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Background: Retinoids (derivatives of
vitamin A) are reported to reduce the
occurrence of some second primary
cancers, including aerodigestive tract
tumors. In contrast, b-carotene does
not reduce the occurrence of primary
aerodigestive tract cancers. Mecha-
nisms explaining these effective reti-
noid and ineffective carotenoid chemo-
prevention results are poorly defined.
Recently, the all-trans-retinoic acid
(RA)-induced proteolysis of cyclin D1
that leads to the arrest of cells in G1
phase of the cell cycle was described in
human bronchial epithelial cells and is
a promising candidate for such a
mechanism. In this study, we have in-
vestigated this proteolysis as a common
signal used by carotenoids or receptor-
selective and receptor-nonselective ret-
inoids. Methods: We treated cultured
normal human bronchial epithelial
cells, immortalized human bronchial
epithelial cells (BEAS-2B), and trans-
formed human bronchial epithelial
cells (BEAS-2BNNK) with receptor-
selective or receptor-nonselective reti-
noids or with carotenoids and studied
the effects on cell proliferation by
means of tritiated thymidine incorpo-
ration and on cyclin D1 expression by
means of immunoblot analysis. We also
examined whether calpain inhibitor I,
an inhibitor of the 26S proteasome deg-
radation pathway, affected the decline
(i.e., proteolysis) of cyclin D1.Results:
Receptor-nonselective retinoids were
superior to the carotenoids studied in
mediating the decline in cyclin D1 ex-
pression and in suppressing the growth
of bronchial epithelial cells. Retinoids
that activated retinoic acid receptor b
or retinoid X receptor pathways pref-
erentially led to a decrease in the
amount of cyclin D1 protein and a cor-

responding decline in growth. The ret-
inoid-mediated degradation of cyclin
D1 was blocked by cotreatment with
calpain inhibitor I. Conclusions: Reti-
noid-dependent cyclin D1 proteolysis is
a common chemoprevention signal in
normal and neoplastic human bronchi-
al epithelial cells. In contrast, carot-
enoids did not affect cyclin D1 expres-
sion. Thus, the degradation of cyclin D1
is a candidate intermediate marker for
effective retinoid-mediated cancer che-
moprevention in the aerodigestive
tract. [J Natl Cancer Inst 1999;91:
373–9]

Lung cancer is the leading cause of
cancer mortality for men and women in
the United States. Because curative
therapy for disseminated non-small-cell
lung cancer does not yet exist, effective
chemoprevention of lung cancer in pa-
tients with prior tobacco exposure would
have a major impact on reducing lung
cancer mortality. Retinoids, natural and
synthetic derivatives of vitamin A, have
in vitro and in vivo chemoprevention ac-
tivities. Clinical trials have shown that
retinoids are active in treatment of some
second cancers. Treatment with 13-cis-
retinoic acid (13-cis-RA) has reduced sec-
ond aerodigestive tract cancers in patients
with previously resected head and neck
cancers(1). Treatment with retinyl palmi-
tate has reduced second primary lung can-
cers in patients who have had completely
resected lung cancers(2). An acyclic ret-
inoid, polyprenoic acid, inhibited devel-
opment of second hepatocellular carcino-
mas in patients with resected or ablated
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primary hepatocellular carcinomas(3).
The mechanisms used by retinoids to pro-
duce these beneficial cancer chemopre-
vention results are poorly defined, and vi-
tamin A-associated toxic effects have
limited chronic retinoid treatments of in-
dividuals at high risk of developing can-
cer. The desire to reduce retinoid toxicity
led to large cancer chemoprevention trials
of b-carotene, a related compound that is
clinically well tolerated; unfortunately,
these trials did not result in the prevention
of lung cancer in high-risk individuals(4–
6). These findings underscore the poten-
tial value of in vitro carcinogenesis stud-
ies in model systems that can be used to
determine cancer prevention mechanisms,
to identify intermediate markers, and to
select appropriate agents for testing in
clinical cancer chemoprevention trials.

We have reported that all-trans-
retinoic acid (RA) can prevent the trans-
formation of human bronchial epithelial
cells in vitro (7); i.e., RA inhibited the
transformation of immortalized human
bronchial epithelial cells (BEAS-2B) that
had been treated with tobacco-derived
carcinogens. Thisin vitro chemopreven-
tive activity was associated with a decline
in the expression of cyclin E, the arrest of
cells in G1 phase of the cell cycle, and the
concomitant suppression of growth(7). A
decline in the amount of cyclin D1 protein
also followed treatment of these human
bronchial epithelial cells with RA and
was blocked by inhibition of the 26S
proteasome degradation pathway(8), a
finding that suggests that proteasome-
dependent degradation of cyclin D1 is a
mechanism used by retinoids to prevent
the carcinogen-induced transformation of
human bronchial epithelial cells.

In this study, we have investigated
whether this is a common mechanism by
studying additional types of human bron-
chial epithelial cells and various carot-
enoids and retinoids to determine whether
these compounds use the degradation of
cyclin D1 as a common chemoprevention
mechanism.

MATERIALS AND METHODS

Human Bronchial Epithelial Cells

Primary normal human bronchial epithelial cells
(Clonetics, San Diego, CA) were cultured as previ-
ously described(8) in modified LHC-9 medium in
the presence or absence of the indicated retinoids,
carotenoids, or appropriate vehicle controls. Cells
were passaged every 5–7 days and were used for
experiments after two to four passages. BEAS-2B
cells were derived from human bronchial epithelial

cells immortalized with an adenovirus 12–simian vi-
rus 40 hybrid virus(9). BEAS-2BNNK cells are car-
cinogen-transformed human bronchial epithelial
cells derived from BEAS-2B immortalized bronchi-
al epithelial cells after treatment withN-nitrosa-
mine-4-(methylnitrosamino)-1-(3-pyridyl)-1-
butanone, as described(7). These immortalized or
transformed human bronchial epithelial cells were
cultured in serum-free medium by established tech-
niques(10). These cells were treated with the indi-
cated retinoids or carotenoids in subdued light and
then cultured in the dark in an incubator with hu-
midified air at 37 °C with 5% CO2, as previously
described(7–10).

Retinoid Treatments

The receptor-nonselective retinoids used were
RA, 9-cis-retinoic acid (9-cis-RA), and 13-cis-RA
(Sigma Chemical Co., St. Louis, MO). The receptor-
selective retinoid agonists were Am80 (selective for
retinoic acid receptora [RARa]) (11), SR11254
(RARg/b) (12), SR11246 and SR11345 (retinoid X
receptor [RXR]) (13) (SRI International, Menlo
Park, CA), and BMS-189453 (RARb) (14) (Bristol-
Myers Squibb, Buffalo, NY). Stock solutions of ret-
inoids (10−2 M) dissolved in dimethyl sulfoxide
were stored in the dark at −70 °C until used.

Carotenoids

Stock solutions of the carotenoidsa-carotene
(10−2 M) andb-carotene (10−2 M) (Sigma Chemical
Co.) were individually dissolved in tetrahydrofuran.
These stock solutions were added to LHC-9 medium
at room temperature with vigorous stirring to
achieve a final concentration of 10−5 M. The con-
centrations of these stock carotene solutions were
verified spectrophotometrically, and the solutions
were distributed in aliquots and stored in the dark at
−70 °C(15,16).Before use, the carotene stock solu-
tions were diluted to the indicated concentrations
with LHC-9 medium.

Immunoblot Analysis

The human bronchial epithelial cells examined
were treated with the indicated retinoids, carot-
enoids, or appropriate vehicle solutions for 0–24
hours before lysis on 10-cm tissue culture plates
(Falcon, Franklin Lakes, NJ) with buffer containing
protease inhibitors, as described(7). Total cellular
protein was measured by the Bradford assay, and
100–200mg of total cellular protein was denatured,
subjected to electrophoresis through 10% polyacryl-
amide gels containing sodium dodecyl sulfate, and
electroblotted to nitrocellulose membrane (Schlei-
cher & Schuell, Inc., Keene, NH). The following
primary antibodies were used: for human cyclin D1,
M-20; for RARa, C-20; for RARb, C-19; for
RARg, C-19; and for RXRa, D-20 (all from Santa
Cruz Biotechnology, Inc., Santa Cruz, CA). A poly-
clonal anti-rabbit immunoglobulin antibody was
used as the secondary antibody (Amersham Life Sci-
ence Inc., Arlington Heights, IL). Antibody was de-
tected with the Amersham chemiluminescence as-
say.

To verify the specificity of each anti-retinoid re-
ceptor antibody, preincubation of the antibody with
a 10-fold excess of a specific blocking peptide at
room temperature for 2 hours was found to abolish
the expected immunoblot signal. The blocking pep-

tides used for each antibody (Santa Cruz Biotech-
nology, Inc.) were the immunogenic peptides used
to produce the corresponding antibodies.

Thymidine Proliferation Assay

Growth of human bronchial epithelial cells was
assessed by tritiated thymidine incorporation. Ap-
proximately 5 × 104 cells (plated per well in a six-
well tissue culture plate [Falcon]) were incubated for
1 hour in tritiated thymidine (4mCi/mL; Du Pont
NEN, Boston, MA) at 37 °C, washed with phos-
phate-buffered saline, treated with 5% trichloroace-
tic acid, washed with 70% ethanol, air dried, and
lysed in a solution of 10 mM NaOH and 1% sodium
dodecyl sulfate. Lysates were collected, and the
amount of tritiated thymidine incorporated was mea-
sured by scintillation counting. The amount of ra-
dioactivity detected (decays per minute) in each
treatment sample was expressed as a percentage of
the amount of the radioactivity in control samples.
Data are reported as the average of six data points
from three independent experiments. Error bars rep-
resent the standard deviation for each average value.

Inhibition of the Proteasome
Degradation Pathway

To inhibit the 26S proteasome degradation path-
way, we treated BEAS-2B immortalized human
bronchial epithelial cells with calpain inhibitor I
(100mM) with or without a retinoid for 4–6 hours at
37 °C before cell lysis and immunoblot analysis of
the isolated total cellular protein. No cytotoxicity
was detected as a result of the calpain inhibitor I
treatment under these culture conditions.

RESULTS

Compared with a treatment with the
vehicle control, a 24-hour treatment of
BEAS-2B immortalized human bronchial
epithelial cells with 4mM RA, 4 mM 13-
cis-RA, or 4 mM 9-cis-RA resulted in ap-
preciable growth suppression, as mea-
sured by tritiated thymidine incorporation
(Fig. 1, A). Treatment of BEAS-2B cells
with a-carotene orb-carotene at concen-
trations up to 8mM did not suppress bron-
chial epithelial cell growth (Fig. 1, B).
These concentrations of carotenoids and
retinoids in plasma are clinically achiev-
able levels for each agent(17,18). If the
carotenoid treatment was examined for up
to 72 hours, no effect on BEAS-2B cell
growth was observed (data not shown).

Treatment with retinoids but not with
carotenoids suppressed the growth of
BEAS-2B cells, normal human bronchial
epithelial cells in short-term cultures, and
carcinogen-transformed BEAS-2BNNK

cells (Fig. 1, C). These normal, immortal-
ized, and transformed human bronchial
epithelial cells representin vitro models
for lung tissue of carcinogen-exposed in-
dividuals at risk for developing primary
or secondary aerodigestive tract cancers.
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These models could be used for the pre-
liminary testing of clinical cancer chemo-
prevention agents.

Earlier work indicates that a link exists
between cyclin D1 proteolysis and RA-
mediated prevention of carcinogen-
induced transformation of immortalized
human bronchial epithelial cells(7,8).To
extend this work, we measured cyclin D1
protein by immunoblot analysis in nor-
mal, immortalized, and transformed hu-

man bronchial epithelial cells after treat-
ment with RA or vehicle alone to
determine whether the observed RA-
induced growth suppression parallels a
decline in the abundance of cyclin D1. In
these human bronchial epithelial cells, the
amount of cyclin D1 protein declined af-
ter treatment with 2mM RA, as shown in
Fig. 2. In marked contrast, when these hu-
man bronchial epithelial cells were
treated with 2mM b-carotene, the amount

of cyclin D1 protein detected did not
change appreciably. Similar findings were
observed after treatment witha-carotene
(data not shown). Thus, the suppression
of the growth of human bronchial epithe-
lial cells after treatment with retinoids but
not with carotenoids is tightly linked to
the expression of cyclin D1 protein.

Biologic effects of retinoids are medi-
ated through the nuclear retinoid recep-
tors RARs and RXRs. Expression of spe-

Fig. 1. Growth response of im-
mortalized human bronchial epi-
thelial (BEAS-2B) cells treated
with retinoids or carotenoids.A)
Cells were treated for 24 hours
with 4 mM all-trans-retinoic acid
(RA), 4 mM 9-cis-retinoic acid
(9-cis-RA), 4 mM 13-cis-retinoic
acid (13-cis-RA), or dimethyl
sulfoxide (DMSO; 1 : 1000 dilu-
tion; the vehicle control). Treat-
ment with the retinoids resulted
in considerable growth suppres-
sion, as measured by tritiated thy-
midine incorporation.B) Cells
were treated with various concen-
trations of RA, a-carotene,
b-carotene, or DMSO (1 : 1000
dilution; shown as 0mM drug).
Twelve hours after addition, RA,
but not the carotenoids, caused a
dose-dependent growth suppres-
sion. Similar results were ob-
served 24 hours after addition
(data not shown).C) Normal, im-
mortalized, and transformed hu-
man bronchial epithelial cells
were treated for 12 hours with 2
mM RA or 2 mM b-carotene or
their corresponding vehicles. The
vehicle for RA was DMSO, and
the vehicle forb-carotene was
tetrahydrofuran (THF). RA, but
not b-carotene (carotene) or the
vehicles, caused considerable
growth suppression in all three
types of cells. Inpanels A–C,the
error bars are the standard devia-
tion for each mean value.
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cific retinoid receptors is regulated by RA
(19) at the level of messenger RNA in
transformed human bronchial epithelial
cells, and specific retinoid receptors are
involved in regulation of basal cell
growth. To determine which of these re-
ceptor proteins are involved in the reti-
noid-mediated decrease in the amount of
cyclin D1 and resulting growth suppres-
sion in human bronchial epithelial cells,
we assessed the effect of RA on the basal
expression of retinoid receptor proteins
by immunoblot analysis. Treatment with
2 mM RA led to a decrease in the expres-
sion of RARa, RARg, and RXRa protein,
as shown in Fig. 2, C. In contrast, the
expression of RARb protein was induced
after treatment with RA. Relative to basal
expression, both RARa1 and RARa2 iso-
forms were repressed by RA treatment as
shown in Fig. 2, C. Basal expression of
RARg protein was quite low in BEAS-2B
cells and decreased further 12 and 24
hours after treatment with RA (Fig. 2, C;
data not shown). Expression of RXRa
protein was also repressed by treatment
with RA (Fig. 2, C; data not shown). The
induction of RARb protein by RA was
undetected at 3 hours, was maximal from
6 hours to 12 hours, and then decreased
from 24 hours to 48 hours. The specificity
of the anti-retinoid receptor antibodies
was confirmed through blocking experi-
ments in which receptor-specific peptides
were incubated with their corresponding
antibodies before immunoblot analysis. In
resulting immunoblots, the specific reti-
noid receptor was not detected (data not

shown), thus demonstrating the specific-
ity of the various retinoid receptor anti-
bodies.

When BEAS-2B cells were treated
with ligands specific for each type of
RARs and for RXRs, only ligands (ago-
nists) that activated the RARb or RXR
pathway suppressed the growth of these
cells (Fig. 3). When BEAS-2B cells were
treated with the RARb-specific agonist
BMS-189453 (0–1.0mM) or with the
RXR-selective agonist SR11246 (0–2.0
mM), a dose-dependent suppression of
growth was observed. When BEAS-2B
cells were treated with another RXR ago-
nist, SR11345 (0–2mM; data not shown),
a dose-dependent decline in growth was
also observed. When BEAS-2B cells were
treated with the RARa-specific agonist
Am80 (0–1.0mM) or with the RARg/b-
selective agonist SR11254 (0–0.1mM), cell
growth was not suppressed. When BEAS-
2B immortalized human bronchial epitheli-
al cells were treated with the RARb (BMS-
189453) and the RXR (SR11246) agonists,

Fig. 3. Growth suppression of immortalized human bronchial epithelial BEAS-2B cells treated with retinoid
receptor-selective agonists for retinoic acid receptorb (RARb; BMS-189453) or retinoid X receptor (RXR;
SR11246) but not with ligands selective for RARa (Am80) or RARg/b (SR11254). Dose-dependent growth
suppression by the indicated receptor-selective ligands, compared with dimethyl sulfoxide vehicle controls
(indicated by 0mM drug), is shown for the RARb-selective and RXR-selective ligands after 12 hours of
treatment. Appreciable growth suppression was not observed at noncytotoxic doses for the RARa- or
RARg-selective ligands, compared with 12 hours of vehicle control treatments (indicated by 0mM drug).
The standard deviation is indicated by error bars.

Fig. 2. A andB) Changes in expressed cyclin D1 protein in normal, immortalized, and transformed human
bronchial epithelial cells after all-trans-retinoic acid (RA) orb-carotene treatments.A) Immunoblot analysis
of cyclin D1 in the indicated cells treated for 12 hours with 2mM RA (+) or dimethyl sulfoxide vehicle (−)
(1 : 1000 dilution) revealed a decrease in the amount of cyclin D1 in cells treated with RA.B) Immunoblot
analysis of cyclin D1 in the indicated cells treated for 12 hours with 2mM b-carotene (+) or tetrahydrofuran
vehicle (−) showed no change in the amount of cyclin D1.C) Induction of retinoic acid receptorb (RARb)
protein occurs in immortalized human bronchial epithelial cells after treatment with 2mM RA for 12 hours.
At this time, the expression of RARa and retinoid X receptora (RXRa) was repressed and the expression
of RARb was increased by treatment with RA. Expression of RARg was repressed at 12 hours (data not
shown) and at 24 hours (shown) by treatment with RA.
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additive effects on growth suppression were
observed (data not shown).

After immortalized human bronchial
epithelial (BEAS-2B) cells were treated
with agonists selective for RARb or for
RXRs, the abundance of cyclin D1 pro-
tein was assessed by immunoblot analysis
to determine whether the growth suppres-
sion induced by each of these ligands was
linked to a decline in the level of cyclin
D1. Each agonist tested (RA, the RXR-
selective agonist SR11246, and the
RARb-selective agonist BMS-189453) at
growth-suppressing doses caused a dose-
dependent decline in the abundance of cy-
clin D1 protein (Fig. 4). This confirmed
that a tight link exists between the growth
suppression signaled by these selective
retinoid receptor agonists and the level of
cyclin D1 protein. To determine whether
the observed growth suppression trig-
gered by RA or a receptor-selective or
receptor-nonselective agonist was due to
the induction of apoptosis, we performed
terminal deoxynucleotidyltransferase as-
says either after RA treatment or indepen-
dently after treatment with the RXR ago-
nist SR11246. Appreciable apoptosis was
not detected at growth-suppressive con-
centrations of either retinoid examined
(data not shown).

To explore whether the mechanism of
the RARb- or RXR-mediated decrease in
cyclin D1 involved cyclin D1 proteolysis,
which is known to be activated by RA
treatment of immortalized human bron-
chial epithelial cells(8), we treated
BEAS-2B cells with 100mM calpain in-
hibitor I, the inhibitor of the 26S protea-
some pathway, with or without the addi-
tion of 1 mM RARb agonist (BMS-
189453) or 2 mM RXR agon is t
(SR11246). A dose-dependent decline in

cyclin D1 was observed after treatment
with these agonists (Fig. 4) and after treat-
ment with the RXR agonist SR11345
(data not shown). However, when cells
were treated with calpain inhibitor I and
with the RARb- or RXR-selective ago-
nist, calpain inhibitor I inhibited the de-
cline in the expression of cyclin D1 pro-
tein induced by the receptor-selective
agonists (Fig. 4). Thus, these retinoids
mediate the decline of cyclin D1 through
a proteolytic pathway similar to that re-
ported for RA(8).

DISCUSSION

RA inhibits bronchial epithelial cell
transformationin vitro (7), and clinical
trials report that retinoids reduce some
second primary cancers, including aerodi-
gestive tract cancers(1,2). However, it is
not clear why retinoids have cancer che-
moprevention activity(3), whereas the
examined carotenoids do not(4–6). RA
signaling involves the RARs and RXRs.
The RARs and RXRs are ligand-
dependent transcription factors that have
the potential to homodimerize and het-
erodimerize and are known to alter the
expression of “downstream” species that
directly mediate the biologic effects of
retinoids. The regulation of cell cycle pro-
gression is also under active study and
involves cyclins, cyclin-dependent ki-
nases, and cyclin-dependent kinase in-
hibitors [reviewed in(20–25)]. This re-
port confirms and extends prior work that
demonstrates that these two growth-
regulatory programs, the cell cycle ma-
chinery and retinoid signaling, are
coupled through post-translational regula-
tion of cyclin D1, the G1-phase cyclin
(7,8).Notably, treatment with retinoid re-

ceptor-nonselective agonists, but not
a-carotene andb-carotene, led to growth
suppression and a decrease in the expres-
sion of cyclin D1 protein. The findings
obtained with these carotenoids may also
relate to their cellular permeability prop-
erties or to the ability of cells to generate
active metabolites in culture. Thesein
vitro findings, however, parallel observa-
tions of the clinical inactivity of these ca-
rotenoids in clinical cancer chemopreven-
tion trials (4–6).

Deregulated expression of cyclin D1
protein occurs in epithelial carcinogenesis
[(26,27);Lonardo F, Langenfeld J, Rusch
V, Dmitrovsky E, Klimstra DS: unpub-
lished data]. Immunohistochemical find-
ings indicate that cyclin D1 overexpres-
sion is frequent in neoplastic and
carcinogen-exposed human lung epitheli-
al cells [(27); Lonardo F, Langenfeld J,
Rusch V, Dmitrovsky E, Klimstra DS:
unpublished data]. Amplification of the
cyclin D1 gene locus is often detected in
squamous cell carcinomas of the lung or
head and neck by comparative genomic
hybridization or Southern blot analysis
(26,28,29).It has been hypothesized(8)
that cyclin D1 overexpression in human
bronchial epithelial cells triggers aberrant
cellular proliferation. The retinoid-
mediated decrease in cyclin D1 likely re-
stores a more normal proliferation state to
these neoplastic bronchial epithelial cells.

The RA-mediated prevention of car-
cinogen-induced transformation of im-
mortalized human bronchial epithelial
cells has been shown to be linked to a
post-translational regulation of G1 cyclins
(7,8).The current study extends this work
by revealing that retinoids but not carot-
enoids act through a common cancer che-
moprevention signal: cyclin D1 proteoly-
sis by activation of a proteasome-
dependent degradation pathway. Growth
suppression signaled by retinoid receptor-
selective agonists was also found to be
associated with cyclin D1 proteolysis by a
post-translational mechanism that is simi-
lar to the mechanism used by RA, as
shown in Fig. 4. This pathway is activated
by retinoid treatment of normal, immor-
talized, and transformed human bronchial
epithelial cells. Similar findings were ob-
tained by treatment of immortalized hu-
man bronchial epithelial cells with an-
other proteasome inhibitor, lactacystin
(8). Thus, these findings indicate that a
decline in the expression of cyclin D1
protein with concomitant growth suppres-
sion can be viewed as a retinoid chemo-

Fig. 4. Treatment with calpain inhibitor I, which inhibits the 26S proteasome-dependent degradation path-
way, prevented the decline in cyclin D1 protein after treatment with all-trans-retinoic acid (RA) or the
retinoid X receptor (RXR)- or retinoic acid receptorb (RARb)-selective agonists (SR11246 and BMS-
189453, respectively).A) Treatment of immortalized human bronchial epithelial (BEAS-2B) cells for 6
hours with 100mM calpain inhibitor I prevented the decrease in cyclin D1 protein that follows treatment with
either 2mM RA or 2 mM RXR-selective agonist for 6 hours. The immunoblot detection of cyclin D1 is
shown.B) An independent cyclin D1 immunoblot analysis was performed after treatment with 1mM RARb

agonist. This immunoblot shows that degradation of cyclin D1 mediated by treatment with an RARb agonist
was also prevented by calpain inhibitor I.
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prevention signal active in human bron-
chial epithelial cells. Whether other
candidate chemoprevention agents active
in the prevention of lung cancer use a
mechanism involving the post-transla-
tional degradation of cyclin D1 is the sub-
ject of future work.

The induction of RARb protein by RA
and the observed effects of an RARb ago-
nist in human bronchial epithelial cells
are consistent with the hypothesis that
RARb plays an important role in signal-
ing a retinoid chemoprevention response
in this cell context. These findings sup-
port and extend the work of others(30).
Repression of RARb expression is fre-
quently observed during epithelial cell
transformation(30,31), and induction of
RARb by treatment with 13-cis-RA is as-
sociated with a beneficial clinical re-
sponse in oral leukoplakia, a premalignant
lesion(30).Our results are consistent with
the hypothesis that RARb plays a role in
retinoid-induced growth suppression of
human bronchial epithelial cells. These
findings suggest a role for RARb agonists
in the treatment of these neoplastic cells.

RXRs are known to heterodimerize
with RARs and other members of the ste-
roid receptor superfamily(32). The
growth-suppressive effect of an RXR
agonist (Fig. 3) is consistent with the hy-
pothesis that an RXR-dependent signal
mediates the growth suppression ob-
served in these examined human bronchi-
al epithelial cells. Notably, findings de-
picted in Fig. 4 indicate that cyclin D1
proteolysis by a proteasome-dependent
degradation pathway follows treatment
with an RARb agonist or an RXR agonist.
The signaling of this degradation pathway
by retinoid receptor-selective ligands is
consistent with the view that cyclin D1
proteolysis plays an important role in the
chemoprevention of human bronchial ep-
ithelial cells. Perhaps RXR agonists will
exhibit lung cancer prevention activity
when tested in appropriate clinical trials.

In this study, the growth-suppressive
effects of RARb-selective and RXR-
selective agonists on immortalized human
bronchial epithelial cells are consistent
with results obtained when RARb or
RXRa is individually overexpressed in
transformed human bronchial epithelial
cells (19). Growth-suppressive effects
were not observed after treatment of
BEAS-2B cells with the RARg/b-
selective agonist (Fig. 3) or after transfec-
tion of RARg into transformed human
bronchial epithelial cells(19).These find-

ings argue against RARg activation play-
ing a major role in the retinoid-induced
growth suppression of these human bron-
chial epithelial cells.

Studies of retinoid-dependent lung
cancer prevention mechanisms inin vitro
models are useful to identify intermediate
markers of effective retinoid chemopre-
vention, to highlight potential pharmaco-
logic targets, and to select agents appro-
priate for testing in clinical trials.
Changes in intermediate markers repre-
sent candidate surrogate end points for
clinical cancer chemoprevention trials,
and these may prove useful to predict
beneficial clinical responses. Validated
surrogate end points will enhance conduct
of short-term clinical cancer chemopre-
vention trials by revealing early chemo-
prevention responses before the long-term
clinical end point of reduced cancer inci-
dence is available. This will expedite test-
ing of candidate clinical cancer chemo-
prevention agents. The finding that cyclin
D1 proteolysis is a common retinoid-
dependent signal in normal, immortal-
ized, and transformed human bronchial
epithelial cells suggests that cyclin D1
proteolysis is a candidate intermediate
end point for future retinoid-based clini-
cal cancer chemoprevention trials.
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