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Retinoids are important mediators of cellular growth and differ-
entiation. Retinoids modulate the growth of both normal and
malignant cells through their binding to retinoid nuclear recep-
tors and their subsequent activation. While retinoids have dem-
onstrated therapeutic efficacy in the treatment of acute promye-
locytic leukemia, their spectrum of activity remains limited.
Other agents such as histone deacetylase inhibitors may sig-
nificantly increase retinoid activity in a number of malignant
cell types. The novel retinoids N-(4-hydroxyphenyl) retinamide
(4-HPR) and 6-[3-(1-adamantyl)-4-hydroxyphenyl]-2-naphtha-
lene carboxylic acid (CD437; AHPN) induce apoptosis in a wide
variety of malignant cells. Their mechanism(s) of action remain
unclear, although a number of potential targets have been
identified. Whether the retinoid receptors are involved in 4-HPR
and CD473/AHPN mediated apoptosis remains unclear. Both 4-
HPR and CD437/AHPN display significant potential as thera-
peutic agents in the treatment of a number of premalignant and
malignant conditions.
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Introduction

The ability of retinoids to modulate a variety of important
cellular functions has been well documented.1,2 These agents
have displayed therapeutic activity against a number of pro-
liferative diseases but display a very limited role in the treat-
ment of malignancies.3–6 Recent developments in the syn-
thesis of novel retinoids some of which possess unique
mechanism(s) of action has resulted in broader spectrum of
activity of these compounds, as well as a heightened enthusi-
asm for their potential role in the treatment of malignancies.

Retinoid receptors

Retinoids exert their effects through their ability to bind to and
activate a number of nuclear receptors which function as tran-
scriptional factors and, in turn, regulate the expression of the
retinoid target genes.7 The retinoid nuclear receptors are
members of the steroid/thyroid hormone family of receptors.
Two classes of retinoid receptors have been identified, ie the
retinoic acid receptors (RARs) and the retinoid X repeaters
(RXRs).8 RARs are activated by both trans retinoic acid (RA)
and 9-cis-retinoic acid (9-cis-RA), while the RXRs are acti-
vated only by 9-cis-RA.9,10 Three subtypes, designated �, �
and � exist for each class.11–13 Each receptor subtype has also
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been demonstrated to have multiple isoforms due to differen-
tial splicing and promoter usage. Although homologous
recombination studies have suggested that functional redun-
dancy exists among the RARs, other studies have demon-
strated that the various receptor subtypes may possess separ-
ate functions. Boylan and colleagues have recently reported
that the inducibility of a number of retinoid target genes is
differentially affected by the disruption of either the RAR� or
RAR� gene suggesting that these receptors are indeed not
redundant, but each receptor regulates the expression of a set
of unique genes.14–16

The RARs and RXRs have a motif consisting of six domains
which are designated A to F (Figure 1a and b). The major

Figure 1 (a) RAR/RXR functional motifs and consensus sequences.
(b) RARE/RXRE cis-sequence polymorphisms in selected genes.
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functional domains are the DNA binding domain, C, and the
ligand-binding domain E. Important subdomains are those
responsible for transactivation (AFs 1 and 2) and for dimeriz-
ation (both located within the E domain). Activation of the
RARs or RXRs requires the dimerization of these receptors.17

While RARs may only dimerize with RXRs, RXRs can homodi-
merize as well as dimerize with the vitamin D, thyroid hor-
mone and a number of orphan receptors.17 Thus activation of
RXRs can result in the signaling among numerous pathways.
The dimeric receptors can then bind to target genes containing
specific nucleotide sequences termed retinoic acid response
elements (RAREs) or retinoid X response elements (RXREs)
which are located in the promoter regions of the DNA (Figure
1b). The RARs have been found to bind to a number of RAREs.
In general, the RAREs have been found to be direct repeats
of AGGTCA which are separated by five or two nucleotides;
however they can be palindromic, inverted or more complex
in nature.7 RXR-RXR homodimers bind to RXREs (5�-
AGGTCA-3�) in which the half sites are separated by a single
base pair; more complex RXREs have also been identified.18

The DNA/receptor dimer complex when bound to ligand
results in a conformation change in the dimer complex
resulting in either gene transcriptional activation or repression
and subsequent modulation of mRNA levels. While the recep-
tor binding downstream (usually the RAR) appears to play the
dominant role in terms of the transcriptional response, the
RXR is not a silent partner and can also modulate the trans-
activation process.19–22

RARs and RXRs can also modulate gene function indirectly
through their interactions with other transcription factors and
thus modify their activities. The activator protein-1 (AP-1)
complex consists of a dimer composed of members of the Jun-
Fos family of proteins which in turn bind to AP-1 consensus
sequences located in the promoter of genes. The cyclic AMP
response elements binding protein (CBP) binds to Jun in the
AP-1 dimer to stimulate transcription from AP-1 sites. In the
presence of retinoids, the retinoid receptors form a complex
with CBP and thus inhibit its ability to activate the AP-1 com-
plex.23 CBP has also been found to function as a coactivator
in RAR and RXR signaling.24

The isolation and crystallization of the various classes and
subclasses of retinoids have allowed for the synthesis of both
class and subtype-selective retinoids. RAR�, � and � as well
as RXR selective retinoids have been reported by a number of
groups.19,25–31 These retinoids display selectivity in terms of
their binding and transactivation of the retinoid receptor
classes and subclasses. The advantages of these receptor
selective retinoids, when compared to the natural retinoids,
include their enhanced stability, reduced toxicity and activity
in cells which display resistance to RA and 9-cis-RA.

Retinoids and leukemia

The ability of retinoids to influence the growth or induce dif-
ferentiation of solid tumors growing in vivo is still contro-
versial. However, the effect of these compounds on the
growth and differentiation of acute promyelocytic leukemia
(APL) cells has been demonstrated by numerous groups.32–36

APL cells have been demonstrated to possess a
t(15;17)(q22;q12–21) translocation resulting in the fusion of
RAR� receptor to the nuclear transcription factor (PML).37,38

The RAR� nuclear receptor has been felt to play a vital role
in the differentiation of the APL cell to the neutrophil.39–41

Recent experimental observations would suggest that RAR� is

not involved in enhancing myeloid differentiation, but rather
functions as a repressor of the myeloid pathway and that this
repression is relieved upon binding of RA to RAR�.42,43 This
conclusion is supported by the finding that RAR�-deficient
mice possess normal numbers of terminated neutrophils in
both the peripheral blood and bone marrow components.44

There does, however, appear to be mild abnormalities in the
myeloid pathway in these mice in terms of its response to a
number of known stimulators of the myeloid pathway.42 Over-
all the data would indicate that in the absence of ligand, RAR�
suppresses differentiation along the myeloid pathway and the
recruitment of other precursor cells into this pathway. When
ligand is present, RAR� stimulates these processes. Generation
of the PML-RAR� fusion product results in the subsequent
arrest of myeloid differentiation at the promyelocyte stage
even in the presence of physiological concentrations of RA.45

These promyelocytes are able to proliferate and thus lead to
the subsequent development of leukemia. That the PML-RAR
fusion gene plays a major role in the generation of APL as has
been demonstrated in transgenic mice.46 However, recent
data would strongly suggest that the role of PML-RAR� in the
onset of APL is multifactorial and not simply through the inhi-
bition of RAR� function (Ref. 43 and Refs within). PML-RAR�
is capable of repressing both RA-dependent and independent
genes in the myeloid precursor cells (Ref. 43 and Refs within).
The etiology for the PML-RAR� inhibition of normal RAR�
function remains unclear. Whether the RAR�-mediated inhi-
bition is a result of PML-RAR� functioning as a dominant
negative protein and thus blocking RAR� activation of gene
transcription, inhibiting the formation and function of novel
macromolecular organelles termed PML oncogenic domains,
reversing RAR inhibition of AP-1-mediated transcription or
tightly binding histone deacetylases and thus inhibiting gene
transcription is unclear.47–53 Exposure of the APL cells to phar-
macologic doses of RA results in the reversal of the PML-RAR
inhibition of myeloid differentiation associated with enhanced
RAR� activation of promoters, inhibition of AP-1-mediated
promoter activation and the formation of normal PML oncog-
enic domains.51 Recent observations suggest that the
enhanced binding of PML-RAR� to the nuclear corepressor
complex composed of N-CoR (nuclear receptor corepressor)
or SMRT (silencing mediator for retinoid and thyroid-hormone
receptors) with subsequent recruitment of Sin 3A and histone
deacetylase HDAC1 or HDAC2 results in the inability of
physiological concentrations of RA to disassociate PML-RAR�
from this complex. Several investigators have now demon-
strated that the PML-RAR� and PLZF-RAR� fusion products
have the unique ability to associate with multiple units of co-
repressor complexes, thus resulting in the transcriptional
repression of a number of genes that are regulated in a RA-
dependent and -independent fashion (Ref. 43 and Refs within,
and Refs 54, 55). This results in the continued silencing of
RAR�-mediated and RAR�-independent transcription and
thus may play a major role in the inhibition of RA-mediated
differentiation of these cells.43,56 Several studies have provided
further support for the hypothesis that PML-RAR� repression
of gene transcription through its interaction with HDACs plays
a major role in PML-RAR� inhibition of myeloid differen-
tiation. Ferrara et al57 demonstrated that addition of the HDAC
inhibitor trichostatin A to RA results in the differentiation of
AML cells (French–American–British classification M2, M4
and M5) which display resistance to differentiation by RA
alone. Similarly, mice with APL and expressing PML-RAR� or
PLZF-RAR� fusion proteins were utilized to demonstrate that
treatment with HDAC inhibitors together with RA abrogated
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aberrant transcription mediated by the RAR� oncoproteins
and resulted in the induction of leukemia remission in mice
where RA alone had minimal to no effect.58 Interestingly,
treatment of prostate carcinoma cells with the combination of
13-cis-RA and phenylbutyrate, a HDAC inhibitor, also
resulted in the enhanced tumor cell apoptosis both in vitro
and in vivo over that noted with each agent alone.59 Thus the
enhanced binding of the RARs to HDACs and transcription
silencing complexes may occur in a number of malignant
tissue types. The addition of histone deacetylase inhibitor
along with retinoid may markedly enhance the therapeutic
spectrum and activity of retinoids.

RA therapy of patients

Treatment of APL patients has been shown to induce complete
remission and increase the survival of over 90% of the
patients.32,33 Complete remissions were obtained within 40 to
60 days.32,33 While primary resistance to RA is rare, the dur-
ation of the complete remissions obtained with RA in these
patients is brief with an average duration of 3 to 6
months.32,34,60 Relapse is often associated with the acquisition
of resistance to RA-mediated differentiation.35,36,60,61 The eti-
ology for this resistance to RA-mediated differentiation
appears to be multifactorial. Marked reduction in the maximal
achievable plasma concentration of RA have been noted
approximately 1 to 2 weeks following the initiation of therapy.
This appears to be partly due to RA-mediated enhanced cyto-
chrome P-450 expression and activity and secondary RA
catabolism by P-450 and lipoxygenase enzymes.62–64 Other
investigators have suggested RA-enhanced expression of cyto-
solic retinoic acid binding protein II (CRABP II) as a cause for
the intrinsic APL cell resistance to RA.63,65–67 Exposure to RA
has been found to result in enhanced CRABP II mRNA and
protein levels secondary to RA activation of nuclear RARs and
their binding to and transactivation of the CRABP II pro-
moter.23,24,64 Overexpression of CRABP II would result in elev-
ated levels of RA binding to CRABP II with subsequent seques-
tration of RA in the cytoplasm, enhanced RA metabolism by
oxidative enzymes and thus decreased ligand transport to the
PML-RAR� nuclear receptor. Conflicting data have been
presented regarding the role of CRABP II in acquired APL
resistance to RA-mediated differentiation. Delva et al68 found
that high levels of CRABP II were found in four patients at
relapse, but CRABP II protein could not be detected in
patients’ cells prior to RA therapy suggesting a role for elev-
ated CRABP II in acquired RA resistance. However, a recent
study by Zhou et al64 found high expression of CRABP II in
APL cells prior to RA therapy and more importantly, no corre-
lation between acquired RA resistance and levels of CRABP
II in the APL cells was noted. The discrepancy between this
study and that of Delva et al68 is difficult to explain. It should
be added that while Delva et al68 could discriminate between
CRABP I and CRABP II, the assay utilized by Zhou et al64 did
not allow for this discrimination. Whether this is the expla-
nation for the difference in results remains to be determined.
It is clear that sustained exposure to RA results in the acqui-
sition of resistance. Recent studies have suggested that pulse
therapy with RA in APL patients may alleviate the acquired
resistance observed in these patients, allowing for sustained
remissions on RA therapy.69 Decreased sensitivity of APL cells
to RA-induced differentiation in vitro has been found in the
cells isolated from patients following relapse on RA ther-
apy;36,44 missense mutations in the RAR� region of the PML-
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RAR� fusion gene were found in the APL cells in three out of
11 of these patients perhaps, resulting in the inability of RA
to appropriately interact with PML-RAR� and reverse its
inhibitory effect on myeloid differentiation.70 Thus RA binding
to the RAR� fusion protein and the subsequent degradation
of this oncoprotein is an essential step in the RA-mediated
differentiation process.

Novel retinoids

N-(4-hydroxyphenyl) retinamide (4-HPR): role of
retinoid receptors

A number of novel retinoids have now been synthesized
which induce cell death (apoptosis) utilizing a unique and as
yet unidentified mechanism(s). 4-HPR (Figure 2) was one of
87 retinoids screened in a series of in vitro assays. 4-HPR was
found to possess significant activity in reversing the kera-
tination of vitamin A-deficient tracheal organ cultures.25 Sub-
sequent studies demonstrated that 4-HPR was an extremely
active inducer of apoptosis, significantly less potent than RA
in terms of the induction of differentiation and an important
chemopreventive agent for a number of malignancies.
Whether 4-HPR utilizes the retinoid nuclear receptor(s) in its
induction of cell death remains unclear. Initial evidence sug-
gesting that 4-HPR may exert its effect through a pathway not
involving the RARs or RXRs was generated by several investi-
gators. Delia et al71 examined the effect of 4-HPR on a num-
ber of malignant hematopoietic cell lines, some of which were
resistant to RA-mediated inhibition of growth. Growth of the
cell lines HL-60 and Do HH2, both of which possess a func-
tional RAR�, was inhibited by RA, as well as 4-HPR. How-
ever, growth of the RA-resistant HL-60R cells which possess a
50 amino acid deletion in the E domain of RAR� significantly
inhibits the binding of RA, and the RA-resistant cell line
NB306 which possesses decreased PML-RAR� levels was
inhibited only by 4-HPR, but not by RA.71,72 The investigators
concluded from these studies that 4-HPR and RA exert their
cellular effects through different pathways and 4-HPR may
induce growth inhibition and apoptosis independent of RAR
expression.71 Sheikh et al73 arrived at similar conclusions
when they examined the effect of 4-HPR on the growth of a
number of breast carcinoma cell lines displaying sensitivity
and resistance to RA-mediated growth inhibition. These inves-
tigators found that 4-HPR was more potent than RA as an anti-

Figure 2 Structure of 4-HPR and CD437.
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proliferative agent and inhibited the growth of RA-resistant
human breast carcinoma cells. Exposure to 4-HPR resulted in
growth inhibition and DNA fragmentation with subsequent
apoptosis in both RA sensitive and refractory cell lines.73 N-
(4-methoxyphenyl) retinamide (4-MPR), the major metabolite
of 4-HPR, had no effect on cell growth. More importantly,
these investigators found that 4-HPR and 4-MPR bound poorly
to RAR�, � and � in vitro and only minimally activated RAREs
and RXREs in human breast carcinoma cells.73 Neither 4-HPR
nor 4-MPR were metabolized to any of the known retinoids
which are known to activate the RAREs or RXREs. In addition,
while RA exhibited anti-AP-1 activity in the breast carcinoma
cells, no anti-AP-1 activity was exhibited by 4-HPR.73

However, a potential role for the RARs in 4-HPR-mediated
apoptosis has been supported by a number of other investi-
gators. Fanjul et al74 demonstrated that 4-HPR was a potent
transactivator of RAR� and a moderate activator of RAR� util-
izing transactivation assays of exogenously transfected RARs
in CV-1 and MCF-7 cells. Concentrations of 5 to 20 �M 4-
HPR were required to demonstrate significant transactivation
of RAR� by 4-HPR. The question remains whether 4-HPR itself
activated RAR� or a yet to be identified metabolite of 4-HPR
was responsible for the observed transactivation of RAR�.
These investigators also found that 4-HPR selective activation
of RAR� appeared to be enhanced on some response elements
(RAREs) but reduced on others when compared to that of natu-
ral retinoids. In addition, optimal RAR� activation was found
at 4-HPR concentrations at which 4HPR induces apoptosis of
cells.74 Why these results differ from those reported by Sheikh
et al73 is unclear but cell type specific factors may play a role.
Other studies have also suggested that the RAR� and RAR�
retinoid receptors may play a role in 4-HPR-mediated cellular
differentiation and apoptosis. Swisshelm et al75 found that
RAR� expression is enhanced in normal human mammary
cells following exposure to 4-HPR. Several other reports have
documented that RAR� or RAR� expression enhances 4-HPR-
mediated events. Sabichi et al76 reported that when RAR�
expression was enhanced in an ovarian cell line following the
stable transfection of a RAR� expression vector, 4-HPR-
mediated inhibition of cellular proliferation was increased. In
addition, among 12 human gynecologic cancer cell lines,
there was a positive correlation between 4-HPR-mediated
inhibition of cellular proliferation and RAR� expression. Simi-
lar results were reported by Liu et al77 in examining the effect
of 4-HPR on lung and gastric adenocarcinoma cell lines.
These investigators found that 4-HPR induced growth inhi-
bition correlated with RAR�2 expression, and loss of RAR�2
expression resulted in resistance to 4-HPR-mediated events.

Expression of RAR� has also been found to be associated
with sensitivity to 4-HPR in a number of cell types. Sensitivity
of the A2780 human ovarian carcinoma cell to 4-HPR-
mediated apoptosis appeared to be increased, not only due to
enhanced RAR� expression, but also due to elevated RAR�
expression.78 Clifford et al79 made the interesting observation
that while the apoptotic effect of 4-HPR on the F-9 embryonal
carcinoma cell line was not inhibited by loss of RAR�, RXR�
or both, the ability of 4-HPR to induce the differentiation of
the F-9 cell line to a primitive endodermal differentiated
phenotype was lost in the RAR�-Null cell line. Further support
for a RAR involvement has been generated by a series of
studies demonstrating inhibition of 4-HPR events by RAR
antagonists.80–82

The results from all of these studies would suggest multiple
pathways for 4-HPR mediated apoptosis, some involving
RAR� or RAR� and other pathways functioning independently

of these receptors. Certainly, activation of these RAR receptors
could be indirect, perhaps through their phosphorylation.
Although receptor activation may contribute to the overall
aspects of 4-HPR-induced differentiation and apoptosis, the
induction of apoptosis, however, appears to be predominately
RAR independent in most of the cells examined.

4-HPR-mediated apoptosis

A number of other pathways have been implicated by which
4-HPR induces apoptosis. The ability of 4-HPR to generate
radical oxygen species has been suggested to be an initial and
important event in the induction of apoptosis by 4-HPR. The
addition of 4-HPR to the human cervical carcinoma cell line
C33A resulted in a 1.85-fold to 4.5-fold increase in reactive
oxygen species approximately 2 h following exposure to 4-
HPR.83 The addition of radical oxygen scavengers inhibited
the generation of the radical oxygen species, as well as 4-
HPR induced apoptosis. Interestingly, 4-HPR was much less
effective in generating reactive oxygen species and in
inducing apoptosis in normal human cervical epithelial
cells.83 Sun et al80 reported similar results following the
exposure of the LNCaP prostate carcinoma cell line to 4-HPR.
Delia et al84 also found that the addition of antioxidants to
the HL-60 human leukemia cell line suppressed the 4-HPR
apoptotic effect and significantly prolonged survival. Utilizing
flow cytometric and spectrofluorometric analysis, and the oxi-
dation-sensitive probe 2�, 7�-dichloro fluorescin diacetate, the
immediate and sustained production of intracellular free rad-
icals, most likely hydroperoxides, were detected following
exposure of HL-60 cells to 4-HPR; free radical survengers
blocked the generation of hydroperoxides. Suzuki et al85

found that thenoyltrifluoroacetone, a mitochondrial respir-
atory chain complex II inhibitor and carbonylcyanide-m-chlo-
rophenyl hydrazone which uncouples electron transfer and
ATP synthesis and inhibits radical oxygen species generation
by the mitochondrial respiratory chain markedly inhibited 4-
HPR-induced radical oxygen species generation. These
results, as well as others, suggested that 4-HPR enhanced rad-
ical oxygen species generation by affecting a target between
complex II and III, presumably coenzyme Q. This in turn
results in the release of cytochrome C into the cytoplasm trig-
gering caspase activation, DNA fragmentation and cell death.

The exposure of a large variety of cells to 4-HPR has
resulted in a plethora of documented 4-HPR-mediated cellular
events. Whether any of these are necessary for the induction
of apoptosis in these cells remains unclear. More importantly,
many of these events appear to be cell type-specific. The
ability of 4-HPR to down-regulate c-Myc expression and telo-
merase activity has been documented by several investi-
gators.86,87 The ability of 4-HPR to down-regulate the
expression of a number of important cell regulatory proteins
including cyclin D1 and p34/cdc 2 has been found in a num-
ber of cell types but not in others which readily undergo
apoptosis following exposure to 4-HPR.88,89

4-HPR: clinical relevance

It is important to discern the underlying mechanism(s) by
which 4-HPR mediates its effects since 4-HPR has now been
demonstrated to have significant chemopreventative activity
against head and neck squamous carcinoma, ovarian aden-
ocarcinoma and breast adenocarcinoma. Approximately 2800
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women following surgery for localized breast carcinoma
(T1NoM0) were randomized to placebo vs 4-HPR treatment to
assess whether 4-HPR prevented the development of second
breast malignancy.90 The trial displayed a possible beneficial
effect to 4-HPR in premenopausal women but interestingly,
an opposite trend in post-menopausal women.90 The same
trial also demonstrated that 4-HPR inhibited the development
of ovarian carcinoma in premenopausal women.91 The effi-
cacy of 4-HPR to prevent relapse or the occurrence of oral
carcinoma was examined in patients with oral leukoplakia fol-
lowing local resection; 115 patients were randomized follow-
ing resection of the leukoplakia to 4-HPR or no intervention.
During the first year of therapy, 12 local relapses or new
lesions occurred in the control group and only three were
observed in the 4-HPR group.92 More importantly, patients
tolerated 4-HPR extremely well with minimal side-effects. This
is in contrast to the patients treated with 13-cis-RA who
experienced a plethora of toxicities.

CD437: role of RARs

As previously discussed, a number of receptor-selective reti-
noids have been synthesized to further characterize the par-
ticipation of receptor subclasses in retinoid-mediated events.
One of these retinoids was 6-[3-(1-adamantyl)-4-hydroxy-
phenyl]-2-naphthalene carboxylic acid (AHPN; CD437)
which was originally synthesized as a RAR�-selective retinoid,
but also displayed binding to RAR�, minimal binding to RAR�
and no binding to the RXRs (Figure 2).27,93 Studies suggested
that CD437, while binding to the RARs and thus a retinoid,
may indeed exert some or all of its effects through pathways
not involving the RARs.94 This retinoid not only inhibited the
growth of breast carcinoma cell lines which displayed sensi-
tivity to RA-mediated inhibition of growth such as MCF-7
cells, but it also inhibited the growth and induced apoptosis
in the human breast carcinoma cell lines (such as MDA-MB-
231) which displayed resistance to these RA-mediated
events.94 While markedly inhibiting the growth of the MDA-
MB-231 cells, CD437 did not activate the endogenous RAR
or RXR nuclear receptors which were activated following
incubation of the MDA-MB-231 cells with RA or an RXR
selective retinoid (SR11246), respectively.94 In addition,
CD437 did not inhibit AP-1 activity.94 Further evidence sug-
gesting a RAR/RXR-independent pathway was provided by the
observation that CD437 induced rapid apoptosis in the HL-
60R which lack a functional RAR.95 In general, the obser-
vations of other investigators have also supported the hypoth-
esis that CD437 may utilize a RAR/RXR-independent pathway.
Sun et al96 found that CD437 induced apoptosis in a number
of human non-small cell lung carcinoma cell lines which were
resistant to RA-mediated growth inhibition and that RAR
antagonist did not block the CD437 effect. Similar results and
conclusions were obtained when these same investigators
examined the response of normal, premalignant and malig-
nant human bronchial epithelial cells to CD437.97

Several other studies have however suggested that RARs
may be involved in CD437-mediated events. Sun et al98

reported that CD437 may exert its effects on human head and
neck squamous cell carcinoma cells by at least two distinct
mechanisms: (1) an RAR-mediated suppression of squamous
differentiation which was found to be inhibited by RAR antag-
onist; and (2) an RAR-independent induction of apoptosis.
Holmes et al99 made the interesting observation that the RAR
antagonist MM11253 reduced CD437-mediated apoptosis of
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CA-OV3 and SK-OV3 ovarian carcinoma cells and that the
overexpression of RAR� enhanced the CD437 effect. That the
potential role of the RARs in CD437-mediated apoptosis may
be cell type-specific is supported by our observation that
CD437-mediated apoptosis of HL-60R cells does not require
gene transcription or protein synthesis.100 We found that
CD437-mediated poly (ADP-ribose) polymerase (PARP) cleav-
age and apoptosis of HL-60R cells occurred in the presence
of, or absence of, either actinomycin D or cycloheximide.100

Thus activation of RARs and subsequent gene transcription
appears to be not required.

CD437-mediated cell cycle arrest and apoptosis

One of the initial events following exposure to CD437 is cell
cycle arrest.94 We initially reported the rapid onset of G1 cell
cycle arrest following exposure of human breast carcinoma
cells to CD437.94 The onset of G1 cell cycle arrest was pre-
ceded by the enhanced expression of the cyclin/cyclin depen-
dent kinase complex inhibitor p21WAF1/CIP1.94 The induction of
p21WAF1/CIP1 expression by CD437 is through a p53-inde-
pendent mechanism and has been found to occur at the post-
transcriptional level involving a unique element located in the
3�-untranslated region (3�-UTR) of the messenger RNA.101

Exposure to CD437 results in the stabilization of the
p21WAF1/CIP1 message with enhanced expression of
p21WAF1/CIP1 protein, inhibition of a number of cyclin/cyclin-
dependent kinase activity and subsequent G1 arrest.94,101 In a
number of other cell types, while increased p21WAF1/CIP1 levels
are noted, the cells do not arrest in the G1 phase of the cell
cycle, but in the S phase of the cell cycle.102,103 In normal
mammary cell lines, this arrest in S phase is associated with
inhibition of the cyclin A/cdk2 cyclin-dependent kinase.103

Cyclin A/cdk phosphorylates the E2F-1/DP-1 transcription fac-
tor complex resulting in its inability to bind to the E2F-1 con-
sensus sequence. Failure to phosphorylate the E2F-1/DP-1
complex in early S phase and thus inhibit E2F-1 binding to its
consensus sequence in this crucial period of the cell cycle,
has been shown to result in S phase cell cycle arrest and sub-
sequent apoptosis.104–106

Elucidation of the crucial initial steps by which CD437
induces apoptosis remains to be discerned. Modulation of a
number of important mediators of the apoptotic process has
been suggested by certain groups as playing an important role.
The important tumor suppressor gene, p53, has been impli-
cated to play a role in CD437-mediated apoptosis in certain
cell types. Sun et al107 reported that CD437 up-regulated the
expression of the DR5 death receptor in three human non-
small cell lung carcinoma cell lines with wild-type p53, but
not in five cell lines possessing a mutant p53. Degradation
of p53 in the H460 cell line by transfection with the human
papilloma virus 16 EG (HPV-16) gene, blocked CD437-
mediated enhancement of p53 and DR5 expression and, more
importantly, inhibited CD437-mediated G1 arrest and
apoptosis in these cells. The importance of the DR4 and DR5
death receptors in CD437-mediated apoptosis in human lung
cancer cells was emphasized by the observation that the
addition of the TRAIL, the ligand for DR-4 and DR-5 receptors,
enhanced CD437-mediated apoptosis in those human lung
carcinoma cell lines possessing a wild-type p53.108 These
investigators also made the observation that exposure of the
human lung carcinoma cells possessing a wild-type p53 to
CD437 resulted in the up-regulation of both Fas mRNA and
protein levels and that the addition of Fas ligand also syner-
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gized with CD437 in the induction of apoptosis in these
cells.109 The roles of p53, Fas and DR4 and DR5 in CD437-
mediated apoptosis appear to be cell type-specific, since they
could not be found in a number of other cell types.110

Activation of the mitogen-activated protein kinase (MAPK)
kinase pathway has also been found as an early event follow-
ing the exposure of a number of cell types to CD437. Acti-
vation of both the p38 and JNK protein kinases is noted within
2 h following the addition of CD437 to HL-60 cells.100 Acti-
vation of p38 appears to require caspase activation in these
cells while activation of JNK appears not to require caspase
activation.100 Inhibition of p38 kinase activity does not inhibit
CD437-mediated apoptosis; whether JNK kinase activation is
required for the induction of apoptosis by CD437 remains to
be discerned. Evidence supporting a role for JNK activation in
CD437-mediated apoptosis was presented by Li et al111 who
found that expression of a dominant negative c Jun inhibited
CD437-mediated apoptosis in lung carcinoma cells.

As has been noted with a number of other agents, the induc-
tion of apoptosis by CD437 involves the inhibition of mito-
chondrial function and the disruption of the mitochondrial
transmembrane potential in a variety of cells. Recently, Mar-
chetti et al112 have suggested that this is a direct effect of
CD437 on the mitochondria. These investigators found that
exposure of cytoplasts (anucleate cells) of the RPMI 8226 mul-
tiple myeloma cell line to CD437 results in the rapid disrup-
tion of the mitochondrial transmembrane potential, release of
cytochrome c and generation of radical oxygen species. More
importantly, exposure of purified mitochondria to CD437 also
results in disruption of the transmembrane potential; this is
not seen following the exposure of the purified mitochondria
membrane to RA. Utilizing a cell-free in vitro system con-
sisting of isolated nuclei and mitochondria supernatants and
treatment with CD437 or placebo, only the supernatants from
the mitochondria treated with CD437 underwent chromatin
condensation; this result would suggest a direct interaction
between CD437 and mitochondria as the initial event in the
CD437-mediated apoptosis. The observations of Marchetti et
al112 are extremely provocative and exciting, but several issues
regarding their applicability to other malignant cells can be
raised. The results of Marchetti et al112 would suggest that cells
exposed to CD437 should quickly undergo apoptosis. Simi-
larly, Zhang et al113 recently reported that CD437-mediated
apoptosis in the HL-60 cell lines involves a direct interaction
between CD437 and lysosomes with the rapid release of
cathepsin D from lysosomal vesicles with the subsequent gen-
eration of free radicals, activation of caspases and the apop-
totic pathway. However, there appears to be a wide spectrum
in terms of the duration of CD437 exposure required for the
induction of apoptosis. HL-60 and HL-60R cells undergo
apoptosis within hours of exposure to CD437,114 while other
leukemic cell lines and breast and prostate carcinoma cell
lines require up to 4 days of exposure to undergo apoptosis.
Thus, the simple exposure of CD437 to the mitochondria or
to lysosomes does not provide an explanation for this wide
variation in time required for CD437-mediated apoptosis.
How CD437 induces apoptosis in a number of malignant cell
types still remains to be discerned. Recently, the ability of
CD437 to bind to a nuclear protein(s) with different ligand
specificity than the RARs or RXRs was detected.115 Neither
RA, 9-cis-RA or 13-cis-RA was able to compete with CD437
for binding to this protein. Binding to this protein was charac-
terized by two components; a high affinity phase KD = 2.8 nM,
�max = 89 fmols/mg protein and a low affinity phase = KD =
1.5 �M, �max = 29 000 fmol/mg protein.115 Whether this pro-

tein has any role in CD437-mediated apoptosis is currently
under investigation.

CD437 and its analogs when given to tumor-bearing ani-
mals has resulted in a significant inhibition of tumor growth.
Nude mice bearing palpable melanoma tumors were treated
with CD437 using oral gavage.116 Treatment with this retinoid
resulted in a marked reduction (greater than 50%) in tumor
growth. Analysis of the tumors following treatment with
CD437 revealed a marked increase in c-Fos mRNA expression
and the induction of apoptosis as indicated by TUNEL stain-
ing.116 Whether this therapy was associated with any toxicity
to the animals was not described. CD437 treatment of an
ovarian carcinoma xenograft (PEO4) grown in nude mice
resulted in a significant (P � 0.05) growth inhibition.117 While
a dose of 30 mg per kg was toxic, the mice appeared to toler-
ate a dose of 20 mg per kg. Even more dramatic effects were
observed by the Pfahl group utilizing a number of CD437 ana-
logs.118,119 These investigators found that the treatment of lung
and breast xenograft models with a number of CD437 analogs
resulted in greater than 80% reduction in the tumor volumes
when compared to the non-treated mice. In addition, the mice
appeared to display minimal to no toxicity from the therapy.
Ponzanelli et al120 recently reported that CD437 is highly
active in a APL-derived NB4 SCID mouse model with a five-
fold decrease in the leukemic blasts in the CD437 treated
mice and a 2.5-fold increase in survival time.

Conclusion

The role of RA in the treatment of APL has been well-delin-
eated. The fact that the therapeutic efficacy of RA has been
restricted to the treatment of APL may now be modified by
the observation that the addition of HDAC inhibitors in the
the presence of RA has demonstrated significant activity both
in vitro and in vivo against a number of different acute myel-
ogenous leukemia FAB subtypes. Clinical trials utilizing these
combination of agents offer the possibility of exciting clinical
results, as well as expanding our knowledge in the area of the
potential interactions between the RARs and the HDACs.

The development and the investigations of the novel retino-
ids 4-HPR and CD437 has been exciting, both in the studies
examining the underlying pathways by which these agents
induce apoptosis in malignant cells and their potential thera-
peutic efficacies in the treatment of a number of malignant
diseases. Delineating the underlying mechanism(s) by which
these compounds exert their activity although challenging,
will allow for the identification of new mediators of cell
growth and apoptosis. Novel analogs of CD437 which do not
transactivate the RARs or RXRs have now ben synthesized and
their modulation of cellular pathways involved in growth sup-
pression and apoptosis are being actively investigated.121

These analogs should provide new insights into the unique
mechanisms utilized by these compounds.
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