
ic development, vision, reproduction, bone formation,
hematopoiesis, metabolism and cellular differentiation,
proliferation and apoptosis (2-5). The basic structure of a
retinoid molecule consists of a cyclic end group, a poly-
ene side chain and a polar end group (Fig. 1). The chem-
ical manipulation or modification of any part of the mole-
cule produces different retinoids with different therapeutic
indices and distinct side effects. The profound effects of
vitamin A metabolites on cellular differentiation and prolif-
eration and, in particular, the hope to use them clinically,
have spurred the synthesis of a large variety of vitamin A
analogs. Since the mid-1950s, more than 4000 vitamin A
analogs have been synthesized to produce drugs with
improved therapeutic indices and potential uses in a vari-
ety of skin disorders and malignant diseases (6-8). More
recently, the discovery that two nuclear retinoid receptor
subfamilies, the retinoic acid receptors (RARs) and the
retinoid X receptors (RXRs), were the mediators of major
functions of retinoids on gene expression has led to the
synthesis of novel retinoids with receptor subtype selec-
tivity (9-19). The major limitation for the widespread clini-
cal use of the currently available retinoids is their unde-
sirable side effects and toxicities. These include
mucocutaneous irritation, elevation of plasma triglyceride
levels, headache, bone toxicity and teratogenicity (6). It is
thought that the many diverse actions of retinoids, both
desirable and undesirable, arise through activation of
multiple retinoid receptor subtypes. Therefore, it is plausi-
ble to assume that retinoids with receptor subtype selec-
tivity, such as RAR- and RXR-selective agonists as well
as RAR subtype-specific antagonists (Fig. 1), may exhib-
it improved therapeutic indices.

Presently, the naturally occurring retinoids (Fig. 1) all-
trans-retinoic acid (ATRA) and 13-cis-retinoic acid
(13CRA, isotretinoin) are used to treat severe acne, and
synthetic etretinate is prescribed for severe, refractory
psoriasis. More recently, ATRA and 13CRA, given as sin-
gle agents or in combination with other agents such as
interferon-α (IFN-α), have shown promise in the control of
cancers or precancers such as acute promyelocytic
leukemia (APL) (20, 21), head and neck cancer (22, 23),
skin cancer (24) and cervical cancer (25, 26).
Encouragingly, ATRA was recently approved by the Food
and Drug Administration in the United States for use in
patients with APL who have relapsed after other
chemotherapy. Other synthetic retinoids are in various
stages of development for the treatment or prevention of
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Summary

Retinoids, naturally occurring and synthetic vitamin A
metabolites and analogs, exhibit promising antitumor
effects in a variety of in vitro and in vivo model systems
and in clinical trials. They inhibit carcinogenesis in various
tissues in animal models, suppress premalignant human
epithelial lesions and prevent second primary tumors fol-
lowing curative therapy for epithelial malignancies such
as head and neck and lung cancer. Laboratory and clini-
cal studies also indicate that retinoids have a potential as
therapeutic agents. Retinoids inhibit cell proliferation and
induce cell differentiation and apoptosis in various types
of tumor cells. Significant therapeutic activity has been
observed with all-trans-retinoic acid in acute promyelo-
cytic leukemia. The mechanisms underlying the anticar-
cinogenic and antitumor activities of retinoids appear to
be associated with their ability to modulate the growth
and differentiation of normal, premalignant and malignant
cells in vitro and in vivo. Most of these effects are medi-
ated by nuclear retinoid receptors; however, other mech-
anisms may also be involved. This review summarizes
the studies which indicate that retinoids are potentially
useful agents for cancer chemoprevention and therapy.

Introduction

The term retinoids, first coined by Sporn in 1976 (1),
generally refers to the entire group of compounds, includ-
ing both naturally occurring and synthetic vitamin A
(retinol) metabolites and analogs that play important roles
in several diverse cellular processes, including embryon-
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observed in vivo in a human melanoma xenograft in nude
mice with minimal toxicity (32), showing its potential for
treatment of solid tumors. In addition to receptor agonists,
several RAR-selective antagonists (Fig. 1) which bind to
the receptors but fail to enhance gene transcription have
also been described. Ro-41-5253, which exhibits selec-
tivity for the RARα subtype, was shown to antagonize the
teratogenic effects of the RARα-selective agonist AM-580
in rat limb bud cell cultures and in mice (34). These
retinoid antagonists may have potential use in the clinic to
neutralize or decrease the side effects and toxicity of
retinoids.

The diverse effects of retinoids on cell growth, differ-
entiation and apoptosis spurred numerous basic studies
and clinical investigations evaluating retinoids for cancer
chemotherapy as well as cancer chemoprevention. Over
the last decade, these studies have led to exciting
progress, which is summarized in this review. Although

cancer and skin diseases. N-(4-Hydroxyphenyl) reti-
namide (4HPR) is in phase III trials in previously treated
breast cancer patients to evaluate chemoprevention of
second primary breast cancer and in phase II trials as a
chemopreventive agent in breast (alone and in combina-
tion with tamoxifen), cervix, lung, prostate, bladder, skin
(actinic keratosis patients) and oral cavity (27) cancers.
Phase III clinical trials for topical treatment of acne and
psoriasis have been completed using AGN-190168
(tazarotene), a novel RARβ- and RARγ-selective retinoid
(28).

LGD1069 (Targretin®), the first RXR-selective retinoid,
has also entered clinical trials for the treatment of cancer
(29). CD437, a RARγ-selective retinoid, was recently
found to be a very potent inducer of apoptosis in cell lines
derived from solid tumors of the breast (30), cervix (31),
skin (melanoma) (32), lung (33) and prostate (our unpub-
lished data). Antitumor effects of CD437 were also
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by an asterisk.



retinoids exhibit tissue selectivity. It is noteworthy that
several studies have demonstrated clearly that certain
retinoids that are active inhibitors of carcinogenesis in
certain tissues can act as enhancers of carcinogenesis in
the same tissue in other strains of mice or in another car-
cinogenesis model (43-45). This could be due to different
tissue distribution and metabolism of some carcinogens.

Clinical trials

Many of the major cancers (e.g., lung, breast, colon)
continue to cause severe morbidity and mortality, and the
overall survival of patients has not improved significantly
over the last few decades. Therefore, efforts are under-
way to develop new strategies for early intervention in the
onset of malignant disease (38-40). Currently, most clini-
cal trials for chemoprevention target individuals at an
increased risk of developing cancer such as patients who
have premalignant lesions or patients who have been
treated for an early-stage cancer but remain at a high risk
to develop a second primary cancer. Retinoids have been
implicated in the prevention of various epithelial cancers
on the basis of epidemiological studies that demonstrated
an inverse relationship between vitamin A intake and can-
cer incidence (38).

1) Effects on premalignant lesions

a) Cutaneous actinic keratoses

Retinoids have been used in the treatment and pre-
vention of a variety of cutaneous premalignant and malig-
nant lesions. Actinic keratoses are premalignant lesions
that are prevalent in older people following years of sun
damage. Topical ATRA was effective in reducing the num-
ber of such lesions with a response rate of about 50%.
Further, a randomized trial with 40 patients treated with
systemic etretinate (75 mg/day) versus placebo for 2
months showed that the drug was effective in reversing
lesions in 84% of the patients compared with only 5% in
the placebo group. Similar results were obtained in a
more recent randomized study with 31 patients (38).

Numerous actinic keratoses often develop in renal
transplant recipients. Forty-four such patients with more
than 10 keratotic lesions on the hands and forearms were
enrolled in a randomized, double-blind, placebo-con-
trolled trial of 6 months treatment with acitretin (30
mg/day) versus placebo. Eleven of the 38 evaluable
patients developed squamous cell carcinomas, which
were distributed unequally between the two groups: 2 of
the 19 retinoid-treated group compared to 9 of the 19
placebo group. The treatment also prevented keratotic
lesion development inasmuch as the number of lesions
decreased by 13.4% in the treatment group and
increased by 28.2% in the placebo group (46). Topical
ATRA with or without low-dose systemic etretinate (10
mg/day) was also effective in suppressing the develop-

progress has also been made in the application of
retinoids in several skin diseases (35-37), this review is
focused on their potential for chemoprevention and treat-
ment of cancer.

Retinoids as chemopreventive agents

Retinoids are one of the prominent chemopreventive
agents that have reached clinical trials (38-40). A strong
relationship between vitamin A and cancer development
has been established by numerous investigations over
the last couple of decades. Vitamin A deficiency in exper-
imental animals has been associated with a higher inci-
dence of cancer and with increased susceptibility to
chemical carcinogens (41). Further, epidemiological stud-
ies have indicated that individuals with a lower dietary vit-
amin A intake are at a higher risk to develop cancer (38).
These observations have led to the hypothesis that phys-
iological levels of retinoids guard the organism against
the development of premalignant and malignant lesions.

Preclinical studies

Extensive studies conducted during the last decade
have highlighted the anticarcinogenetic effects of
retinoids in cell or tissue culture systems in vitro and in
animal models in vivo. Retinoids suppress the transfor-
mation of cells or tissues induced by chemical, physical
and viral carcinogens (42). More importantly, retinoids
have been found to be effective in suppressing tumor
development in several carcinogenesis models, including
those of the skin, breast, oral cavity, lung, prostate, blad-
der, liver and pancreas (41, 42). They have been admin-
istered either topically or systemically, in the diet or intra-
gastrically, and before, concurrently or after a carcinogen
or a tumor-promoting agent to determine whether they
affect tumor initiation, promotion, or both. Many studies
have demonstrated that certain retinoids possess antipro-
motion activity. In some studies, in which multiple tumors
developed in control animals asynchronously, retinoids
were administered after the first tumor had already
appeared and been excised and were found to suppress
the development of second primary tumors. The effects of
retinoids were reversible when retinoid treatment was
started after the carcinogenic insult and discontinued
after a few weeks. This finding led to the conclusion that
retinoids may have to be used continuously to achieve
long-term suppression of carcinogenesis. Initial studies
used naturally occurring retinoids such as retinyl palmi-
tate, ATRA or 13CRA. However, with the increase in the
availability of synthetic retinoids, more active compounds
have been identified that have lower toxicity and/or
improved pharmacokinetics than the natural retinoids.
Some retinoids were found to be active in certain animal
models of carcinogenesis but not in others. The effect of
retinoids was not restricted to a specific carcinogen but
rather to the type of tissue involved, suggesting that some
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that it can be an intermediate biomarker in prevention
studies of OPLs (52).

4HPR was used to treat 8 patients with diffuse non-
operable OPLs (e.g., leukoplakia) by topical application
twice daily. After 1 month of therapy, 2 patients had com-
plete remission and the other 6 had a greater than 75%
response rate (53, 54). A much larger study was con-
ducted to evaluate the efficacy of 4HPR in preventing
recurrences, new localizations and the development of
carcinomas in patients who had been treated surgically
for oral leukoplakia. Data from 137 randomized patients
who received either 200 mg 4HPR daily for 52 weeks or
no intervention with a 1 year follow-up showed 8 recur-
rences, 12 new occurrences and 1 second primary can-
cer in the control group, whereas 7 recurrences, 2 new
occurrences and no carcinomas developed in the 4HPR
group (53, 54).

d) Bronchial metaplasia

Squamous metaplasia is frequently seen in biopsies
of bronchial epithelium from heavy smokers. Although a
reversal of such a metaplasia was reported in an uncon-
trolled trial with etretinate, a more recent randomized,
placebo-controlled trial with 13CRA (1 mg/kg/day for 6
months) failed to demonstrate a specific retinoid-induced
reversal of metaplasia because complete reversal of
metaplasia was observed in both arms of the study when
69 individuals were reevaluated at the completion of the
study. The reversal of metaplasia was associated with
smoking cessation and was not observed in those who
continued to smoke (55). Several other studies have also
failed to demonstrate that retinoids have an effect on the
reversal of bronchial metaplasia or on sputum atypia in
chronic smokers (38).

e) Laryngeal papillomatosis

This disease is a benign growth of polypoid lesions on
the vocal cords that requires frequent surgical interven-
tion and may precede the development of squamous car-
cinoma. Treatment of patients with extensive growth with
13CRA (0.5-2 mg/kg/day) or with etretinate (1 mg/kg/day)
resulted in 50-67% response rates. However, adjuvant
treatment of patients failed to prevent recurrence (38).

f) Cervical dysplasia

Cancer of the cervix develops in a multistep fashion
through a series of premalignant lesions of increasing
severity called cervical intraepithelial neoplasia I, II and III
(CIN I, II, III). A placebo-controlled, randomized trial
examined the efficacy of ATRA applied topically as a 1 ml
of 0.372% cream on a collagen sponge within a cervical
cap to reverse CIN in 301 women. Patients were treated
daily for 4 days at the beginning of the trial and then for 2

ment of new skin tumors and in reducing the number of
existing neoplastic lesions in renal transplant recipients
(47).

b) Dysplastic nevi

Patients with dysplastic nevus syndrome were treated
with topical ATRA on one-half of their back for 6 months
followed by excision of nevi from both the treated and
untreated sides of the back and clinical and histological
evaluation. The treatment resulted in clinical and histo-
logical improvement, including decreased clinical atypia
of treated lesions and disappearance of many treated
nevi in some patients (48, 49).

c) Oral premalignant lesions

Oral premalignant lesions (OPLs) are either white
(leukoplakia) or red (erythroplakia) mucosal patches in
the oral cavity or oropharynx that progress to malignant
lesions in 6-20% of cases. Because surgery is not usual-
ly an option for patients with extensive or multiple lesions,
such patients are good candidates for chemoprevention.
13CRA has been used in several randomized, placebo-
controlled studies in patients with OPLs. In one study, 44
subjects were randomized to either high-dose 13CRA
(1-2 mg/kg/day) or placebo for 3 months with a 6-month
follow-up. Major clinical responses were observed in 67%
of the treatment arm compared with 10% in the placebo
arm (38). This study clearly demonstrated that OPLs are
responsive to retinoids. However, there were two unfa-
vorable aspects of the study: high-dose 13CRA had an
unacceptable toxicity and resulted in patients leaving the
study and OPLs recurred in 50% of the responding
patients within 3 months of drug discontinuation.
Therefore, a second trial was designed to address these
problems as follows: 70 patients were treated with
high-dose 13CRA (1.5 mg/kg/day) for 3 months (induction
phase). This resulted in a clinical response rate of 55%.
The patients were then randomized to two groups for a
maintenance phase. One group received low-dose
13CRA (0.5 mg/kg/day) and the other received β-
carotene (64 mg/day) for 9 months. The 13CRA group
showed an 8% progression rate whereas the β-carotene
group showed a 55% progression rate. These results
demonstrated the feasibility of maintaining the initial clin-
ical response with low-dose 13CRA but not with β-
carotene (38, 40). Interestingly, recent studies with heavy
smokers demonstrated that β-carotene can enhance the
incidence of lung cancer and suggested that this com-
pound should no longer be considered for future cancer
prevention trials (50, 51). In a recent study, 4 of 9 patients
treated with 13CRA (1 mg/kg/day) for 3 months had a
complete resolution of their OPLs. Transforming growth
factor-α expression, which was elevated in the premalig-
nant lesion relative to adjacent normal before treatment,
showed a marked decreased after treatment, suggesting
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I-IV head and neck cancer, 103 patients were randomized
to receive 13CRA (50-100 m2/day) or placebo for 1 year.
After a median follow-up of 32 months, second primary
tumors had developed in 4% of the treatment group com-
pared with 24% in the control group. However, 13CRA
had no effect on the rate of recurrence or metastasis
(38-40). A more recent analysis revealed that at 55
months follow-up, the rate of second primary tumor devel-
opment was 7% and 33% in the treatment and control
arms, respectively. To confirm these findings in a larger
group of patients, another study is under way to compare
the effect of low-dose 13CRA versus placebo on the inci-
dence of second primary cancers in about 1200 patients
with stage I and II head and neck cancer after surgery or
radiotherapy.

In another trial, etretinate (50 mg/day for the first
month and 25 mg/day subsequently for a total of 24
months) was compared with placebo in 316 patients who
had been treated with surgery or radiation therapy for
early-stage head and neck squamous cell carcinoma and
followed for 5 years. There was no difference in survival,
disease-free survival and the incidence of second prima-
ry cancers between the two groups. Thus, etretinate was
ineffective in preventing second primary tumors in the oral
cavity and oropharynx (59).

d) Non-small cell lung cancer

Vitamin A was used in a trial with 307 patients who
had undergone resection of stage I non-small cell lung
cancer. The patients were randomized to receive either
retinyl palmitate (300,000 IU/day) or placebo. After 1
year, second primary tumors developed in 29 patients in
the control compared with 18 in the treatment group.
When the smoking status was taken into account, it was
found that, after a median follow-up of 46 months, 25
tumors developed in the control group compared with
only 13 in the retinyl palmitate group (60).

e) Ovarian cancer

An incidental finding made during the breast cancer
prevention trial with 4HPR was that ovarian cancer devel-
oped in 6 women and all of them were in the placebo
group (61). These findings suggest that 4HPR can pre-
vent the development of ovarian cancer.

f) Bladder cancer

A trial of 13CRA (initially administered at 0.5
mg/kg/day and then increased to 1 mg/kg/day) as pre-
vention of recurrent early-stage bladder cancer in 20 eli-
gible patients showed that the compound was toxic,
resulting in 8 patients dropping out of the study before 3
months and 4 before 6 months. Most of the patients had
a relapse within 1 year. The study was terminated
because of toxicity and lack of positive results (62).

days at months 3 and 6. The results showed that ATRA
induced the regression rate of CIN II lesions (moderate
dysplasia) in 43% of the patients compared with a spon-
taneous regression of 27% in the control group but had
no effect on more severe dysplasia (56). A study in China
used N-(4-carboxyphenyl)retinamide (RII) administered
intravaginally in a suppository containing 20 mg (RII)
once daily for 2 courses of 50 days each. The treatment
caused regression of premalignant lesions in 68% of the
patients (57).

2) Prevention of second primary tumors

a) Xeroderma pigmentosum

Afflicted with a rare recessive disease of defective
DNA repair, patients with Xeroderma pigmentosum have
a 1000-fold increased risk of developing skin cancers
(basal cell carcinoma, squamous cell carcinoma,
melanoma). A group of 5 patients who had a total of 121
basal or squamous cell carcinomas 2 years before treat-
ment were rid of all existing tumors surgically and then
treated with oral 13CRA at a high dose (2 mg/kg/day) for
2 years and followed for 1 year off drug. During the treat-
ment period, only 25 new tumors developed in these
patients. However, after cessation of treatment, there was
an 8.5-fold increase in tumor occurrence. These results
indicated that the treatment only suppressed the expres-
sion of the premalignant lesions and their conversion into
malignant lesions but failed to inhibit the initiation of new
lesions (58). The same patients were included in a sec-
ond study with 13CRA at a lower dose (0.5 mg/kg/day) for
1 year and monitored for the incidence of new tumors.
The frequency of new tumors decreased in most patients,
even at this lower dose. These promising results are a
clear proof of principle that chemoprevention may be an
important strategy even for patients with a genetic pre-
disposition for cancer development.

b) Basal cell carcinoma

In a randomized, double-blind, placebo-controlled
trial, 981 patients with a history of at least two basal cell
carcinomas in the 5 years preceding the trial were treat-
ed with low-dose 13CRA (0.14 mg/kg/day) or placebo for
3 years. In contrast to the studies with high-dose 13CRA,
the low dose was ineffective in decreasing the incidence
of basal cell carcinomas (58).

c) Head and neck cancer

A randomized study in which 13CRA was evaluated
as adjuvant treatment for recurrence in head and neck
cancer resulted in the unexpected observation that the
incidence of second primary tumors was reduced in the
treatment group. After surgery or radiotherapy of stage
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methyl cellulose, and this growth is considered to be a
hallmark of malignant transformation because it distin-
guishes malignant cells from normal cells. Treatment of
various transformed and tumor cells with retinoids
restores anchorage dependence and inhibits the ability of
the cells to grow in suspension. The effective concentra-
tions of retinoids for inhibition of tumor cell growth in cul-
ture are often pharmacological and not physiological.
However, quite a large number of tumor cells are inhibit-
ed considerably even at physiological doses (1 µM for
retinol and 0.01 µM for ATRA). Often, cells that are only
marginally inhibited in a monolayer culture show marked
inhibition of anchorage-independent growth in agarose,
suggesting that the inhibition of anchorage-independent
growth is a more sensitive assay for the suppression of
the growth of tumor cells by retinoids (64, 65). This assay
has also been performed with cells dissociated from fresh
tumor biopsies and has demonstrated sensitivity of differ-
ent tumor cells to different retinoids (66-68).

2) Cytotoxicity of retinoids and their effect on apoptosis

In addition to the cytostatic effects of retinoids, these
compounds exert nonspecific cytotoxic effects and induce
apoptosis (programmed cell death). At concentrations
higher than 50 µM, many retinoids exhibit cytotoxic
effects on most cells. The toxicity of retinoids is probably
due to their detergent-like effects at high concentrations.
The cytotoxicity is enhanced in serum-free medium, pos-
sibly because of the absence of serum albumin, which
binds retinoids.

Retinoids also induce apoptosis in various types of
cancer cells. The natural retinoids ATRA and 9-cis-RA
(9CRA) induce apoptosis in some types of cells such as
leukemia cells (69-71), but they are not very effective at
inducing apoptosis in many solid tumors. More recently, a
large number of studies focused on the induction of apop-
tosis by synthetic retinoids such as 4HPR and CD437,
which exhibit much more potent activity in induction of
apoptosis than ATRA. 4HPR has been proved be an
effective inducer of apoptosis in various types of cancer
cells, including leukemia cells (72, 73), neuroblastoma
cells (74-76) and lung (77), head and neck (78), cervical
(79), breast (80, 81) and prostate (82, 83) cancer cells.
Compared with 4HPR, CD437 has an even more potent
effect in inducing apoptosis in several solid tumors and is
very active in inducing apoptosis in human breast (30),
cervical (31), melanoma (32), lung (33) and prostate (our
unpublished data) cancer cells.

The induction of apoptosis by retinoids is related to
cell growth and differentiation in various ways, depending
on the cell type. Growth arrest by retinoids can lead to
either terminal differentiation or apoptosis. There are sev-
eral patterns of relationships between the effects of
retinoids on cell differentiation and apoptosis: (i) retinoids
first induce differentiation, and then the differentiated cells
undergo apoptosis as exemplified by HL-60 myeloid
leukemia cells that differentiate into neutrophils and then

Seventy-nine patients with superficial papillary blad-
der tumors stages T-a and T-1 entered a prospective, ran-
domized, double-blind trial of etretinate (25 mg/day) ver-
sus placebo. The time to first recurrence was the same in
both groups, but the mean interval to subsequent recur-
rence was increased from 12.7 months in the placebo
group to 20.3 months in the treatment group. Thus, the
number of annual transurethral resections in the treat-
ment group decreased from 2.1 to 0.95, whereas in the
control group this number decreased from 1.7 to only 1.3
(63).

Retinoids as therapeutic agents

Although retinoids have attracted attention primarily
as cancer chemopreventive agents, considerable labora-
tory and clinical evidence supports their therapeutic
effects as anticancer agents. For example, the successful
application of ATRA for differentiation therapy of APL (20,
21) has rekindled interest in the use of retinoids for the
treatment of established malignancies.

In vitro effects

1) Effects on cell proliferation

The growth and differentiation of various normal and
malignant cells in culture is modulated (stimulated or
inhibited) by retinoids (64). The most frequently observed
effect of retinoids on tumor cells in vitro is the inhibition of
anchorage-dependent growth. Many tumor cell types,
including melanoma, neuroblastoma, glioma, retinoblas-
toma, embryonal carcinoma, carcinomas of the lung,
breast, prostate, bladder, colon, skin, head and neck and
cervix, and various types of sarcoma that grow as adher-
ent monolayers on plastic tissue culture dishes, often
exhibit a decrease in growth rate and saturation density
after exposure to retinoids (64). These effects occur in the
retinoid concentration range between 1 nM and 10 µM
and are dependent on the dose and duration of treatment.
DNA synthesis is suppressed within 12-24 h of treatment
initiation, and the cells are either arrested or accumulate
in the G1 or S phase of the cell cycle and growth inhibition
can be detected within 24-72 h, depending on the dou-
bling time of the cells. Maintenance of the growth inhibit-
ed state usually requires the continuous presence of
retinoids because their removal from the culture medium
often results in a reversal of these effects within 24-72 h.
The growth of several types of cells, in particular many
hematopoietic cells such as lymphomas, leukemias,
myelomas, premonocytic and premyelocytic leukemias,
that normally grow in suspension can be inhibited by
retinoids. Some solid tumor cells can grow as tightly
packed multicellular spheroids suspended in liquid medi-
um. The growth of such spheroids is also suppressed by
retinoids (65). Many tumor cells exhibit an anchorage-
independent growth as colonies in agar, agarose or
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both RARs and RXRs triggered the selective accumula-
tion of tTG in the apoptotic HL-60 cells. However, results
reported by Agarwal et al. (93) showed that activation of
RXRα resulted in apoptosis via downmodulation of bcl-2
mRNA as well as its gene product expression.

Different from natural retinoids, synthetic retinoids
such as 4HPR and CD437 have more complicated mech-
anisms. Recently, 4HPR was reported to be a highly
selective activator of retinoid receptors (95, 96), but this
was challenged by the report that 4HPR-mediated biolog-
ical functions involve retinoid receptor-independent path-
way in human breast cancer (80), which was supported
by the result that 4HPR is effective in inducing apoptosis
in cells that are resistant to retinoic acid that activates
nuclear receptors efficiently (72). Using RAR-specific
antagonists, we found that apoptosis induced by 4HPR
can be significantly reversed by the antagonists in some
human cancer cells but not in others (our unpublished
data). We think that this retinoid may function by a recep-
tor-independent mechanism or by a combination of
receptor-dependent and -independent mechanisms
depending on the cell type. Recent studies indicate that
reactive oxygen species (ROS) are involved in the medi-
ation of apoptosis induced by 4HPR in some cancer cells
(97, 98). To address the importance of ROS in the medi-
ation of apoptosis by 4HPR, we performed a study using
different antioxidants and 13 different human cancer cell
lines, including non-small cell lung cancer, head and neck
cancer and prostate cancers that are responsive to 4HPR
treatment. We found that several antioxidants dramatical-
ly reversed the apoptosis induced by 4HPR in only three
of the cell lines that were relatively more sensitive to
4HPR treatment and show a higher level of ROS produc-
tion by 4HPR. The rest of the cell lines generated rela-
tively lower levels of ROS when incubated with 4HPR,
and the apoptosis induced by 4HPR in these cell lines
was not reversed by antioxidants. Therefore, we conclude
that increased ROS generation is not a general mecha-
nism of apoptosis induction by 4HPR and only plays a
critical role in a few specific cancer cell lines that gener-
ate high levels of ROS when exposed to 4HPR. The
4HPR-induced apoptosis in many cancer cells may
involve additional unknown mechanisms.

Although CD437 is a RARγ-selective retinoid, its
action in induction of apoptosis in human breast (30), lung
(33) and prostate (our unpublished data) cancer cells is
proved to be independent of a RAR-mediated pathway.
Interestingly, we found that the effect of CD437 in human
head and neck cancer cells is reversible by different
RAR-specific antagonists (99), demonstrating that CD437
functions through the RAR pathway in head and neck
cancer cells. Therefore, both RAR-dependent and -inde-
pendent mechanisms may be involved in CD437-induced
apoptosis depending on the cell type.

3) Effects of retinoids on cell differentiation

The physiological functions of naturally occurring
retinoids include regulation of embryonal development

die (71); (ii) retinoids induce differentiation and apoptosis
concurrently as in F9 embryonal carcinoma cells (84) and
P39 myelomonocytic leukemia cells (85); and (iii)
retinoids induce apoptosis in a process that is indepen-
dent of differentiation, as in neuroblastoma cells (69, 76).
The induction of apoptosis by 4HPR in various tumor cell
types followed the latter pattern in that it was independent
of differentiation in several human malignant hematopoi-
etic (71) and neuroblastoma cells (74, 76). In fact, in
some cells, 4HPR induced the characteristic DNA frag-
mentation as early as 6 h after treatment before any dif-
ferentiated cells appeared (72). CD437 is more potent
than 4HPR and induction of apoptosis is easily detected
24 h after treatment, even at low concentrations (1 µM or
less) (31, 33, our unpublished data). We, therefore,
believe that its action falls into the third category.

The mechanism of apoptosis induction by retinoids in
general in tumor cells is still not well defined. The likely
mediators of this effect such as nuclear retinoid receptors,
the enzyme tissue transglutaminase (tTG) and bcl-2
oncoprotein have been explored. tTG, an enzyme
involved in protein cross-linking, accumulates in many
cells undergoing apoptosis and may play a role in forma-
tion of apoptotic bodies. In some cell types, induction of
tTG by retinoids is associated with the induction of apop-
tosis. ATRA treatment of human cervical carcinoma
HeLa-TV or neuroblastoma SK-N-BE resulted in 6- to
12-fold increase in tTG and a parallel increase in the
apoptotic index (69). 9CRA induces tTG activity in HL-60
cells and is more potent than ATRA. This enzyme induc-
tion is also accompanied by changes in morphology and
by DNA fragmentation consistent with features of cells
undergoing apoptosis (70). Bcl-2 is a membrane-associ-
ated protein whose expression has been linked to the
suppression of apoptosis in many cells. Interestingly,
4HPR (73, 81) and other retinoids (30, 86) have been
reported to downregulate bcl-2 expression in certain cells.
In addition, dysregulated bcl-2 expression has been
reported to inhibit apoptosis but not differentiation of
retinoic acid-treated HL-60 myelomonocytic leukemia
cells (87). These results suggest a possible role of bcl-2
in apoptosis by retinoids in some cell types. More recent-
ly, the role of nuclear retinoid receptors in the induction of
apoptosis by retinoids has been investigated (86-94).
Depending on cell types or different retinoids, RAR- and
RXR-dependent and -independent mechanisms are
involved in the mediation of apoptosis by retinoids.
Ligand activation of RXRs was found to be essential for
the induction of apoptosis in HL-60 cells (87, 94), where-
as induction of apoptosis by retinoids in T-cell hybridomas
and P19 and F9 embryonal carcinoma cells required both
RARs and RXRs to form heterodimers as the functional
unit (88, 91, 92). In breast cancer cells, RARβ was iden-
tified as a mediator of retinoic acid-induced apoptosis (89,
90). Importantly, the downregulation of bcl-2 and induc-
tion of tTG by retinoids was found to be related to RARs
and/or RXRs, although the results were not very consis-
tent (86, 93). Nagy et al. (86) reported that ligand activa-
tion of RARs in HL-60 cells resulted in a global suppres-
sion of bcl-2 expression, whereas ligand activation of
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ATRA augmented the differentiation-inducing effect of
cAMP and IFN-α and showed enhanced activity with cis-
platin. Because the combination of 13CRA has been used
successfully in several clinical trials (24-26), the nature of
their interaction is of particular interest.

The efficacy of the combination of IFNs (mostly IFN-α
and IFN-γ) and retinoids (mostly ATRA) in induction of dif-
ferentiation and growth inhibition has been detected ini-
tially in vitro in established leukemia cell lines (e.g., HL-
60, U937). The effects of IFNs and retinoids were either
additive or synergistic, depending on the cell system eval-
uated and distinct differentiation pathways could be stim-
ulated in different cell types. Furthermore, IFN-α restored
responsiveness to ATRA in ATRA-resistant HL-60 cells
(110). Likewise, IFN-γ restored responsiveness to ATRA
in ATRA-resistant v-myc-expressing U937 cells. Further
studies with fresh leukemic cells from acute myelogenous
leukemia (AML) patients treated in short-term cultures
with IFNs and ATRA also demonstrated synergistic
growth inhibition and differentiation induction. In addition,
increased inhibition of clonal growth and differentiation
was observed after in vitro ATRA treatment of cells from
patients treated with IFN-α in vivo. Additive or synergistic
growth inhibition of various human tumor cell lines in vitro
were reported for the combination of IFN-α or IFN-γ and
ATRA or other retinoids. These effects were sometimes
also associated with differentiation induction, particularly
in neuroblastoma cells. Tumor cell types in which the
combination of the two agents showed greater growth
inhibition than each agent alone included breast carcino-
ma, osteosarcoma, ovarian carcinoma, squamous cell
carcinoma, neuroblastoma, non-small cell lung carcino-
ma and cervical carcinoma (111, 112). The combined
effects of IFNs and retinoids may result from activation of
the same genes or distinct genes, depending on the cell
type. For example, both agents induce 2-5-oligoadenylate
synthetase (2-5-OASE) gene transcription in some cells.
In other cells, one agent can potentiate the effect of the
other by different mechanisms. For example, ATRA
increased the binding of 125I-labeled IFN-α to various
tumor cell lines by increasing the number of receptors.
ATRA also stabilized 2-5-OASE mRNA induced by IFN-α
(113). In contrast, IFN-γ did not alter the level of cellular
retinoic acid-binding proteins and IFN-α did not affect the
levels of nuclear RARs in several tumor cell lines. The
agents may work through different mechanisms as well.
For example, human neuroblastoma cells are induced to
differentiate by either agent alone, but the combination of
agents leads to synergistic effects probably via distinct
mechanisms as indicated by the finding that ATRA
increases inositol 1,4,5-triphosphate and 1,2-diacylglyc-
erol (protein kinase C activator), whereas IFN-γ has no
effect on the level of these second messengers. In breast
cancer cells, IFN-γ increased the level of RARγ (114), and
in embryonal carcinoma cells, pretreatment of the cells
with ATRA rendered the cells responsive to induction of
gene expression by IFN by increasing the level of STAT-1,
a mediator of IFN action (115).

and maintenance of the proper differentiation of many
epithelial and mesenchymal tissues in adults (4).
Retinoids also act pharmacologically to restore regulation
of differentiation in certain malignant cells in vitro. The
effects of retinoids on cell differentiation have been stud-
ied extensively in a few defined systems primarily in cul-
tured cell lines derived from embryonal carcinoma (EC),
normal and malignant keratinocytes, premonocytic and
myeloid leukemia, neuroblastoma and melanoma. In
most of these cell types, retinoids enhance differentiation.
However, in cultured keratinocytes and squamous cell
carcinomas, retinoids inhibit squamous differentiation
(100). Because in many cases the squamous differentia-
tion of normally nonkeratinizing epithelial cells is aber-
rant, the effect of retinoids can be viewed as restoration
of the normal nonkeratinizing phenotype (100).

The ability of retinoids to induce distinct pathways of
differentiation indicates that they do not determine the
direction of differentiation but rather enhance predeter-
mined programs in cells that have the potential to under-
go differentiation along one or more specific pathways.
For example, in F9 EC cells, retinoids induce endodermal
differentiation (101), whereas in human embryonal carci-
noma cells, retinoids induce a neuronal differentiation
(102). In P19 EC cells, retinoids can induce both myo-
genic and neuronal differentiation depending on the con-
centration of retinoid used (103). In HL-60 myeloid
leukemia cells that have the potential to undergo either
myeloid or monocytoid differentiation, retinoids can only
induce the myeloid pathway (104). In contrast, ATRA was
able to induce three different pathways � ectodermal,
mesodermal and endodermal � in a developmentally
pluripotent germ cell tumor (105). Thus, the effect of
retinoids on the differentiation pathway appears to
depend on other cellular factors that are either expressed
in the cells constitutively (e.g., certain transcription fac-
tors) or are induced by retinoic acid and then turn on a
specific differentiation pathway (e.g., Hox genes and
AP-2) (106, 107).

4) Effects in combination with other agents

Extensive studies were carried out with the myeloid
leukemia cell line HL-60 to define the efficacy of combi-
nations of retinoids and other agents (108). Such studies
have demonstrated additive or synergistic effects of
retinoids and the following agents: dimethylsulfoxide,
dimethylformamide, hexamethylenebisacetamide,
butyrate, tiazofurin, tumor necrosis factor-α, 6- thiogua-
nine, 5-aza-2�deoxycytidine, actinomycin, granulocyte
colony-stimulating factor and interleukin-6. Studies with
embryonal carcinoma have shown that a combination of
ATRA and cAMP and cAMP-elevating agents induces a
distinct pathway of endodermal differentiation from the
one induced by ATRA alone. The combination of ATRA
and tamoxifen was found to be more effective in sup-
pressing the growth of human breast carcinoma cells
than each agent alone (109). In neuroblastoma cells,

628 Retinoids as chemoprotective and therapeutic agents



siveness of human prostate cancer PC-3 cells via induc-
tion of urinary plasminogen activator (uPA) (122).

Most studies on in vivo growth inhibitory effects of
retinoids in the past concentrated on the effects of ATRA,
9CRA, 13CRA and 4HPR. In addition to the results
described above, these retinoids were also reported to
exert growth inhibitory effects in vivo in other types of
tumors, including breast (123), pancreatic (124, 125),
gastric (126) and ovarian (127) cancers and melanoma
(128). More importantly, recent studies have demonstrat-
ed that some novel synthetic retinoids with RAR selectiv-
ity exhibit potent growth inhibitory activity against some
human solid tumors such as those of the head and neck
(129), and lung cancer (130) and melanoma (32) in vivo.
the RAR-selective retinoid, ALRT1550, was reported to
have potent antitumor activity against human oral squa-
mous carcinoma xenografts in nude mice (129).
Xenografts of the head and neck carcinoma cell line
UMSCC-22B in nude mice formed well-differentiated
squamous carcinomas, and oral administration of
ALRT1550 (daily, 5 days/week), beginning 3 days after
implanting tumor cells, inhibited tumor growth by up to
89% in a dose-dependent manner over the range of 3-75
µg/kg. ALRT1550 (30 µg/kg) also inhibited the growth of
the established tumor by 72 ± 3% when tumors were
allowed to grow to about 100 mm3 before treatment. In
comparison, 9CRA at 30 mg/kg inhibited growth of estab-
lished tumors by 73 ± 5% (129). This indicates that
ALRT1550 is much more potent than 9CRA in this model
system. CD437, a RARγ-selective retinoid, was reported
to exhibit a strong growth inhibitory effect on MeWo
melanoma cells in a xenograft model (32). Preexisting
tumors of 0.4 cm in diameter were treated for 3 weeks
with CD437 (10 and 30 mg/kg) in comparison with a con-
trol group of vehicle-treated animals. Tumors in
CD437-treated mice stopped growing, an effect which
was already statistically significantly (p <0.01) at day 13,
3 days after the first administration of CD437, and was
maintained for more than 3 weeks after discontinuation of
treatment. No difference was observed on the basis of
administration route (intratumorally or orally). Apoptotic
melanoma cells were identified in tissue sections of
CD437-treated MeWo tumors from these animals, which
indicated that the growth inhibitory effects of CD437 in
these cells involved induction of apoptosis (32). More
recently, MX-3350-1, another RARγ-selective retinoid,
was proven to exert potent growth inhibitory activity
against human lung cancer in vivo (130). The tumors in
animals treated with MX-3350-1 essentially did not grow
significantly once drug administration (90 mg/kg i.p.,
every other day) had begun (p <0.001) (130). Most impor-
tantly, no major signs of toxicity were observed at the
effective doses of these retinoids (32, 130). Therefore,
these retinoids with different RAR selectivity present a
new class of retinoids which may have potential to be
developed as more effective therapeutic agents for some
solid tumors.

In vivo effects

The in vivo therapeutic effects of retinoids on various
cancers have been investigated in various model sys-
tems. These studies undoubtedly provide more informa-
tion on the effectiveness and safety for the application of
retinoids in the clinic as therapeutic agents than do in vitro
studies. 9CRA was reported to induce complete tumor
regression of an early-passage human lip squamous cell
carcinoma xenograft (70). In vehicle-treated animals,
tumor attained a mean volume of 31 mm3 at 4 weeks
posttransplantation and grew steadily to a mean volume
of 96 mm3 at 9 weeks. In contrast, animals treated with
9CRA (60 mg/kg p.o.) for 4 weeks had tumors that were
40% the size of control values, with a mean tumor volume
of 12 mm3. After 6 weeks of treatment, all tumors in the
9CRA-treated group regressed to nonmeasurable vol-
umes. At the conclusion of the experiment, no visible or
histological evidence of tumor was found in 9CRA-treated
animals (70). In another study using head and neck squa-
mous carcinoma cell line 1483 as xenografts in nude
mice, 9CRA, ATRA and 13CRA were not found to univer-
sally decrease tumor growth but were found to profound-
ly suppress squamous cell differentiation (116). Different
from 9CRA, high-dose vitamin A was not found to signifi-
cantly affect the morphology and growth rate of xenograft-
ed squamous cell carcinoma of the head and neck (117).

When human neuroblastoma LA-N-5 cells were treat-
ed with 4 µM ATRA in vitro, there was a marked reduction
in the number of mice developing tumors when compared
with solvent-treated controls. In vivo treatment with ATRA
reduced tumor formation when the retinoid was given for
5 days before tumor injection and continued for 14 days
thereafter. In established tumors, ATRA inhibited progres-
sive tumor growth. There was no demonstrable effect of
ATRA in vivo on the morphology of the tumor cells (118).
In addition, the effect of ATRA in combination with IFN-γ
on the growth of human neuroblastoma cells in nude mice
was also studied (119). Tumor growth was significantly
inhibited in IFN-γ (p <0.005) and ATRA (p <0.05) treated
mice grafted with GI-LI-N. The combination of the two
agents, however, did not enhance in vivo doubling time
further. Tumor growth inhibition was not statistically sig-
nificant in LA-N-5-bearing mice treated with ATRA or
IFN-γ alone, but a synergistic effect between the two
drugs was observed (p <0.05) (119).

When 13CRA was administered to nude mice bearing
established tumors (LNCaP human prostate tumor
xenografts), the tumor size (0.65 ± 0.06 cm3) was signifi-
cantly reduced compared with that of untreated controls
(1.63 ± 0.12 cm3). About 50% of the animals in this group
showed xenograft necrosis followed by complete regres-
sion of tumors by 5 months. The combination of androgen
ablation and 13CRA treatment to nude mice bearing
tumors showed a synergistic effect in decreasing the
tumor size (120). 4HPR administered orally at 1.5 and 15
mg/kg/day significantly inhibited the growth of implanted
rat prostate tumor without apparent gross toxicity (121). It
should be noted that ATRA was found to increase inva-

Drugs Fut 1998, 23(6) 629



respectively (24-26). But these results were not observed
in patients with malignant melanoma, head and neck and
lung squamous cell carcinomas (135). The synthetic
retinoid 4HPR has been shown to be inactive when used
as a single agent in a phase I trial in patients with
advanced melanoma and in patients with stage 1 breast
carcinoma (135). However, studies of retinoids in various
pediatric cancers have indicated some success. ATRA in
combination with IFN-α induced partial remission for 6
months in a 7-year-old boy with neuroblastoma childhood
cancer of the autonomic nervous system and adrenal
glands (8). In another study, a 3-year-old child with Wilms�
tumor caused by the overgrowth of undifferentiated
embryonic cells, when treated with ATRA and IFN-α for
18 months, remains disease free (8), although the child
had experienced several relapses after surgery and
chemotherapy.

Conclusions

So far, the clinical successes in the use of several
retinoids have been observed in chemoprevention of cer-
tain malignancies and prevention of second primary
tumors by adjuvant treatment of patients whose first pri-
mary tumor had been treated. The most exciting clinical
success in the treatment of malignancy has been in the
case of APL. However, results of the few retinoids tested
thus far as single agents in treatment of leukemias other
than APL and in solid tumors are not encouraging. Future
studies should focus on new retinoids, particularly those
that induce apoptosis in tumor cells, and on combinations
of retinoids with other biological agents (e.g., vitamin D3,
IFN, TNFα), radiotherapy and cytotoxic agents. Of the 38
trials of several retinoids in a variety of cancers spon-
sored currently by the National Cancer Institute in the
U.S., at least 18 are of combination therapy of various
retinoids with IFN-α (8). Clinical evaluation is available for
only a few of the more than 4000 different retinoids that
have been synthesized. It is expected that among the
new retinoids some will have greater efficacy and lower
toxicity than those analyzed to date.
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