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Abstract
Retinoids are derivatives of vitamin A that include all trans-retinoic acid (ATRA), 13-cis-retinoic acid, (13-cis-RA), and
fenretinide (4-HPR). High levels of either ATRA or 13-cis-RA can cause arrest of cell growth and morphological differentiation
of human neuroblastoma cell lines, and phase I trials showed that higher and more sustained drug levels were obtained with 13cis-RA relative to ATRA. A phase III randomized trial showed that high-dose, pulse therapy with 13-cis-RA given after
completion of intensive chemoradiotherapy (with or without autologous bone marrow transplantation) significantly improved
event-free survival in high-risk neuroblastoma. The cytotoxic retinoid 4-HPR achieved multi-log cell kills in neuroblastoma
cell lines resistant to ATRA and 13-cis-RA, and a pediatric phase I trial has shown it to be well tolerated. Cytotoxicity of 4-HPR
is mediated at least in part by increasing tumor cell ceramide levels and combining 4-HPR with ceramide modulators increased
anti-tumor activity in pre-clinical models. Thus, further clinical trials of 4-HPR in neuroblastoma, and of 4-HPR in combination
with ceramide modulators, are warranted.
q 2003 Elsevier Science Ireland Ltd. All rights reserved.
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1. Introduction
Neuroblastoma has the highest rate of spontaneous
regression of any human tumor and even metastatic
neuroblastomas have been shown to spontaneously
mature to a benign tumor known as ganglioneuroma.
These clinical observations have stimulated studies of
neuroblastoma differentiation in vitro. A variety of
agents have been shown to induce neurite outgrowth
of human neuroblastoma cell lines, including retinoic
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acid, cyclic AMP elevating agent, and nerve growth
factor [1].

2. Retinoic acid
One of the most potent differentiation inducers for
human neuroblastoma in vitro is retinoic acid (RA)
[2]. Treatment of both MYCN gene-amplified and
non-amplified human neuroblastoma cell lines with
all-trans-retinoic acid (ATRA) caused a marked
decrease in MYCN RNA expression and arrest of
cell proliferation [3,4]. In some cell lines, 10 days of
ATRA treatment caused a prolonged growth arrest
that persisted for . 60 days after drug removal and the
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growth arrest correlated with decreased MYCN
protein expression [4]. The few cells that reproliferate after the sustained growth arrest responded
to re-treatment using 10 mM ATRA with decreased
MYCN protein expression and arrested cell proliferation [4]. These data with selected neuroblastoma cell
lines suggested that pulse therapy with RA might
produce a sustained arrest of tumor cell proliferation
in a sub-set of neuroblastoma patients.

3. RA receptors
The differentiation and growth arrest of malignant
cells produced by RA are likely mediated by one or
more of the two families of RA receptors (RARs; RA
receptor (RAR) or retinoid X receptor (RXR)) which
have been cloned and sequenced: RAR a, b, g and
RXR a, b, g [5]. All belong to the steroid/thyroid
hormone family of transcription factors and possess
discrete DNA-binding and RA binding domains. As
depicted in Fig. 1, RA binds to the RARs, causing
conformational changes that promote binding to
specific cis-acting DNA sequences, which regulate
transcription of certain target genes [1]. A study of the
RAR and RXR families of RARs in neuroblastoma
showed that they were expressed in most neuroblastoma cell lines and primary tumors [6]. While RAR b
was only expressed in 4 of 14 MYCN amplified cell
lines, it could be induced by ATRA in most of these
cell lines [6]. There was no correlation seen between
resistance to RA and the level of RAR or RXR
expression. However, higher expression of RAR b has
been associated with good outcome in neuroblastoma
and overexpression of that gene by transfection
appears to increase the responsiveness of some
neuroblastoma cell lines to RA [7]. Thus, while
alterations in RAR or RXR do not appear to be a
major mechanism by which neuroblastoma achieves
RA resistance, higher levels of expression for these
receptors may enhance sensitivity to retinoids.

4. 13-cis-RA
The in vitro work with RA prompted investigators
to determine if retinoids could be effective against
tumors in a clinical setting. In the mid-1980’s the only

retinoid available for clinical use was 13-cis-retinoic
acid (13-cis-RA), which had been shown to induce
differentiation in promyelocytic leukemia and had
been used in trials with some objective responses in
both promyelocytic leukemia, myelodysplastic syndrome, cutaneous T-cell lymphoma (mycosis fungoides), and advanced squamous carcinoma of the
skin [1]. In spite of the minimal anti-tumor activity of
13-cis-RA against established and progressing solid
tumors, it was shown to be effective as a single agent
in preventing second tumors in patients with head and
neck carcinoma and preventing skin cancers in
xeroderma pigmentosum patients. In the latter settings
it is possible that 13-cis-RA is not just preventing
malignant transformation, but may be active against
already transformed cells when in a state of minimal
disease (prior to clinical presentation) [1].
Anecdotal trials of 13-cis-RA in neuroblastoma
showed responses of mass disease and marrow
metastases, including a complete response with a 2
year remission in one patient [4]. Although some
responses were seen in neuroblastoma patients with
progressive disease in a Childrens Cancer Group
(CCG) phase II trial of 13-cis-RA, the overall activity
of 13-cis-RA against progressive disease was disappointing [8]. It should be pointed out that in the
CCG phase II trial, 13-cis-RA was given at a dose of
100 mg/m2/day (the maximally tolerated dose of the
drug in adult trials given once a day on a continuous
basis). At that dose of 13-cis-RA, subsequent
pharmacokinetic studies [9,10] demonstrated that
drug levels obtained were below the 5 –10 mM levels
known to be effective against neuroblastoma in vitro
[11]. The major toxicities of 13-cis-RA at the 100 mg/
m2/day dose are dryness of skin, dryness of mucous
membranes, conjunctivitis, and hypertriglyceridemia.
4.1. High dose, pulse, 13-cis-RA
For 13-cis-RA to be effective in patients it was
likely that drug levels known to be effective in vitro
against neuroblastoma (5 – 10 mM) would have to be
achieved [11]. The limited experience in children with
moderately high doses of 13-cis-RA [4] suggested that
the mucocutaneous toxicity could be dose limiting
and that the skin dryness and cheilitis were tolerable
in the initial 2 weeks of therapy. It had been
demonstrated that 10 day exposures to 10 mM RA
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Fig. 1. The mechanism of action of retinoids is mediated via zinc-finger transcriptional regulators which function as heterodimers to regulate
promoter activity of certain target genes. The RAR and RXR proteins bind to specific direct repeat DNA sequences (AGGTCA are separated by
either 2 or 5 nucleotides) in gene promoters, known as RA response elements. (A) In the absence of ligand, the RAR/RXR heterodimers interact
with nuclear co-repressors including N-CoR and SMRT, which in turn bind to a common adapter protein mSin3 that complexes to proteins with
histone deacetylase activity to repress transcription. (B) RA binds to the RAR portion of the complex causing a conformational change in the
RAR and RXR proteins which releases the co-repressor complex and facilitates binding of 9-cis-RA to the RXR protein (the latter enhances the
activation response). The transcriptional co-regulator CBP/p300 then binds to the receptor complex and recruits the coactivator protein ACTR,
which contains histone acetyltransferase activity, that promotes transcription [1].

could produce prolonged arrest of neuroblastoma cell
proliferation in vitro [4], and it was predicted that
levels obtainable in patients would be between 5 and
10 mM if therapy was given in 2 week courses
alternating with 2 weeks for mucocutaneous recovery.
Therefore, model studies were conducted with a
human neuroblastoma cell line that showed sustained
growth arrest and down-regulation of MYCN
expression were achieved in vitro with sequential 2
week courses of 5 mM 13-cis-RA [11]. Based on the in
vitro model studies, a phase I trial was undertaken to
dose-escalate 13-cis-RA given in 2 week courses,
with the goal being to obtain drug levels . 5 mM in
patients who had recently completed myeloablative
therapy supported by bone marrow transplantation
(BMT). Using the intermittent schedule, 13-cis-RA
was dose-escalated to a maximally tolerated dose
(MTD) of 160 mg/m2/day in post-BMT patients, with
the dose-limiting toxicity being hypercalcemia [9].
Peak drug levels at the MTD for 13-cis-RA were 7
mM [9,10], exceeding the target level of 5 mM, and as
trough levels were found to be 4 mM, and drug was

given every 12 h, 13-cis-RA levels in patients closely
approximated the in vitro model system. Complete
responses were seen in the phase I trial in four of the
ten patients with measurable disease after myeloablative therapy and bone marrow transplantation, and
two of those four patients entered a prolonged
remission (. 2 years) [9]. The latter observation
suggested that high-dose, pulse 13-cis-RA might
delay or prevent tumor recurrence in high-risk
neuroblastoma patients, if given to patients in a
setting of minimal residual disease after completion of
myeloablative therapy.
4.2. 13-cis-RA vs. ATRA
ATRA was used in treating acute promyelocytic
leukemia (APL) with excellent results and little
toxicity [12]. Although 13-cis-RA has never been
compared directly to ATRA in APL, most investigators felt that ATRA was superior. Studies in vitro of
APL cells and cell lines showed that ATRA was more
effective then 13-cis-RA when tested at equal
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concentrations in the range from 0.1 to 1 mM [13].
Such a comparison was based on clinical trials of
ATRA given continuously at the usual 45 mg/m2/day
dose, which showed peak drug levels obtained were in
the range of 0.1– 1 mM for ATRA [14]. However,
drug levels obtained in the post-BMT phase I trial of
13-cis-RA were considerably higher (4 –7 mM) [9,
10]. Moreover, ATRA rapidly induces an increase in
its own metabolism, such that peak levels and drug
half-life significantly decrease after a few days of
therapy [14]. Drug levels are further reduced in
children, where pseudotumor cerebri was the doselimiting toxicity for ATRA, limiting the MTD to 60
mg/m2 [14]. The differences in pharmacokinetic
properties of 13-cis-RA and ATRA are summarized
in Fig. 2. These differences include higher peak levels
and a much longer half life for 13-cis-RA (5 h
compared to , 45 min for ATRA), and the observation that 13-cis-RA levels remained consistent
throughout the course of treatment [10], which is in
contrast to the marked decrease of drug levels seen
after several days of therapy with ATRA [15].
Because of minimal activity of 13-cis-RA in
binding to RA receptors, it had been assumed by
some investigators that 13-cis-RA would be less

potent then ATRA. However, studies comparing the
activity against neuroblastoma cell lines of 13-cis-RA
and ATRA at clinically achievable drug levels
demonstrated 13-cis-RA to be superior to ATRA in
terms of induction of morphological differentiation
and growth arrest, and 13-cis-RA caused downregulation of MYCN gene expression [11]. These
data, and the documentation of anti-neuroblastoma
activity for 13-cis-RA in patients [4,9,16], suggest
that either 13-cis-RA acts via mechanisms that are
independent of RA receptors, or that (more likely) 13cis-RA serves as a pro-drug for ATRA, resulting in
delivery of higher levels of ATRA inside tumor cells
then are achievable in vivo with direct ATRA
treatment. Given that induction of differentiation
and growth arrest in neuroblastoma cell lines by
retinoids is dose-dependent, and a sustained effect
requires exposure to optimal levels of the retinoid
over at least several days, 13-cis-RA may be superior
to ATRA for treatment of neuroblastoma [11].
4.3. 13-cis-RA after completion of chemotherapy for
high-risk neuroblastoma
CCG-3891 was a phase III trial that was

Fig. 2. Structures of 13-cis-RA and ATRA and a summary of the pharmacokinetic properties of these two retinoids in pediatric patients [9,10,14,
15].
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conducted from January of 1991 to April of 1996
and that entered a total of 560 patients, 539 who
were eligible after review [16]. Patients received an
induction chemotherapy regimen using cyclophosphamide, doxorubicin, cisplatin, and etoposide,
during which marrow harvest and purging, and
surgical resection, was accomplished. Patients were
initially randomized to either myeloablative therapy
employing melphalan, carboplatin, etoposide, and
total body irradiation and supported by autologous
bone marrow transplation (ABMT), or to three
cycles of intensive non-myeloablative therapy utilizing cisplatin, etoposide, doxorubicin, and ifosfamide/mesna. A second randomization assigned
patients who completed either myeloablative or
non-myeloablative consolidation therapy to either
no further therapy or to receive 13-cis-RA at 160
mg/m2/day (divided and given bid) for 2 weeks each
month over a 6 month period. Patients who had
documented active tumor by biopsy at the end of
consolidation were non-randomly assigned to
receive 13-cis-RA.
There were 190 patients randomized to consolidation chemotherapy and 189 to myeloablative therapy/ABMT, and subsequently 130 were randomized
to receive 13-cis-RA, while 128 patients were
randomized to no further therapy. There were 37
patients non-randomly assigned to 13-cis-RA for
proven residual tumor and 24 patients who refused
the second randomization, four of whom chose to
receive 13-cis-RA. The first randomization showed
that ABMT achieved a significantly higher event free
survival (EFS) from time of first randomization of
34 ^ 4% compared to 22 ^ 4% for those randomized
to consolidation chemotherapy (P ¼ 0:034). The 3year EFS (intent to treat analysis) from the time of
second randomization for patients randomized to 13cis-RA was 46 ^ 6%, significantly better than the 3year EFS of 29 ^ 5% for those randomized to no
further therapy (P ¼ 0:027). The effect of 13-cis-RA
was most pronounced in a setting of truly minimal
residual disease, as subset analysis showed the most
significant effect for 13-cis-RA in stage IV patients
was for those who achieved initial complete remission. The positive benefit of 13-cis-RA for those
patients with minimal residual disease was not seen
for children who were non-randomly assigned to 13-

189

cis-RA for histologically proven residual disease, as
this latter group showed a 3-year EFS of 12 ^ 6%.
Because of the two randomizations in the CCG3891 study, one can examine the apparent EFS for the
four different treatment groups created, although
small group size of each of these four treatment
groups limits statistical power and the two different
randomization time-points precludes a formal analysis. Treatment with 13-cis-RA appeared to be
beneficial both for patients who received either
ABMT or non-myeloablative chemotherapy. The
three-year EFS from time of second randomization
in patients undergoing both randomizations was
higher for ABMT and 13-cis-RA (55 ^ 10%),
compared to ABMT alone (41 ^ 10%; P ¼ 0:28).
The 3-year EFS for chemotherapy and 13-cis-RA was
33 ^ 7%, compared to chemotherapy alone
(19 ^ 7%; P ¼ 0:17). It is likely that myeloablative
therapy was most effective in reducing disease burden
prior to 13-cis-RA therapy. The outcome for patients
treated with both ABMT and 13-cis-RA, taken
together with the poor survival of patients who had
documented active disease at the time of beginning
13-cis-RA therapy, emphasizes that the optimal
application for 13-cis-RA is in a setting of minimal
residual disease [16].
In 1989 the European Neuroblastoma Study Group
(ENSG) initiated a randomized trial of 13-cis-RA vs.
no further therapy in children with advanced neuroblastoma who achieved remission after high-dose
therapy [17]. When this trial was initiated, the dose
escalation results with high-dose, pulse 13-cis-RA [9]
(see above) had not yet been published, so patients
randomized to 13-cis-RA on the ENSG study were
given a single daily dose of 0.75 mg/kg (22.5 mg/m2/
day continuously for 4 years or until relapse.
Approximately 175 children were entered into the
study with 88 patients randomized to receive 13-cisRA (3 year EFS ¼ 37%) and 87 patients randomized
to placebo (3 year EFS ¼ 42%). No advantage in EFS
was shown in this trial for children randomized to
receive low dose, continuous 13-cis-RA. These results
contrast with the improved survival seen with highdose, pulse 13-cis-RA [16] (see above) and indicate
the need for utilizing adequate dose levels and optimal
dosing schedules to achieve pharmacologically efficacious drug levels when employing retinoids as anticancer agents.
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5. Fenretinide
A synthetic retinoid made in the late 1960’s, N-(4hydroxyphenyl) retinamide or fenretinide (4-HPR)
has been reported to inhibit the growth of neuroblastoma cell lines in vitro with 1– 10 mM concentrations
in a dose dependent manner [18] and 4-HPR was
highly active against retinoic-acid resistant neuroblastoma cell lines at 5 – 10 mM drug levels [19]. In
contrast to 13-cis-RA and ATRA, 4-HPR does not
induce maturational changes, but is cytotoxic, causing
both apoptosis and necrosis [20]. Toxicity of 4-HPR
in chemoprevention clinical trials has been minimal
and no hematologic toxicity has been reported, with
the major clinical toxicity of 4-HPR being decreased
night vision, due to decreased plasma retinol levels
[1]. Fig. 3 shows the structure of 4-HPR and
summarizes the characteristics of the drug.
Clinical data indicate that many neuroblastomas
are resistant, or develop resistance during therapy, to
13-cis-RA [16]. As 4-HPR has been shown to achieve
multi-log cytotoxicity in neuroblastoma cell lines
resistant to ATRA and 13-cis-RA [19], if suitable 4HPR plasma levels can be achieved clinically with
tolerable toxicity, 4-HPR could be effective against
13-cis-RA-resistant neuroblastomas. Resistance to

13-cis-RA in neuroblastoma cell lines appears to
involve selection for increased expression of MYCN
or c-myc, and such RA-resistant neuroblastoma cell
lines are collaterally hypersensitive to 4-HPR [19].
Thus, sequential use of 13-cis-RA, followed by 4HPR, could be an especially effective approach to
treating minimal residual disease in neuroblastoma
patients after myeloablative therapy.
5.1. Mechanism of action for 4-HPR
4-HPR appears to act by different pathways than
those mediated by retinoid receptors. Studies in breast
cancer cell lines have demonstrated that 4-HPR has a
low binding affinity for nuclear RARs compared with
trans-RA [21], and only minimally activates the RAR
element and RXR response elements [22]. The
mechanism by which 4-HPR achieves anti-tumor
cytotoxicity is not completely understood, but current
data indicate that more then a single mechanism is
involved. In human leukemic cell lines, 4-HPR
cytotoxicity may be suppressed by the activation of
protein kinase C, and inhibited by antioxidants [23].
Generation of reactive oxygen species in the cytotoxicity achieved by 4-HPR has been implicated in cell
lines from leukemia [24], cervical carcinoma [25],

Fig. 3. Structure of N-(4-hydroxyphenyl) retinamide or 4-HPR and a summary of the currently known characteristics of the drug.
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and neuroblastoma [20]. Cell death still occurs in
leukemic cell lines that overexpress bcl-2, however
the onset is delayed [23]. Thus, it is likely that 4-HPR
effects multiple pathways involved in cell death, and it
appears to do this preferentially in malignant cells.
Recent studies have shown that 4-HPR stimulated
large increases of ceramide in neuroblastoma cell
lines, which is likely one of the mechanisms by which
anti-tumor cytotoxicity is achieved with 4-HPR [20].
A dose and time-dependent increase in ceramide was
observed in neuroblastoma cell lines [20], including
CHLA-90, which is a highly alkylator and etoposideresistant cell line established after myeloablative
therapy [26]. Future clinical trials may employ 4HPR in combination with agents that modulate
ceramide metabolism so as to increase the antitumor activity of 4-HPR. An example of the latter
approach is to combine 4-HPR with agents that inhibit
glucosylceramide
synthase/1-O-acylceramide
synthase or sphingosine kinase, or use of safingol
(L -threo-dihydrosphingosine) [27]. Such agents,
which modulate ceramide metabolism and/or action,
can significantly increase 4-HPR anti-tumor activity
at levels that are minimally toxic to normal fibroblasts
or bone marrow myeloid progenitors (CFU-GM) [27].
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trial that showed post-consolidation therapy with
high-dose, pulse 13-cis-RA improved EFS for patients
with high-risk neuroblastoma. However, there are still
many high-risk neuroblastoma patients who have
tumors that do not respond to 13-cis-RA, even when
13-cis-RA is used in a state of complete response to
prior therapy. Given the significant benefit derived
from post-myeloablative therapy with 13-cis-RA, it is
logical to consider developing additional therapies in
the post-myeloablative period which may be effective
against tumor cells that persist after myeloablative
therapy and 13-cis-RA. One such approach may be to
use the cytotoxic retinoid fenretinide, which can
achieve multi-log cell kills against neuroblastoma cell
lines resistant to 13-cis-RA, especially when combined with modulators of ceramide metabolism.
Randomized clinical trials will be needed to determine if new approaches to treating minimal residual
disease in high-risk neuroblastoma patients can
achieve a higher EFS then does the use of aggressive
induction chemotherapy, myeloablative therapy, and
subsequent therapy for minimal residual disease with
13-cis-RA.
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5.2. 4-HPR clinical trials
Recently, phase I clinical trials of high-dose oral 4HPR in adult and pediatric solid tumors have been
completed. In pediatrics, the MTD of oral 4-HPR
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which achieved 4-HPR plasma levels of 6 –10 mM
with minimal systemic toxicity. [28]. Thus, the phase
I trial achieved 4-HPR levels that were highly
effective against 13-cis-RA-resistant neuroblastoma
cell lines [19]. Due to the poor bioavailability and
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formulation (the latter is particularly a problem with
young children), an intravenous formulation and a
new oral formulation are in development.

6. Conclusions
In vitro studies led to clinical trials that have
defined a dose of 13-cis-RA which was tolerable in
patients after myeloablative therapy, and a phase III
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