
Mesenchymal tissue tumors are also affected by RA.
Acute promyelocytic leukemia (APL) is characterized by a
balanced chromosomal translocation (t:15;17) with break-
points in the A/B region of the RARα gene on the long
arm of chromosome 17 and the PML gene on the long
arm of chromosome 15. RA induces complete remission
in most patients with APL, although resistant clones do
eventually emerge, for which combined chemotherapy
and differentiation therapy is being considered. In addi-
tion to the receptors, other retinoid binding proteins are
important for retinoid action and appear to be influenced
by the carcinogenesis process.

The search for synthetic compounds that might
specifically activate one or more of the various retinoid
receptor-mediated signal transduction pathways is of fun-
damental interest, since it may lead to treatment options
for a variety of diseases.

Introduction

Remarkable progress has been made in the past
decade in our understanding of the mode of action of vit-
amin A and its derivatives, the retinoids (1). This progress
is due to the discovery of the nuclear receptors which
bind the retinoids, thereby presiding over a large network
of gene activation reactions (2). The specificity with which
some of these receptors bind different retinoids makes
them a finely tuned tool to guide gene activation process-
es.

Figure 1 shows the structure of the parent compound,
retinol, and its oxidation product, retinoic acid (RA), in the
stretched all-trans configuration at the top of the figure.
The 9-cis-retinoic acid (Fig. 1) is the highest affinity ligand
for the two families of nuclear receptors, the retinoic acid
receptors, RARs (3), and the retinoid X receptors, the
RXRs (4), so named before the chemical structure of its
ligand, 9-cis-RA, was discovered (5). The specificity of
interactions would also suggest the possibility that vari-
ous retinoids, both natural and synthetic, may specifically
be useful as drugs to combat diverse diseases.

Most of the work thus far has focused on dermatolog-
ical and neoplastic diseases. However, the development
of retinoid structures to address other diseases is also
progressing.
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Summary

Nutritional research has highlighted the fundamental
importance of vitamin A and its derivatives (the retinoids)
in vision, reproduction, differentiation and growth, and
has paved the way to the appreciation of the importance
of these compounds in the prevention and possible ther-
apy of diseases that involve the lining epithelia of the
body, including cancer. In fact, retinoids are able to inhib-
it or reverse the formation of the preneoplastic lesion
squamous metaplasia and to inhibit epithelial tumorigen-
esis in various animal models. Molecular biological
approaches have permitted the discovery, nearly a
decade ago, of the two families of retinoid receptors, the
RARs and the RXRs, with all-trans-retinoic acid (RA) and
9-cis-RA as their respective ligands. The RXR family of
receptors mediates the action of several other hormone
receptors, including the RA receptor, vitamin D receptor
and thyroid hormone receptor, with which they form het-
erodimer RXR-RAR, RXR-vitDR and RXR-TR. RAR and
RXR transcript (mRNA) expression has been shown to be
cell type specific: RAR-β transcripts are abundant in
mucus-secreting cells and absent from epidermal ker-
atinocytes, RARγ transcript expression is abundant in
keratinocytes and absent from mucous cells and RARα
expression is ubiquitous.

Skin tumorigenesis causes the selection of cells with
reduced expression of RARs, whereas RXR expression
does not seem to be affected in the malignant tumors.
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epithelium of the trachea, made up of both columnar as
well as basal cells, or the most complex type of mucus-
secreting epithelium, the stratified-columnar epithelium
(Fig. 2) found in the conjunctiva of the eye. The use of
antibodies to the keratins K8 (specific for mucous cells)
and K5 (specific for squamous cells) has permitted the
definition of the various steps during the formation of the
squamous-metaplastic focus. The onset of vitamin A defi-
ciency is readily observed in simple-columnar epithelia
(K8-positive and K5-negative), which become initially
pseudostratified by the emergence of basal cells that
express the keratin K5 (Fig. 2). As deficiency progresses,
these basal cells divide and form into squamous-meta-
plastic foci, which eventually occupy the entirety of the
basement membrane, thereby replacing the columnar
cells (Fig. 2). This process affects all mucus-secreting
epithelia of the body (except for the intestinal epithelium)
and profoundly alters the functional characteristics of
these tissues (10). The resulting phenotype of these lin-
ing epithelia, shown schematically at the bottom of Figure
2, is morphologically similar to vaginal epithelium during
estrous and to epidermis. The squamous-metaplastic
epithelium ceases to express RARβ and acquires the
expression of RARgamma (Fig. 2). In the intact animal
this transformation is not compatible with survival, mainly
because infectious agents, normally disposed of by

Other structures shown in Figure 1 represent various
oxidation products with partial biological activity and as
yet undetermined biological function in vivo.

The reason for the use of retinoids in cancer as differ-
entiation therapy agents is based on the background
knowledge that epithelial differentiation is strictly depen-
dent on vitamin A (6). In addition, retinol (vitamin A) is the
only retinoid known to be capable of sustaining all vitamin
A functions, including development, vision and reproduc-
tion (7, 8). RA, on the other end, maintains differentiation
and growth (9) of the adult organism. It is then obvious
that several retinoids work at some different level and in
concert to warrant the health and well being of the entire
organism.

Epithelial function of retinoids

In the adult, the most evident transformation resulting
from vitamin A deficiency occurs in epithelial tissues, par-
ticularly in mucus-secreting epithelia. Profound changes
take place whether the epithelium is of the simple-colum-
nar type, i.e., made up of a single row of columnar cells
(Fig. 2) as found in the lining epithelium of the endocervix
and uterine cavity, or the more complex pseudostratified
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Fig. 1. The chemical structure of some of the most common natural retinoids.



gest a multiplicity of functions or functional sites, or both,
for these receptors.

We probed cell type specificity of RAR and RXR
expression by in situ hybridization analysis. This work has
indicated that columnar cells of the endocervical and uter-
ine epithelia express in prevalence RARβ transcripts (Fig.
2) (10, 16); in sharp contrast, the squamous keratinizing
epithelium of the epidermis and vagina express high lev-
els of RARγ and little RARβ (17). RARα shows ubiquitous
transcript expression in all cell types (Fig. 2). 

The process of carcinogenesis greatly downregulates
RAR expression, without significant effects on RXR tran-
scripts (17). These transcripts appear high in proliferating
cells of the epidermis and their tumors.

The distinctive characteristic of RXRs is their ability to
interact with other nuclear receptors of the superfamily
and to bring them to interact with their respective DNA
response elements in the promoters of different target
genes (18). Gene transcription responses are RXR part-
ner receptor-dependent: for example, they are vitamin D3-
dependent if the RXR partner receptor is the vitamin D

mucociliary activity, adhere to the metaplastic epithelium
and eventually cause infectious diseases.

In populations suffering from vitamin A deficiency,
mortality due to measles and other infectious diseases is
high and can be alleviated by administration of the vita-
min (11, 12). Recent work has also shown that adminis-
tration of vitamin A prevents the transplacental transfer of
HIV infection from mother to offspring (13, 14). While
nutritional supplementation of vitamin A in populations at
high risk for infectious diseases are important intervention
strategies, this is just the beginning of retinoid application
to disease prevention. In this approach, natural as well as
synthetic retinoids will be used as specific drugs.

Retinoid receptors

There are three RAR genes (RARα, β, γ) and three
RXR genes (RXRα, β, γ) and multiple isoforms for each of
the receptors, resulting from either alternative RNA splic-
ing or the use of different promoters (15). This would sug-
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Fig. 2. The stepwise process of squamous metaplasia due to retinoid depletion. Shown is the stepwise pathological process of squa-
mous metaplasia formation in the simple-columnar epithelium of the endocervix. A single row of RARbeta and keratin K8-positive colum-
nar cells characterizes the simple-columnar epithelium of the endocervix, as it is under normal conditions of vitamin A nutriture. Under
conditions of vitamin A deficiency, RARgamma and keratin K5-positive basal cells appear in subcolumnar positions. Eventually a con-
tinuous layer of subcolumnar basal cells lifts the columnar cells, which cease to divide and are shed off, while the K5-positive cells pro-
liferate and form a stratified squamous-metaplastic focus. Different foci merge into a stratified squamous keratinizing epithel ium. These
changes are reversible upon administration of vitamin A. The figure also indicates changes in the expression of retinoid and estrogen
receptor transcripts during the establishment of squamous metaplasia.



probably because of the ease of observation of the
tumors and scoring of results, has been the system of
mouse skin carcinogenesis. In this system, conditions
have been defined so that the use of one application of
the carcinogen 7,12-dimethyl benzanthracene (DMBA) is
necessary but not sufficient for tumor induction, which is
manifest only after multiple applications of the tumor-pro-
moting agent 12-tetradecanoyl-phorbol-13 acetate (TPA)
(26).

A stepwise process can then be observed with the for-
mation first of benign tumors (papillomas) and eventually
of malignant tumors (carcinomas). RA applied topically
before the application of TPA greatly inhibits both papillo-
ma and carcinoma formation (27). Interestingly, a specif-
ic inhibition of carcinoma formation is observed when RA
is introduced in the diet at pharmacological concentra-
tions (30 µg/g diet) (28). 

The inhibitory action of RA on skin carcinogenesis
appears to be exerted at the level of RARs. In situ
hybridization analysis has shown that mouse epidermal
neoplastic cells lose the ability to express RAR transcripts
during tumor promotion and malignant progression. In
particular, RARα transcripts are expressed in epidermis,
papillomas and differentiated carcinomas, but are not
expressed in undifferentiated carcinomas and in the most
malignant spindle cell carcinomas. RARγ transcripts are
abundant in epidermis and papillomas but are absent in
both differentiated and undifferentiated carcinomas and in
the more malignant spindle cell carcinomas. RARβ tran-
scripts are totally absent in the epidermis. We also found
that, in contrast to the observed reduction in RARα and
RARγ during malignant progression, RXR transcript
expression remains at a high level in proliferating cells of
normal epidermis and tumor tissue (17, 29).

In vitro cell transformation studies of mouse epidermal
keratinocytes by the oncogene ras demonstrated similar
RAR transcript reduction with concomitant increased pro-
liferation. RARγ gene expression in ras-transformed
mouse keratinocytes has demonstrated RA-induced
reduction in cell growth (29). Exposure of mouse skin to
tumor promoters in vivo also demonstrated a reduction in
receptor transcript expression (30). Precancerous lesions
of buccal epithelium in vivo (31) and in cells from head
and neck cancer (32) and non-small cell lung cancer
patients (33) show a marked reduction in RARβ transcript
expression (32). Therefore, it is suggested that the
process of carcinogenesis selects for cells which have
lost the ability to express RARs but maintain the ability to
express RXRs, at least in the epidermal carcinogenesis
model. Moreover, exposure of some of these cells to sup-
raphysiological levels of RA may induce inhibition of cell
growth through the induction of RAR gene expression.
This and other relevant work makes the important point
that loss of RAR function is an important contributory fac-
tor to loss of cell differentiation and the emergence of
unregulated cell growth.

We suggest that the mechanism underlying the
chemopreventive effects of supraphysiological RA is
the enhanced expression of RARs, which counteracts

receptor (RXR-vitDR heterodimer), thyroid hormone-
dependent for the RXR thyroid hormone receptor partner
(RXR-TR heterodimer), and so on. It is, therefore, easy to
conceptualize how RXRs may control a complex network
of hormone-dependent pathways. This complexity would
explain the far reaching consequences of vitamin A defi-
ciency, a condition which is indeed incompatible with the
life process itself from conception through embryonic
development to maintenance of the adult organism.

The patterned expression or suppression of develop-
mental genes (e.g., the homeobox b-1 gene) has been
demonstrated to be strictly retinoid responsive in specific
rhombomeres of the mouse hindbrain (19). In fact, RA
response elements (RAREs) have been demonstrated for
both 5� and 3� of the gene with the 5�-RARE functioning as
a suppressor and the 3�-RARE as an inducer of tran-
scriptional activity for the homeobox b-1 gene (20). The
developmental time dependency of the function of the two
RAREs permits and controls the switching on and off of
the homeobox b-1 gene expression and termination of
expression at the border of different rhombomeres, pos-
sibly controlling segmentation. It is also evident that a
highly ordered retinoid delivery system must be operative
to insure the highly regulated series of develop-
mental events. Availability of excess retinoids or their
deficiency may lead to teratogenesis and/or resorption of
the embryo (21-23).

We will not dwell on dermatological applications of
retinoids because they have been used for over 15 years
and are covered elsewhere in the literature. Suffice it to
say that the most common application of retinoids has
been in the therapy of dermatological conditions, particu-
larly juvenile acne (24). Oral RA is very effective in revers-
ing the pathology of juvenile acne, although its teratolog-
ical effects are also well known (21, 22). Therefore, the
use of topical retinoid therapy is now preferred.

Retinoids in cancer

What has been summarized above is intended to also
explain the expectation that retinoids would be viewed as
chemopreventive and differentiation therapeutic agents.
Chemoprevention research emphasizes the concept that
retinoids, when available optimally at supraphysiological
levels, inhibit the development of epithelial carcinogene-
sis, i.e., their action is exerted during the carcinogenesis
process (25). The concept of differentiation therapy pro-
poses the use of agents capable of eliminating neoplas-
tic cells through differentiative (1) rather than cytotoxic
pathways. Retinoids have been employed in both
approaches.

Chemoprevention of epithelial cancer

In experimental animal models of epithelial carcino-
genesis, retinoids have shown considerable activity as
chemopreventive agents. The most widely used system,
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may bind different synthetic retinoids, thereby presiding
over different biological processes; as such, they may
also combat different diseases. Synthetic retinoids may
also be more effective than RA itself, because they may
be designed in such a way that they will not undergo
metabolism and may be present for much longer half-
lives in the blood of patients. Synthetic work has permit-
ted the realization of retinoid structures with remarkable
specificity as RXR and RAR ligands.

Research at Allergan (45) has resulted in the devel-
opment of several RAR and RXR-selective retinoids. A
comparison between RAR- and RXR-selective retinoids
for transcription of the TGase II gene in HL-60 cells has
shown that both could activate TGase II gene transcrip-
tion. This is because the TGase II gene promoter con-
tains both an RARE as well as an RXRE (46).

Scientists at Ligand Pharmaceutical have demon-
strated that RXR agonists function as activators of the
insulin response in diabetic rats (47) and that the syn-
thetic RAR-selective retinoid ALRT1550 functions as an
inhibitor of the growth of buccal carcinoma in nude mice
(48). 

The work at Roche (49) with sterically blocked
retinoids of the 9-cis-RA isolog type and without the pos-
sibility of back-isomerization to the all-trans configuration
has also clearly shown that these compounds are highly
active in the induction of HL-60 cell differentiation and the
consequent inhibition of cell growth. Since these con-
strained structures are an order of magnitude more
potent than the parent compounds, this strongly suggests
that either the natural 9-cis-RA undergoes faster metabo-
lism or isomerization, or both.

Cellular retinoic acid binding proteins

In addition to RAR expression, the expression of cel-
lular RA binding proteins CRABP I and II also mediates
the biological activity and/or the availability of RA (50). It
has recently been shown that estrogen receptor (ER)-
positive breast cancer cell lines express high levels of
CRABP II, in contrast to ER-negative cells that show very
low expression (51). It is also of interest that human epi-
dermis CRABP II contains RAREs in its promoter.
Therefore, it is not surprising that this protein is upregu-
lated by RA, but this upregulation is not observed in cer-
tain ER-negative human breast cancer cells.

The picture emerges that RARs, CRABP II and other
RA responsive genes such as TGase II are somehow
refractory to RA action in certain cancer cells.

In particular, we have investigated 15 different cell
lines and have observed that in the resistant cells RA can-
not be metabolized to the same extent as in RA-sensitive
cells. So, it appears that at least five parameters are in
correlation: RA-mediated inhibition of cell growth, and
induction of RAR expression, CRABP II, TGase II and RA
metabolism. The RA growth inhibited cells all metabolize
RA at a fast rate compared to resistant cells, which tend
to accumulate the intact drug (52).

the downregulatory effects of tumor promoters. However,
though logical, this mechanism remains to be demon-
strated.

Differentiation therapy

A variety of neoplastically transformed cells have
been shown to respond to RA by reduced cell growth and
induction of differentiation. Among these cells, the human
leukemia HL-60 cells were shown by Breitman and col-
laborators to undergo differentiation to mature granulo-
cytes (34). This work inspired the use of RA in acute
promyelocytic leukemia (APL). Remarkably, RA given
systemically induced the disappearance of promyelo-
cytes and the increase in mature granulocytes coincident
with complete remission (35). RA administration for APL
is now standard treatment in the clinic. This treatment is
indeed successful in prolonging life in the majority of
patients. However, RA resistance does occur through the
eventual emergence of promyelocytic clones which fail to
respond to RA (36, 37). In addition, RA effectiveness is
undermined by self-induced metabolism, which causes a
marked reduction in RA concentration in the blood of
treated patients (38). New approaches to overcome this
problem include combination treatments with RA and
chemotherapeutic agents to eradicate the newly emerg-
ing RA-resistant clones (39).

The molecular defect in acute
promyelocytic leukemia

Molecular biological approaches have permitted the
definition of the molecular defect responsible for APL. In
all cases, it appears that the APL clone contains a bal-
anced (t:15;17) chromosomal translocation of the long
arm of chromosome 17 to chromosome 15 and vice versa
(40, 41). The breakpoint on chromosome 17 is the A/B
region of the RARα gene which fuses with the breakpoint
in the PML gene on chromosome 15. The prevailing
chimeric protein found in blood cells of APL patients is
PML-RARα, whereas the alternative variant, RARα-PML
transcribed from the fusion gene on chromosome 17, is
found only in small amounts in APL patients.

The mechanism responsible for the induction of com-
plete remission by RA in patients with APL is unclear. It is
not easy to rationalize why RA is effective in a disease in
which one of its receptors is itself truncated and fused to
PML (42-44). It is possible that RA may bind to RARβ
and/or RARγ, which are not involved in the fusion with
PML and therefore may still be functional and capable of
inducing the differentiation to granulocytes, at least at
pharmacological concentrations of RA.

Synthetic retinoids

The rationale for the development of synthetic
retinoids is based on the fact that different RA receptors
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We have also found that expression of a truncated
RARα (RAR403), which has dominant negative activity
over all RARs, slows down RA metabolism and renders
the cells resistant to RA-induced inhibition of growth and
induction of TGase II. These findings suggest the involve-
ment of RARs in RA-induced inhibition of cell growth.
They also suggest that the observed resistance to RA in
some malignant cells (52) may well be the result of a
blunted RAR-mediated signal transduction pathway in
these cells (Isogai et al., submitted). In fact, it has been
demonstrated that some of these cell lines, in particular
the ER-negative MDA-231 and others, express very low
levels of the RARα (53) and that introduction of estrogen
receptor expression (54) reestablishes RA-induced
growth inhibition in these cells.

Conclusions

This brief review of the retinoid field is intended to pro-
vide a perspective of how these compounds have come
to occupy a prominent place in the field of chemopreven-
tion of carcinogenesis and differentiation therapy. 

Other areas of relevance for the employment of
retinoids derive from very recent discoveries. For
instance, the finding that in mice with noninsulin-depen-
dent diabetes mellitus and obesity, RXR agonists can
enhance responsiveness to insulin,  makes these com-
pounds of potential therapeutic interest in this disease
(47). The recent reports of the activity of retinoids in
reversing the typical lesions of emphysema in a rat ani-
mal model of the disease (55) open up the possibility that
retinoids may be useful drugs for the therapy of emphy-
sema in humans.

Finally, it should be emphasized that the discovery of
the retinoid receptors was possible through seemingly
unrelated molecular biological research on steroid hor-
mone receptors, and  provides a paradigm for how basic
research can foster the development of useful drugs.
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