Hsp70 protected the cells against the cytotoxicity normally 
induced by 4HPR and 17AAG.
In this study, we presented our data on the combination of 4HPR and 17AAG in neuro-
blastoma. Both drugs showed to be cytotoxic in all cell lines tested, in two out of four 
cell lines the combination of the drugs has shown to be synergistic.  A possible protec-
tion mechanism of the cells against the cytotoxicity of the drugs might be the induc-
tion of Hsp70.
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Summary and future perspectives
Neuroblastoma is the most common solid extracranial tumor in children. The prognosis 
for children suffering from neuroblastoma is highly dependent on their age at the time 
of diagnosis and the stage of the disease. Current therapy is based on treatment with 
131I-labeled Meta-iodobenzylguanidine (131I-MIBG), chemotherapeutic drugs, surgery, 
and autologous stem cell transplantation (ASCT). The introduction of immunotherapy 
with the tumor specific disialoganglioside (GD2)-antibody improved the event free 
survival of high risk patients who were in complete remission after induction phase 
and ASCT with 20 % (at 2 years).1-3 Despite such aggressive therapeutic strategies the 
prognosis for patients suffering from high risk neuroblastoma is still poor.4, 5 Therefore, 
new and effective therapeutic strategies are needed. In this thesis, we investigated the 
possible role for the synthetic retinoid fenretinide in the treatment of neuroblastoma. 
In this chapter, the results of our research are summarized, followed by final conclusions 
and suggestions for further research and clinical practice. For the specific interpreta-
tions, limitations and conclusions of particular investigations, reference is made to the 
corresponding chapters.

Summary
Cytotoxic effects
Chapter 2 describes the various effects of fenretinide on a panel of neuroblastoma cell 
lines, comprising MYCN single copy and MYCN-amplified cell lines. Loss of cell 
viability and induction of apoptosis was observed in all cell lines with no apparent cell 
cycle arrest. The effect of fenretinide was also tested on spheroids, which is a tumor 
model of the avascular state of metastases. Both the observed cytotoxic effects of fenreti-
nide on avascular spheroids and the anti-angiogenesis effect of fenretinide6, 7 suggest that 
fenretinide might be an effective chemotherapeutic drug for the treatment of micro-
metastases. The effective concentrations of fenretinide inducing cytotoxicity and apop-
tosis were comparable with achievable plasma concentrations in vivo.8, 9 Reactive oxygen 
species (ROS) production was observed already after 1 hour of fenretinide incubation. 
The anti-oxidant Trolox was able to prevent the accumulation of ROS and the loss of 
viability due to fenretinide in five out of six cell lines. Therefore, our results suggest that 
the production of ROS is one of the main apoptosis inducing mechanisms in neuro-
blastoma cell lines treated with fenretinide. The major cellular source of ROS is the 
mitochondrial respiratory chain.10 Since the generation of ROS by fenretinide proved to 
be very fast it is conceivable that fenretinide interferes directly with the mitochondrial 
respiratory chain.11 In line with this hypothesis is the fact that a profound decrease in the 
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mitochondrial membrane potential (Δψm) was observed after incubation with fenreti-
nide. This decrease in the Δψm might lead to cytochrome c release, which in turn will 
activate caspase 9 to initiate the downstream processes of apoptosis. 
Chapter 3 describes an in-depth analysis of the role of mitochondria in fenretinide-
induced ROS formation and the effects of fenretinide on the mitochondrial respiratory 
chain. In this chapter we demonstrated that fenretinide-induced ROS is of mitochon-
drial origin. With a specific mitochondrial ROS probe we detected ROS of mitochon-
drial origin. Subsequently, we inhibited this production with a specific mitochondrial 
antioxidant. Furthermore, the fact that Rho zero osteosarcoma cells (cells without a 
functional mitochondrial respiratory chain) were unable to produce as much ROS as 
their control cells following fenretinide incubation indicates that for ROS production 
to occur, a functional mitochondrial respiratory chain is required. We investigated the 
effect of fenretinide on the mitochondrial respiratory chain. Our results demonstrated 
a major role for complex II in the generation of ROS, because ROS production was 
reduced by the complex II inhibitors Carboxin and thenoyltrifluoroacetone (TTFA). 
An analysis of the electron flux through the mitochondrial respiratory chain in situ was 
performed. This in situ analysis showed a strong concentration-dependent decrease in 
ATP synthesis in mitochondria selectively respiring on either the complex I substrate 
malate (plus glutamate) or the complex II substrate succinate (plus rotenone). Parallel 
measurement of either the complex I-mediated production of aspartate (from malate) 
or the complex II-mediated production of malate (from succinate) showed a decrease in 
synthesis of both products. Combining fenretinide with the uncoupling agent carbonyl 
cyanide 3-chlorophenylhydrazone (CCCP) demonstrated that the inhibiting effect did 
not take place at complex V, as the inhibition in aspartate and malate synthesis by 
fenretinide was not alleviated by CCCP. These data suggest that fenretinide inhibits the 
mitochondrial respiratory chain between Co-enzyme Q and complex IV (cytochrome c 
oxidase) (Fig. 1).

Depolarization of the mitochondrial membrane potential was not attenuated by anti-
oxidants, nor was the inhibition of fenretinide on the mitochondrial respiratory chain 
scavenged by Trolox. This indicated that in neuroblastoma cells the inhibition of the 
mitochondrial respiratory chain and the mitochondrial depolarization do not lead to 
ROS production, suggesting these two mechanisms of fenretinide might act indepen-
dently. At low concentrations, the cytotoxicity of fenretinide was exerted through the 
generation of mitochondrial ROS at complex II, whereas high concentrations of fenreti-
nide inhibited the mitochondrial respiratory chain. In addition, this inhibition of the 
mitochondrial respiratory chain coincided with the disappearance of the mitochondrial 
membrane potential.
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Oxidation of the specific mitochondrial phospholipid cardiolipin (CL) by fenretinide 
has been suggested, resulting in inhibition of complex IV of the mitochondrial respira-
tory chain,12 and possibly triggering cytochrome c release.13, 14 In line with the knowledge 
that cardiolipin peroxidation can take place as a result of mitochondrial induced ROS-
production and that the subsequent release of cytochrome c would initiate the apop-
tosis cascade,15-17 we analyzed cardiolipin peroxidation in neuroblastoma, as described 
in chapter 4. After incubating neuroblastoma cells with fenretinide and H2O2 we did not 
identify any oxidized CL. As enrichment of the cardiolipin with poly unsaturated fatty 
acid acyl chains might lead to increased peroxidation.18, 19 we successfully enriched our 
cells with the poly unsaturated fatty acid acyl chain, linoleic acid (18:2). However, this 
enrichment did not lead to CL-oxidation in neuroblastoma cells either. In contrast to 
what others reported we concluded that in our neuroblastoma cells and in our leukemia 
cell line no oxidation of cardiolipin was apparent.12, 16, 20 Surprisingly, monolysocardi-
olipin (MLCL) was identified in the CL spectra after incubation with fenretinide. The 
increase of MLCL might reflect a disturbed mitochondrial homeostasis. Additionally, 
the decrease in CL content may be mediated in part by degradation to MLCL.21, 22 This 
might be of importance, because MLCL migrates towards the outer membrane, likely 
via contact sites where it interacts with pro-apoptotic peptides such as Bax and tBid.23, 24 

Figure 1. Schematic representation of the mitochondrial respiratory chain. After permeabilization of the 
cells with digitonin, the electron flow through the different complexes was measured. Complex I: NADH 
reductase. Complex II: succinate dehydrogenase. Complex III: cytochrome c reductase. Complex IV: cyto-
chrome c oxidase. Complex V: ATP synthase. MDH: malate dehydrogenase. GOT: glutamate-oxaloace-
tate transaminase. (Also published as Figure 1 in Chapter 3)
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Modulation of the ROS-inducing effect
As described above, fenretinide-induced apoptosis is the result of ROS induction. 
Therefore, the cellular redox state, reflecting the intracellular antioxidant defense, might 
be a key-factor in protecting the cells from ROS-induced cytotoxicity and surviving 
the drug insult. Manipulation of this protection mechanism could be a way to enhance 
the cytotoxicity induced by fenretinide. In chapter 5, we investigated the induction 
of ROS by fenretinide, while limiting the capacity to scavenge this ROS by reducing 
the levels of glutathione (GSH), an important cellular antioxidant, with buthionine 
sulfoximine (BSO). This resulted in an increased cytotoxic effect of the fenretinide-
BSO-combination in ROS-producing cell lines. A moderate upregulation of catalase 
was observed after incubation with the fenretinide-BSO-combination. Nevertheless, 
this upregulation was not sufficient to protect neuroblastoma cells against the cytotoxic 
effects of the combination of fenretinide and BSO. Other antioxidant enzyme activities 
(superoxide dismutase (SOD) and glutathione peroxidase (GPx)) were not affected by 
fenretinide-BSO-treatment. The beneficial effect of the fenretinide-BSO-combination 
was confirmed in spheroids by profound growth retardation, as a result of decreased 
proliferation and increased apoptosis. Overall, we concluded that the combination of 
fenretinide and BSO has a beneficial effect on cytotoxicity in neuroblastoma monolayers 
as well as spheroids of neuroblastoma cells with ROS producing properties. Since both 
fenretinide and BSO have been tested in clinical trials and no dose limiting toxicity 
has been observed,8, 25 the fenretinide-BSO-combination could be a potential combi-
nation therapy for neuroblastoma. In contrast to our results, recently published data 
suggests that in leukemia the antitumor effects induced by fenretinide are independent 
of glutathione modulation.26 
Chapter 6 describes the investigation of the effects of the combination of fenretinide 
and Hsp90 inhibitor 17-allylaminogeldanamycin (17AAG) on cell lines and spheroids. 
Hsp90 is a molecular chaperone protein that is induced in response to cellular stress 
and stabilizes client proteins involved in proliferation and anti-apoptotic signaling. It 
is, for instance, involved in AKT activation after oxidative stress induction. All cell lines 
of our panel were sensitive to the cytotoxic effects of both fenretinide and 17AAG. The 
IC50 for 17AAG is lower than the achievable clinical plasma levels, measured in pedi-
atric patients with various tumors, including neuroblastoma.27-30 The combination of 
both drugs appeared to be synergistic with respect to cytotoxicity in two out of four cell 
lines. In spheroids, profound growth retardation was observed in the presence of either 
17AAG or fenretinide and increased growth retardation was observed when treated with 
the fenretinide-17AAG-combination. Hsp70 expression was strongly increased in a 
concentration dependent manner after treatment with 17AAG.The expression of Hsp70 
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was of particular interest since this molecular chaperone has a well-documented anti-
apoptotic function and its increase may reduce 17AAG induced cytotoxicity.31-33 These 
increased levels of Hsp70 indicated induction of the cellular stress response following 
Hsp90 inhibition.29 

General discussion and future perspectives
As described in this thesis, fenretinide has a strong potency to induce apoptosis in neuro-
blastoma and an important mechanism underlying apoptosis induction by fenretinide is 
the production of mitochondrial ROS. By combining fenretindie with other potential 
drugs this ROS-inducing effect can be modulated in order to increase the cytotoxicity 
of fenretindie in neuroblastoma. 

Further elucidation of the apoptosis inducing mechanism
There is now an increased awareness that tumor-initiating cells (TICs) are present in 
multiple malignancies, including neuroblastoma, which are responsible for sustained 
tumor growth, progression, relapse and metastases. An interesting feature of these TICs 
is that they seem to mirror more closely the phenotype and genotype of primary tumors 
compared to cultured cell lines. One of the reasons for the lack of efficacious treatments 
might be the inability of existing drugs to target these TICs.34-37 Because of the latter 
fact, it is important to know if fenretinide is active against those cells. Therefore, it might 
be interesting to investigate the effects of fenretinide in tumor initiating cells (TICs).38 
It has been stated that cells might be resistant to fenretinide under hypoxic conditions ,39, 40 and 
that this resistance might be the result of autophagy, which is induced in an attempt to 
survive the drug insult of fenretinide.41 There is ambivalence in the literature concerning 
the role of autophagy in cancer. Autophagy has been shown to play an important role 
in tumor suppression via the tumor suppression gene Beclin 1.42 On the other hand, 
autophagy can induce cell survival in response to metabolic stress. Pharmacological 
inhibition of autophagy was shown to enhance the cytotoxicity of chemotherapeutic 
agents and to promote tumor regression.43 It has been stated that drug interactions 
might differ in spheroids compared to monolayers, because of hypoxic conditions.44, 45 It 
would be interesting to investigate whether fenretinide induces autophagy in our sphe-
roid model and whether the combination of fenretinide with an autophagy inhibitor 
might be beneficial, in order to increase the cytotoxic effect of fenretinide. 

Enhancing the cytotoxic effect
A potent mechanism of the apoptosis induction is the production of ROS and the 
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inhibition of the mitochondrial respiratory chain. Therefore, it would be interesting to 
investigate combinations of fenretinide with drugs that are involved in either of those 
mechanisms. Previously, it has been shown that MIBG induces inhibition of the mito-
chondrial respiratory chain at complex I. Furthermore, its efficacy might be enhanced 
by induction of oxidative stress, because it might lead to increased uptake of MIBG.46, 47 In 
order to trigger this latter effect, it might be interesting to investigate MIBG in combi-
nation with fenretinide. 
Investigating the combination of fenretinide with n3-polyunsaturated fatty acid 
(n3-PUFA) might be interesting as enrichment with n3-PUFAs causes replacement of 
the anti-oxidant arachidonic acid, which makes the cell more vulnerable for oxidative 
stress and apoptosis. This vulnerability is also caused by n3-PUFA’s downregulation of 
cyclooxygenase-2 (COX-2), which is often overexpressed in tumors and related to apop-
tosis resistance of cancer cells.48 Furthermore, long chain n3-PUFAs with 5 or 6 double 
bonds are easily oxidized, and n3-PUFA-derived peroxidation products are considered 
crucial for the cytotoxicity of these fatty acids for cancer cells and their ability to inhibit 
cancer cell growth.49 Moreover, their peroxidation may sensitize cells to oxidative stress.19 
As fenretinide is known to induce ROS, it might increase the oxidation of n3-PUFA and 
thus its sensitizing effect. Both PUFAs and fenretinide have been shown to be active in 
vincristine resistant cell lines. In that respect it might also be interesting to investigate a 
combination of the two drugs.50 
Although results from xenograft models are not necessarily predictive of clinical efficacy, 
such models do overcome a number of limitations of the in vitro models used in our 
studies, including, to a varying extent, the impact of drug distribution and drug clear-
ance.51 As there are a number of potential pitfalls when extrapolating in vitro data to the 
clinic, the data we presented on two ROS modulating combinations should be investi-
gated in a xenograft model. 
To determine its future role in treatment protocols, the combination of fenretinide with 
established chemotherapeutics should be investigated to identify favorable combinations. 
Some of those are already tested in neuroblastoma, amongst others cisplatinum, etopo-
side, carboplatin and vincristin.51-53 Fenretinide interacts synergistically with cisplatinum, 
etoposide and carboplatin.52, 53 Nevertheless, vincristine and cisplatinum tested with 
fenretinide in a xenograft model did not confirm this synergistic effect.51 The question to 
address is whether combinational therapy of fenretinide with other standard chemothera-
peutics will be potent in neuroblastoma, i.e melphalan, doxorubicin, and the alkylators 
ifosfamide and dacarbazine. Recent evidence has highlighted the antagonistic effects of 
13-cis-retinoic acid (RA) on the cytotoxic potential of chemotherapeutic agents including 
etoposide, topotecan, and doxorubicin in a panel of neuroblastoma cell lines.54 Thus, it 
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is important to investigate whether fenretinide could replace 13-cis-RA in order to over-
come the antagonistic effect of 13-cis-RA with some standard chemotherapeutics
It has been suggested that fenretinide incorporated in anti-GD2 targeted immunoli-
posomes increases cytotoxicity in neuroblastoma cells and xenografts.55 This combina-
tion might be promising for high risk neuroblastoma patients. 

Implications for clinical use
This study strongly suggests a role for fenretinide in the treatment of neuroblastoma. 
Fenretinide is a safe drug that only seems to induce reversible nightblindness; no other 
dose-limiting toxicity has been observed. The inhibitory concentrations in our study 
are comparable with achieved plasma levels in phase I trials.9, 56 Because fenretinide is 
already being tested in phase III trials in different tumors,57, 58 clinical use in neuroblas-
toma might be near. Investigations should be performed on how and when to incorpo-
rate fenretinide in the current treatment protocols. Data from a phase II trial suggested 
that fenretinide is active against neuroblastoma. The capsule formula used in this trial, 
however, is suboptimal due to poor bioavailability,59 which has prompted development 
of new formulas.
Regarding cell death, the results of fenretinide in neuroblastoma cells are positive. 
Because the fact that fenretinide has some sensitizing properties with other chemothera-
peutics,51-53 there might be a place for fenretinide in the induction phase of the treatment 
protocols to enhance the effect of the standard chemotherapeutics. Since fenretinide is 
a mild drug, with no dose-limiting cytotoxicity, it might also be an excellent drug for 
prolonged treatment and thus might be useful in the maintenance phase.60 It is widely 
accepted that solid tumors require neo-vascularization for growth beyond a very small 
size (2–3 mm3) and for metastatic spread.61 Regarding the effectiveness of fenretinide in 
spheroids and its anti-angiogenesis effects,7 therapy with fenretinide could be especially 
effective against minimal residual disease (MRD). 
As mentioned in the introduction, one of the developments in the treatment of neuro-
blastoma over the past 10 years has been the addition of 13-cis-RA for the treatment of 
high-risk disease. However, approximately 50% of the patients either do not respond or 
relapse after 13-cis-RA therapy. Neuroblastoma cells shown to be resistant to 13-cis-RA 
are sensitive to fenretinide.62 For this reason fenretinide has been incorporated in a phase 
II trial for treatment of MRD.63

Pre-treatment of neuroblastoma cell lines with retinoic acid results in a significant 
decrease in the apoptotic response to fenretinide. This might be mediated by up-regu-
lation of Bcl-2 and the inhibition of pro-apoptotic fenretinide signaling pathways by 
retinoic acid. The interaction between retinoic acid and fenretinide could have important 
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implications for the scheduling of fenretinide in therapeutic protocols for neuroblastoma.63

Additionally, cytotoxicity of fenretinide has been observed in cell lines of relapsing 
neuroblastoma after 13-cis-RA therapy.62 Fenretinide remained cytotoxic in cell lines 
that were resistant to all-trans-retinoic acid (ATRA), 13-cis-RA, and etoposide. This 
suggests that fenretinide might be active and thus useful in high risk neuroblastoma 
patients that are resistant to these therapies.64 
Although the effects of fenretinide are promising in vitro, an important challenge to its 
successful transformation from bench to bedside is posed by its bioavailability. 

Implications for further research:
The cytotoxic effects of fenretinide should be investigated in TICs, because those cells 
closely retained characteristics of its original tumors.
It must be established whether fenretinide induces autophagy in order to determine the 
benefits of combining fenretinide with an inhibitor of autophagy. 
The combination of fenretinide and MIBG should be examined as a likely means to 
increase apoptosis by a strong induction of ROS, reported for both drugs.
The combination of fenretinide with n3-polyunsaturated fatty acid should be examined 
in vincristine resistant neuroblastoma cell lines.
Xenograft studies should be performed with the BSO-fenretinide and the 17AAG-
fenretinide combination.
Further investigation of fenretinide with standard chemotherapeutics should be 
performed in order to establish a possible role for fenretinide in induction phase of 
current treatment protocols.

Implications for clinical practice
In short,  fenretinide might be a promising drug for the treatment of high risk neuroblastoma:
During the induction phase, in order to sensitize commonly used chemotherapeutics.
During the maintenance phase, to prevent relapse, especially in tumors resistant to 
retinoic acid.
Fenretinide’s mild systemic toxicity suggests a promising role during maintenance therapy.
First, however, the problems regarding bioavailability should be solved.
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Nederlandse samenvatting
Het neuroblastoom is een tumor die voorkomt op de kinderleeftijd. De prognose bij 
kinderen die leiden aan deze tumor hangt onder andere af van de leeftijd van de patiënt, 
de stadiëring en de biologie van de tumor. Kinderen met neuroblastoom worden, afhan-
kelijk van het stadium van de ziekte, behandeld met 131I-MIBG, chemotherapie, chir-
urgie en autologe stamcel transplantatie. De overleving van kinderen met neuroblastoom 
is verbeterd met de komst van immunotherapie tegen het tumor specifieke GD2-antili-
chaam. Ondanks deze agressieve therapie is de prognose voor kinderen met uitgezaaid 
neuroblastoom slecht. Daarom zijn er nieuwe effectieve therapeutische opties nodig. In 
dit proefschrift werd de mogelijke rol voor fenretinide bij de behandeling van neuro-
blastoom onderzocht. Fenretinide is een derivaat van vitamine A. Het onderliggende 
mechanisme van de geprogrammeerde celdood (apoptose) door fenretinide in andere 
tumoren is deels afhankelijk van de productie van vrije zuurstof radicalen en deels door 
opregulatie van bepaalde receptoren (retinoic acid receptors); dit laatste mechanisme 
wordt hier verder buiten beschouwing gelaten. In hoofdstuk 1 wordt een uitgebreide 
inleiding gegeven over neuroblastoom, fenretinide en oxidatieve stress. 
In hoofdstuk 2 zijn de effecten van fenretinide op verschillende neuroblastoomcellijnen 
bestudeerd. Alle cellijnen, met of zonder een amplificatie van het oncogen MYCN, die 
onderzocht zijn waren gevoelig voor fenretinide in klinisch haalbare plasma concentra-
ties. Er werd vitaliteitsverlies en apoptose van de cellen gezien als gevolg van incubatie 
met fenretinide. Ook werd het effect van fenretinide getest op sferoïden, een avasculair 
tumormodel. Zowel het cytotoxische effect van fenretinide op deze avasculaire sferoïden 
als het anti-angiogenese effect suggereren dat fenretinide effectief zou kunnen zijn in de 
behandeling van micrometastasen. Reactieve oxidatieve species (ROS) werden 1 uur na 
de start incubatie van de cellen al geobserveerd. Middels het antioxidant Trolox werd de 
inductie van ROS en het vitaliteitsverlies teniet gedaan in vijf van de zes cellijnen. Deze 
resultaten suggereren dat de inductie van oxidatieve stress één van de belangrijkste apop-
tose-inducerende mechanismen is in neuroblastoomcellijnen behandeld met fenretinide. 
De belangrijkste bron van cellulaire ROS is de mitochondriale ademhalingsketen. 
Omdat de productie van ROS zo snel optreedt is het aannemelijk te denken dat er een 
direct effect is van fenretinide op de mitochondriale ademhalingsketen. Dit zou tevens 
kunnen samenhangen met het dalen van de mitochondriale membraan potentiaal als 
gevolg van fenretinide incubatie. Deze daling van de membraan potentiaal zou kunnen 
leiden tot het vrijmaken van cytochroom c, wat weer gevolgd kan worden door activatie 
van caspase 9 en vervolgens de rest van de apoptose cascade. 
In hoofdstuk 3 wordt een analyse beschreven van de rol van de mitochondria in 
fenretinide-geïnduceerde ROS-productie en de effecten van fenretinide op de mito-
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chondriale ademhalingsketen. Door middel van een specifieke mitochondriale ROS 
probe zien we dat de ROS-productie door fenretinide van mitochondriale origine is. 
Vervolgens, hebben we de ROS-productie geremd met een specifieke mitochondriale 
antioxidant. Het feit dat Rho zero cellen (osteosarcoom cellen met een niet func-
tionerende mitochondriale ademhalingsketen) minder ROS produceerden als gevolg 
van fenretinide incubatie dan de controle cellen, betekent dat er een functionerende 
ademhalingsketen nodig is voor ROS-productie. Bij nader onderzoek naar het effect 
van fenretinide op de mitochondriale ademhalingsketen werd gezien dat complex II 
van de ademhalingsketen een belangrijke rol speelt bij ROS-productie. Dit omdat de 
ROS-productie verminderde door complex II remmers. Tevens werd er gekeken naar 
de ATP-productie als gevolg van fenretinide incubatie; deze was verminderd. Met 
remmers van de verschillende complexen werd gekeken waar fenretinide een effect 
heeft op de ademhalingsketen. Dit lijkt het meest waarschijnlijk tussen Co-enzym 
Q en complex IV te zijn. Depolarisatie van de mitochondriale membraan en het 
remmende effect van fenretinide op de ademhalingsketen werd niet teniet gedaan 
door antioxidanten. Dit betekent dat ROS-productie niet de oorzaak is van depo-
larisatie van de mitochondriale membraan en remming de remming van de ademhal-
ingsketen door fenretinide en dat deze twee mechanismen onafhankelijk van elkaar 
optreden. Bij lage concentraties wordt cytotoxiciteit van fenretinide met name geïn-
duceerd door ROS-productie ter hoogte van complex II, terwijl bij hoge concentraties 
de ademhalingsketen geremd wordt. Dit laatste gaat samen met het verlagen van de 
mitochondriale membraan potentiaal. 
Er wordt in de literatuur gesuggereerd dat oxidatie van specifieke mitochondriale phos-
pholipiden, zoals cardiolipinen (CL), door fenretinide het resultaat zou kunnen zijn 
van remming van complex II en gevolgd zou kunnen worden door het vrijmaken van 
cytochrome c, wat weer de apoptose cascade aan kan zwengelen. Om het apoptose-
inducerende mechanisme van fenretinide verder te ontrafelen is gekeken of er sprake 
is van cardiolipine oxidatie. In hoofdstuk 4 wordt beschreven dat er geen geoxideerde 
cardiolipinen konden worden geïdentificeerd na incubatie met fenretinide of H2O2. 
Mogelijk leidt het verrijken van CL met meervoudig onverzadigde vetzuren tot toename 
van de oxidatie gevoeligheid; neuroblastoom cellen werden daarom verrijkt met linol 
zuur (18:2). Echter deze verrijking leidde niet tot CL-oxidatie in neuroblastoomcellen, 
dit is in contrast met wat anderen rapporteerden. Wel werden er monolysocardiolipine 
(MLCL) geïdentificeerd in het CL spectrum na incubatie met fenretinide. De productie 
van MLCL zou kunnen wijzen op verstoring van de mitochondriale homeostase. Daar-
naast is er een daling geobserveerd van de totale CL content.
ROS-inductie is één van de beschreven apoptose-inducerende mechanismen van 
fenretinide. De intracellulaire antioxidanten dienen als verdediging tegen oxidatieve 
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stress en kunnen op die manier zorgen voor overleving van de cel. Manipulatie van dit 
systeem zou kunnen leiden tot toename van de cytotoxiciteit geïnduceerd door fenreti-
nide. In hoofdstuk 5 wordt de inductie van ROS als gevolg van fenretinide beschreven 
en  de remming van de cellulaire antioxidant glutathione (GSH)  met buthionine sulfox-
imine (BSO). Dit resulteerde in een toegenomen cytotoxisch effect van de fenretinide-
BSO-concentratie in ROS-producerende cellijnen. Er werd een milde opregulatie van 
het antioxidant catalase gezien na incubatie met de fenretinide-BSO-combinatie. Deson-
danks was deze opregulatie onvoldoende om het cytotoxische effect teniet te doen. Er 
was geen effect van de fenretinide-BSO-combinatie op andere anti-oxidanten (SOD 
and GPx). Het gunstige effect van de fenretinide-BSO-combinatie werd bevestigd in 
sferoïden; er was sprake van een retardatie van groei als gevolg van verminderde prolif-
eratie en toename van apoptose. Concluderend; de fenretinide-BSO-combinatie heeft 
een gunstig effect op cytotoxiciteit in neuroblastoomcellen en -sferoïden in de cellijnen 
die ROS produceren als gevolg van fenretinide incubatie. Omdat zowel fenretinide als 
BSO reeds in klinische trials zijn getest en er geen belangrijke toxische bijwerkingen 
werden beschreven, zou de fenretinide-BSO-combinatie potentieel gebruikt kunnen 
worden voor neuroblastoombehandeling. 
Hoofdstuk 6 beschrijft de effecten van de combinatie van fenretinide en heat shock 
protein 90 (Hsp90) remmer 17-allylaminogeldanamycin (17AAG) op neuroblastoom-
cellen en -sferoïden. Hsp90 is een chaperone eiwit dat geactiveerd wordt in reactie op 
cellulaire stress en dat zorgt voor stabiliteit van andere eiwitten die een rol hebben in 
proliferatie en anti-apoptose reacties. Een voorbeeld hiervan is AKT activatie bij inductie 
van oxidatieve stress. Alle cellijnen in ons panel waren gevoelig voor fenretinide en 
17AAG. De IC50 van 17AAG was lager dan de klinische haalbare plasma concentraties, 
gemeten in pediatrische patiënten met verschillende tumoren, waaronder neuroblas-
toom. De fenretinide-17AAG-combinatie was synergistisch in twee van de vier cellijnen 
als we kijken naar cytotoxiciteit. In sferoïden werd een forse groeiretardatie gezien als 
gevolg van incubatie met fenretinide of 17AAG. Dit effect nam toe na incubatie met 
de fenretinide-17AAG-combinatie. Er werd een concentratie-afhankelijke toename van 
Hsp70 gezien na incubatie met 17AAG, wat interessant is gezien de rol van Hsp70 in 
het beschermen tegen apoptose. Deze opregulatie zou zodoende het effect van 17AAG 
teniet kunnen doen. 
Zoals hierboven beschreven heeft fenretinide de potentie om apoptose te induceren in 
neuroblastoomcellen en –sferoïden. Een belangrijk deel van het apoptose-inducerende 
mechanisme is de productie van mitochondriale ROS. Door de combinatie van fenreti-
nide met andere middelen kan het ROS inducerende effect worden gemoduleerd, waar-
door een toename van het cytotoxisch effect van fenretinide in neuroblastoom waarn-
eembaar is.
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Chapter 2 Figure 3. Histological analysis of spheroids treated with 4HPR. IMR32 spheroids were either 
treated 1 week with 4HPR (10-20 µM) or untreated (control). Spheroids were paraffin fixed and sections 
were stained with: A) H&E for morphology. B) Immunostaining with proliferation marker Ki-67. C) Immu-
nostaining with apoptosis marker cleaved PARP. All sections were examined and enlarged 100x and 400x. 
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Chapter 2 Figure 6. Changes in the mitochondrial membrane potential. A) Representative picture of 
untreated NASS cells incubated with the fluorescent dye JC-1. B) Representative picture of 4HPR treated 
NASS cells incubated with the fluorescent dye JC-1 C) Changes of the mitochondrial membrane potential 
was studied using the fluorescent dye, JC-1, in cells incubated 4 h with different 4HPR concentrations.

Cuperus proefschrift Garamond.indd   160 21-8-2014   16:01:21



161

Appendices

8

Chapter 5 Figure 6. The effects of 
4HPR and BSO on proliferation and 
apoptosis in spheroids. Immunohisto-
chemical stained sections of spheroids 
treated with control medium, 4HPR (10 
µM), BSO (200 µM) or the 4HPR-BSO 
combination for 2 weeks are shown. An 
apoptosis maker, anti-caspase-3 (brown 
nuclei, left), and a proliferation marker, 
anti-Ki67 (brown nuclei, right) were 
used to stain the cells. Assessment of 
the sections was performed on two 
different magnifications, 10x and 20x.
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Chapter 6 Figure 3. Immunohistochemistry of spheroid sections treated with the 4HPR-17AAG-combi-
nation. IMR32 spheroids were treated for 1 weeks with 10 µM 4HPR, 1 µM 17AAG or the combination 
of both drugs. Histological sections were prepared and stained with anti-cleaved caspase 3, a apoptosis 
marker and Ki67, a marker for proliferation. 
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