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ABSTRACT Retinoic acid is one of the most promising
drugs for chemotherapy and chemoprevention of cancer.
Either blocking activator protein-1 (AP-1) activity or activat-
ing retinoic acid response element (RARE) have been pro-
posed to be responsible for its antitumor activity. However,
evidence for this hypothesis is lacking in vivo studies. To
address this issue, we used an AP-1-luciferase transgenic
mouse as a carcinogenesis model and new synthetic retinoids
that are either selective inhibitors of AP-1 activation or
selective activators of the RARE. The results showed that the
SR11302, an AP-1 inhibition-specific retinoid, and other AP-1
inhibitors such as trans-retinoic acid and fluocinolone ace-
tonide, markedly inhibit both 12-O-tetradecanoylphorbol-13-
acetate-induced papilloma formation and AP-1 activation in
7,12-dimethyl benz(a)anthracene-initiated mouse skin (P <
0.05). In contrast, repeated applications of SR11235, a reti-
noid with RARE transactivating activity, but devoid of AP-1
inhibiting effect, did not cause significant inhibition of pap-
illoma formation and AP-1 activation (P > 0.05). These results
provide the first in vivo evidence that the antitumor effect of
retinoids is mediated by blocking AP-1 activity, but not by
activation of RARE.

The transcription factor activator protein-1 (AP-1) regulates
the transcription of various genes with the consensus DNA
recognition sequence TGA(C/G)TCA, designated as 12-O-
tetradecanoylphorbol-13-acetate (TPA)-responsive element
(TRE) in their promoter region (1). AP-1 is consisted of a
family of Jun/Fos dimers that include different Jun proteins
(c-Jun, JunB, and JunD) and Fos proteins (c-Fos, FosB, Fra-1,
Fra-2, and FosB2) (2-8). Each of these proteins consists of a
“leucine zipper,” which permits Jun proteins to form ho-
modimers or heterodimers among themselves or with Fos
proteins (2), but Fos proteins cannot dimerize and are not able
to bind DNA on their own (2). AP-1 and its regulated gene
expression has been shown to play an important role in the
preneoplastic-to-neoplastic progression in cell culture models
(9-18). Because the binding of the AP-1 protein to DNA does
not always result in an induction of transcription (19), AP-1
DNA binding activity measured by gel-shift assay may not
correlate with AP-1 transcriptional activity (19). Thus, the
ideal in vivo model to study the relevance of AP-1 activation
to tumor promotion is to use AP-1-luciferase reporter trans-
genic mice. The transgenic mouse, which expressed a 2X TRE
luciferase in all the cells of mouse, developed by Rincén and
Flavell (20), made it possible to study the role of AP-1 activity
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in tumor promotion and the mechanism of some chemopre-
ventional drugs in animal models.

Retinoids can inhibit tumor cell growth and induce the
differentiation and reversion of certain malignant cells to
normal phenotype (21, 22). Retinoic acid has been proven to
be effective in inhibiting papilloma formation in a mouse
model and tumor promoter-induced transformation in JB6
cells (21, 23-26). Clinical studies indicated that retinoic acid is
effective for treatment of certain types of leukemia (27, 28)
and a chemopreventive agent against the occurrence of sec-
ondary head and neck cancers (29). However, the clinical
usefulness of retinoic acid is limited by its side effects, such as
lipostrichia, bleeding, hyperostosis, and teratogenicity (30).
The biological activities of retinoids are believed to be medi-
ated by transcriptional activation of retinoic acid response
element (RARE) and inhibition of AP-1 activity, acting
through distinct nuclear receptors, namely the retinoic acid
receptors (RARs) and the retinoid X receptors (RXRs)
(31-33). To distinguish these two different effects of retinoic
acid, Fanjul and coworkers (34, 35) screened the transcrip-
tional activities of 50 synthetic retinoids. They found that some
retinoids, such as SR11302 (Fig. 1), inhibit AP-1 activity
without activating the transcription of RARE. In contrast,
SR11235 (Fig. 1) selectively activates transcriptional activity of
the RARE without inhibiting AP-1 activity (35). By using
these retinoids, Li et al. (21) showed that cell transformation
was blocked by SR11302, but not by SR11235, in the JB6 cell
system (21). This poses the intriguing question of whether
inhibition of AP-1 or activation of RARE is responsible for the
antitumor promotion effect of retinoic acid. Here we ad-
dressed this question by using AP-1-luciferase transgenic mice
and these synthesized retinoids displaying selective biologic
activity (35).

MATERIALS AND METHODS

Animals and Reagents. TPA was from Calbiochem, and
dimethyl sulfoxide was from Pierce. 7,12-Dimethylbenz(a)an-
thracene (DMBA), fluocinolone acetonide (FA), and trans-
retinoic acid (RA) were from Sigma. The synthetic retinoids,
SR11302 and SR11235, were synthesized as previously re-
ported (35). 2X TRE-luciferase reporter transgenic mice were
originally established by Rincén and Flavell (20). A C57BL/6
male mouse carrying the 2X TRE-luciferase transgene was
crossed with DBA, females. The F; offspring were screened by
testing both the basal level and TPA-induced level of luciferase

Abbreviations: AP-1, activator protein-1; RARE, retinoic acid re-
sponse element; RAR, retinoic acid receptor; RA, trans-retinoic acid,
DMBA, 7,12-dimethyl benz(a)anthracene; FA, fluocinolone ace-
tonide; TPA, 12-O-tetradecanoylphorbol-13-acetate; TRE, TPA re-
sponsive element; RXR, retinoid X receptor.
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FiG. 1. The structure of retinoids.

activity for the presence of the AP-1 luciferase reporter gene.
Males and females were housed separately in solid bottom
polycarbonate cages on ventilated animal racks (4-5 mice per
cage, individualized by incisions in the ears) under tempera-
ture, humidity, and yellow light controlled conditions. Food
and water were available ad libitum and the dorsal skin of the
mice was shaved every week during the experiment period.

Tumor Induction and Prevention. Both the basal level and
TPA-induced level of luciferase activity were determined in
the mice 2 weeks before DMBA treatment. The AP-1-
luciferase reporter-bearing male and female mice (6-9 weeks
old) were randomly divided into six groups. There were 16—19
mice in each group. DMBA (51.2 ug dissolved in 300 ul of
acetone for each mouse) was used as a tumor initiator and
applied to mouse dorsal skin. Fourteen days following initia-
tion, the mice were promoted twice a week (on Monday and
Thursday) with 17 nmol TPA dissolved in 300 ul of acetone for
the next 18 weeks. For the chemoprevention groups, mice were
treated with 34 nmol of various retinoids or 1 nmol FA
dissolved in 300 ul of acetone 1 hr prior to each promotion with
TPA. Negative control mice were treated with acetone alone.
The number of papillomas in each mouse were counted
weekly.

Assay of AP-1 Activity in Vivo. The AP-1-luciferase trans-
genic mice were identified, grouped, housed, and initiated with
DMBA as described in tumor induction and prevention. Two
weeks after initiation with DMBA, both the basal levels and
TPA-induced levels of luciferase activity were measured by
dorsal skin punch biopsy using biopsy punch (1.5 mm, Acud-
erm, Ft. Lauderdale, FL). Two weeks after the last punch
biopsy, the mice were treated topically four times over 7 days
with 34 nmol various retinoids or 1 nmol FA dissolved in 300

ul acetone prior to promotion with TPA. The last of the four
topical doses of retinoids or FA was given 1 hr prior to 17 nmol
TPA treatment on the dorsal skin of mouse. Treatment of
DMBA-initiated mouse skin results in rapid induction of AP-1
activity, which reached the peak at 12 hr post-TPA treatment
(data not shown). Thus, 12 hr after TPA treatment, the mice
were punch biopsied to determine the effect of retinoids or FA
on TPA-induced AP-1 activity in the epidermis. One-hundred
microliters of lysis buffer was added to each skin biopsy and
kept at 4°C for 12 hr. The luciferase activity of punch biopsied
epidermis in supernatant was measured by a luminometer
(Monolight 2010, Analytical Luminescence Laboratory, San
Diego) 10 sec after mixing the extract and luciferase assay
reagent as described (14, 20). The relative AP-1 activity was
presented as relative to the basal level of luciferase activity of
each mouse.

Statistical Analysis. The significance of the difference in the
tumor multiplicity data and AP-1 activity was determined with
the Student’s ¢ test.

RESULTS

Inhibition of Tumor Promotion by Retinoid SR11302, But
Not by SR11235, in AP-1-Luciferase Transgenic Mice. Previ-
ous in vitro studies by us and others suggest that AP-1 plays a
crucial role in tumor promoter-induced cell transformation
(1-7). To test whether inhibition of tumor promotion by RA
occurs through blocking AP-1 activation but not through
RARE activation, we used transgenic mice with AP-1 lucif-
erase reporter and the well-characterized DMBA-TPA 2-stage
skin carcinogenesis model. Each mouse was initiated with 0.2
nmol (51.2 ug) DMBA dissolved in 300 ul acetone. After 14
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F1G. 2. Inhibition of tumor promotion by retinoid SR11302, but not
by SR11235, in AP-1-luciferase transgenic mice. Transgenic mice that
expressed a 2X TRE luciferase reporter gene were grouped and initiated
with DMBA as well as treated twice a week with TPA with or without
different tumor prevention drugs such as FA, RA, and SR11302 or
SR11235, as described. SR11302 and SR11235 are new synthetic retinoids
with selective inhibiting AP-1 activation and activating RARE activity,
respectively. The results are shown as the average number of papillomas
per mouse with the mean = SE at week 18 after tumor promotion.
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for 18 weeks. The mice of the experimental groups were
treated with 34 nmol of various retinoids 1 hr prior to each
promotion with TPA. RA and FA were used as positive
controls for tumor inhibition. The results are shown in Fig. 2.
The repeated TPA treatment alone resulted in 27.1 papillomas
per mouse at week 18 of TPA promotion (n = 16), whereas no
papillomas were observed in the acetone negative control
group (n = 19). Pretreatment with FA (n = 17) or RA (n =
17) 1 hr prior to each TPA promotion effectively inhibited the
papilloma formation induced by TPA (P < 0.05). Application
of retinoid SR11302 (n = 18) at 1 hr prior to each twice-weekly
TPA promotion inhibited papilloma formation by 67.9%, as
determined by the number of papillomas per mouse (P < 0.05)
(Fig. 2). In contrast, no significant inhibition of papilloma
induction was observed in the group pretreated with the
SR11235 (n = 17) (P > 0.05) (Fig. 2). The dynamic papilloma
formation was consistent with the results described above (Fig.
3). These results demonstrate that FA, RA, and SR11302, but
not SR11235, have significant antitumor promotion activity
and further suggests that activation of RARE transcription
activity by the retinoids is not required for their antitumor
promotion activity.

Retinoid SR11302, But Not SR11235, Blocks TPA-induced
AP-1 Transactivation in AP-1 Luciferase Transgenic Mice. To
determine whether the inhibition of papilloma formation by
FA, RA, SR11302, or SR11235 correlated with the inhibition
of AP-1 activity, we investigated the influence of these agents
on TPA-induced AP-1 activity in AP-1-luciferase reporter
transgenic mice. Since inhibition of skin papilloma formation
requires repeated applications of these agents to the DMBA-
initiated skin, the inhibition of AP-1 activity induced by TPA
was determined following multiple applications of retinoids to
mouse skin initiated with DMBA. The results are shown in Fig.
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FiG. 3. Inhibition of papilloma formation by retinoid SR11302 during the course of the tumor promotion. The mice were prepared and initiated
with DMBA as well as treated with TPA with or without different tumor prevention drugs (such as FA, RA, SR11302, or SR11235) twice a week,
as described. The incidence of papillomas was observed weekly. The results were presented as (4 ) percentage of mice bearing papillomas at different
promotion points and (B) average number of papillomas per mouse with the mean * SE.
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4. Treatment of mouse skin with TPA induced a 550-fold
induction of AP-1 activity (» = 10). TPA-induced AP-1
activity was markedly inhibited by either FA (n = 10), RA (n =
10), or SR11302 (n = 10) (P < 0.05), whereas SR11235 did not
show significant inhibition of TPA-induced AP-1 activity in
mouse skin (n = 10) (P > 0.05) (Fig. 4). Taken together with
our previous findings, we conclude that inhibition of tumor
promotion by retinoids is mediated by blocking the tumor
promoter-induced AP-1 activity.

DISCUSSION

Our results indicate that the retinoids RA and SR11302 inhibit
both TPA-induced AP-1 activity and papilloma formation in
AP-1reporter transgenic mice that were initiated with DMBA.
In contrast, no significant inhibition of papilloma formation
and AP-1 activation was observed in the SR11235-treated
group. These data provide the first in vivo evidence that AP-1
plays a crucial role in tumor promotion. The inhibition of
tumor promotion by RA occurs through blocking AP-1 acti-
vation, but not through activation of RARE.

Previous studies using different cell models have suggested
the important role of AP-1 activation in cell transformation
(10-15). The activation of AP-1 appears to be required for the
preneoplastic-to-neoplastic progression of JB6 cells. Overex-
pression of c-Jun in P* cells caused neoplastic transformation
and an introduced dominant negative mutant of c-Jun was
found to block tumor promoter-induced transformation (11).
Many antitumor promoters, such as FA and RA, were shown
to be effective inhibitors of AP-1 activation in cell culture
systems (36, 37) and our present data provide the first in vivo
evidence for the role of AP-1 activation in tumor promotion.
The results show that TPA induces both papilloma induction
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F1G. 4. Retinoid SR11302, but not SR11235, blocks TPA-induced
AP-1 transactivation in AP-1-luciferase transgenic mice. The AP-1-
luciferase reporter transgenic mice were first initiated with 0.2 nmol
(51.2 ug) of DMBA in 300 ul acetone. Fourteen days after initiation,
the mice were treated with TPA with or without different tumor
prevention drugs and punch biopsied (1.5 mm) on the dorsal skin of
each mouse to determine the luciferase activity as described. The
results were shown with the mean and standard error of the relative
AP-1 activity from mice in each group.
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and high levels of AP-1 activation in AP-1-luciferase trans-
genic mouse skin initiated with DMBA. The glucocorticoid
FA, a well known inhibitor of tumor promotion, inhibits
TPA-induced papilloma induction and AP-1 activity. The
extent of inhibition of AP-1 activity by FA is similar to that
observed for inhibition of papilloma formation at the same
dosage. Thus, AP-1 activation plays a crucial role in tumor
promotion and the inhibitory effect of FA on tumor promotion
occurs through blocking AP-1 activation induced by the tumor
promoter. Many of the TPA-responsive genes include several
protooncogenes, such as c-fos, c-jun, and matrix degrading
metalloproteinases contain the AP-1 binding sequence or
TRE (1-3, 26). The downstream genes with a regulatory
element AP-1 may involve the process of tumor promotion.
Recently, Wilson et al. (18) reported that an absence of
metalloproteinase matrilysin resulted in a reduction in mean
tumor multiplicity of ~60% and metalloproteinase matrilysin
contribute to very early stage in tumor development.

Retinoids have long been known to modulate the differen-
tiation and proliferation of cells (38). It is also well known that
action of retinoic acid is mediated by at least two distinct
classes of nuclear retinoid receptors, including RARs and
RXRs (31-33). Both types are coded for by three genes («, 3,
and ) from which three subtypes of both RARS («, 3, and v)
and RXRs («, B, and vy) can be generated by differential
splicing and use alternative promoters (39-42). RARs bind
and are activated by both RA and 9-cis-retinoic acid, whereas
RXRs only interact with 9-cis-retinoic acid (43, 44). Although
both these receptors can directly activate the RARE or
RXRE, and indirectly inhibit the activation of AP-1 activity,
several lines of evidence suggest that some synthetic retinoids
clearly exhibit distinct receptor selectivities in transcription of
RARE and anti-AP-1 activity. For instance, SR11235 is an
RXRa-selective transcriptional activator with <20% of anti-
AP-1 activity. In contrast, SR11302 show strong anti-AP-1
activity with selective binding with RAR« and RARY, but not
with RARB and RXRa (35).

In several studies, the importance of retinoids in antitumor
promotion has been demonstrated (21, 23-25). However, the
use of RA for treatment of solid malignancies and for pre-
vention of cancer has been hindered because the prolonged use
of RA has significant side effects (30). Thus, elucidating the
molecular mechanisms that underlie the diverse effects of
retinoids is one of the most challenging projects in the cancer
research field. The clarity of this issue will generate useful
information to help develop more effective retinoids with
fewer side effects for prevention and treatment of human
cancer. Based on this view, progress has been made in the
synthesis of selective ligands for retinoid receptors (34, 35).
These agents may help to determine which mechanisms are
responsible for therapeutic effects and which ones produce
side effects.

In summary, by using an AP-1-luciferase reporter transgenic
mouse and synthesized retinoids displaying selective inhibition
of AP-1 activity or activation of RARE, we demonstrated that
AP-1 activation is required for tumor promotion. Inhibition of
tumor promotion of RA is mediated by blocking AP-1 acti-
vation. This study can lead to development of better retinoids
for cancer prevention and therapy.
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