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Abstract

 

Retinoids, including retinol and retinoic acid derivatives,
maintain the normal growth and differentiation of human
bronchial epithelial (HBE) cells and are under investigation
as agents for lung cancer prevention. In this study, we ex-
amined the biologic effects of retinoids on normal HBE cells
and the molecular mechanisms of retinoid actions. At a dose

 

of 10

 

2

 

6

 

 M, all-

 

trans

 

 retinoic acid (t-RA) suppressed the pro-
liferation of normal HBE cells, which accumulated in the G

 

0

 

phase. No evidence of programmed cell death was observed.
The class of retinoid nuclear receptor that mediated the
growth arrest was explored. Normal HBE cell growth was
suppressed by a retinoid that selectively activates retinoic
acid receptors but not by one that activates retinoid X re-
ceptors. The E2F transcription factor has demonstrated a
role in G

 

0

 

 entry through transcriptional suppression of
genes that induce cell cycle progression. To investigate the
role of E2F in retinoid signaling, transient transfection as-
says were performed using reporter plasmids containing
E2F-binding sites. Findings from these experiments sug-
gested that t-RA treatment converted E2F into a transcrip-
tional suppressor. Supporting this possibility, t-RA inhib-
ited the expression of the E2F target genes B-myb, cyclin A,
and cyclin E. Further, t-RA increased the levels of nuclear
E2F-4, p107, and p130 and enhanced the binding of E2F-4
to p107, which have been associated with the conversion of
E2F into a transcriptional suppressor in other cells. These
findings point to retinoic acid receptor- and E2F-dependent
pathways as potential mediators of retinoid-induced growth
arrest in normal HBE cells and have implications for the
use of retinoids in clinical trials on the prevention of lung
cancer. (

 

J. Clin. Invest.

 

 1998. 101:1012–1019.) Key words:
p107

 

 • 

 

p130

 

 • 

 

retinoid nuclear receptor

 

Introduction

 

Retinoid treatment induces a variety of changes in the growth
and differentiation of tracheobronchial epithelial cells. In ro-
dents deprived of vitamin A, the tracheobronchial epithelium
develops squamous changes, and normal epithelial differentia-
tion is restored by vitamin A supplementation (1, 2). In tissue
culture, human bronchial epithelial (HBE)

 

1

 

 cells undergo
squamous differentiation in response to a variety of condi-
tions, and treatment with all-

 

trans

 

 retinoic acid (t-RA) inhibits
this process (3–7). In collagen gels, normal HBE cells undergo
mucous differentiation in response to t-RA treatment (8).
Grown in monolayer cultures, retinol-treated HBE cells undergo
growth arrest with no evidence of morphologic differentiation
(9). These findings demonstrate the importance of retinoids in
the maintenance of normal tracheobronchial epithelial growth
and differentiation and provide a rationale for the use of retin-
oids in the prevention of lung cancer. Supporting this hypothe-
sis, retinoids have demonstrated activity in an initial trial on
lung cancer prevention (10) and are the subject of ongoing tri-
als in the United States and Europe.

Retinoid actions are mediated through nuclear receptors,
including the retinoic acid receptor (RAR) and retinoid X re-
ceptor (RXR) families (11–16). These receptors function as
RXR homodimers and as heterodimers of RXR with RAR, vi-
tamin D receptor, thyroid receptor, and certain orphan recep-
tors (17–27). Retinoid receptor transcriptional activity is regu-
lated by ligand binding. Of the known natural retinoids, t-RA
activates RARs, and 9-cis retinoic acid activates both RARs
and RXRs (28, 29). Intracellularly, t-RA can undergo isomer-
ization to 9-cis retinoic acid (30), activating both RAR- and
RXR-dependent signaling pathways. Unlike these natural ret-
inoids, synthetic retinoids have been developed that are con-
formationally-restricted to selectively activate RARs or RXRs
(31, 32). Treatment with these receptor-selective retinoids has
demonstrated that RAR and RXR signaling pathways have
distinct roles in the growth and differentiation of embryonal
carcinoma cells, ectocervical epithelial cells, and HL-60 leuke-
mia cells (33–35).

Retinoid receptors activate the expression of target genes
directly by binding to gene promoter regions and indirectly by
binding to other transcription factors. Through these mecha-
nisms, activation of RAR-dependent signaling pathways inhib-
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 BrdU, bromodeoxyuridine; HBE,
human bronchial epithelial; RAR, retinoic acid receptor; RB, retino-
blastoma; RXR, retinoid X receptor; SR11235, 2-(4-Carboxyphenyl)-
2-(5,6,7,8-tetrahydro-5,5,8,8-tetramethyl-2-naphthalenyl)-1,3-oxathio-
lane; t-RA, all-

 

trans 

 

retinoic acid; TTNPB, E-4-[2-(5,5,8,8-tetramethyl-
5,6,7,8-tetrahydro-2-naphthalenyl)-1-propenyl] benzoic acid.
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its the transcriptional activity of the AP-1 transcription factor
and increases the expression of transglutaminase type II, trans-
forming growth factor-

 

b

 

 family members, and insulin-like
growth factor binding proteins, which have demonstrated
growth inhibitory effects in specific cell types (36–40). The
mechanisms by which these retinoid signaling pathways con-
trol cell growth have not been defined. Progress in this area
will require insight into the effects of retinoids on the passage
of cells through specific cell cycle checkpoints. An essential
component of the cell cycle is the E2F transcription factor fam-
ily. E2F can function as a transcriptional activator or suppres-
sor (41–43). E2F is converted into a transcriptional suppressor
by its association with one of the retinoblastoma (RB) family
members pRB, p130, or p107 (41–43). Its dual function is at
the basis of the current model describing E2F’s role in the cell
cycle. Through transcriptional activation or suppression of key
growth regulatory genes, E2F can either promote or inhibit the
passage of cells through specific cell cycle checkpoints. These
checkpoints are regulated by different E2F family members:
E2F-1 controls entry into S phase, and E2F-4 regulates entry
into G

 

0

 

/G

 

1 

 

(41–43). 
 In this study, we investigated the effect of t-RA on the

growth of normal HBE cells and the retinoid signaling path-
ways that mediate t-RA actions. t-RA treatment inhibited the
growth of normal HBE cells, which accumulated in the G

 

0

 

phase with no evidence of programmed cell death. The reduc-
tion in cell number caused by t-RA was reproduced by treat-
ment with a RAR-selective retinoid. Transient transfection
and co-immunoprecipitation studies suggested that t-RA con-
verted E2F into a transcriptional suppressor, potentially
through an enhanced association of E2F-4 with p107. These
findings support further investigations into the role of RAR-
and E2F-dependent pathways as mediators of retinoid-induced
growth arrest in normal HBE cells.

 

Methods

 

Cell culture and growth conditions. 

 

Normal HBE cells were grown
from bronchial mucosal biopsy samples resected from fresh surgical
specimens as previously described (44). Briefly, the mucosal layer
was sterilely stripped from bronchial specimens, cut into small pieces,
and placed on a plastic tissue culture plate containing a thin layer of
medium. When normal HBE cells had grown from these tissues into a
60% confluent monolayer population, they were expanded for use in
experiments. Normal HBE cells were grown on standard plasticware
(Falcon Labware, Becton Dickinson and Co., Franklin Lakes, NJ) in
Keratinocyte Serum–Free Medium (GIBCO BRL, Gaithersburg,
MD) containing epidermal growth factor and bovine pituitary extract
at 37

 

8

 

C with a pCO

 

2

 

 of 5%. When treated with retinoids, normal HBE
cells were grown in the absence of epidermal growth factor. t-RA was
purchased from Sigma Chemical Co. (St. Louis, MO). E-4-[2-(5,5,8,8-
tetra-methyl-5,6,7,8-tetrahydro-2-naphthalenyl)-1-propenyl] benzoic
acid (TTNPB) was obtained from Dr. Richard Heyman (Ligand
Pharmaceuticals, San Diego, CA) (45), and 2-(4-Carboxyphenyl)-2-
(5,6,7,8-tetrahydro-5,5,8,8-tetramethyl-2-naphthalenyl)-1,3-oxathiolane
(SR11235) was synthesized as previously described (46). 

 

Assays for induction of apoptosis. 

 

After treatment with t-RA
(10

 

2

 

6

 

 M) or medium alone, normal HBE cells were examined by in
situ end labeling to quantitate the number of apoptotic cells. A
slightly modified version of the method for in situ end labeling of
DNA strand breaks (47) was used. Briefly, cells were trypsinized, and
10

 

6

 

 cells were removed, washed twice in PBS, and resuspended in
5 ml of 70% cold (

 

2

 

20

 

8

 

C) ethanol. After rehydration in PBS, cells
were resuspended for 1 h at 37

 

8

 

C in 50 

 

m

 

l of a cacodylate buffer con-

 

taining 0.2 M potassium cacodylate, 2.5 mM Tris-HCl (pH 6.6), 2.5
mM CoCl

 

2

 

, 0.25 mg/ml BSA, 7 U terminal deoxynucleotidyl trans-
ferase, and 0.5 nmol biotinylated dUTP (Boehringer Mannheim Bio-
chemicals, Indianapolis, IN). After incubation, cells were rinsed twice
in cold PBS and resuspended in 100 

 

m

 

l of a solution containing 4

 

3

 

concentrated saline-sodium citrate buffer (Sigma Chemical Co.), 2.5

 

m

 

g/ml fluoresceinated avidin (Becton Dickinson), 0.1% Triton X-100,
and 1% (wt/vol) nonfat dry milk. The cells were incubated in this so-
lution for 30 min at room temperature in the dark and then rinsed in
PBS containing 0.1% Triton X-100. As a control, each sample was
treated according to the same procedure except the terminal deoxy-
nucleotidyl transferase enzyme was omitted from the incubation
buffer. Cells were then resuspended in 500 

 

m

 

l of PBS and analyzed on
a FACScan

 



 

 flow cytometer (Becton Dickinson Immunocytometry
Systems, San Jose, CA). The data from 10

 

4

 

 cells were collected,
stored, and analyzed by using Lysys II software.

DNA fragmentation associated with apoptosis was determined on
DNA isolated from normal HBE cells after 3 or 5 d of treatment with
10

 

2

 

6

 

 M t-RA or medium alone. DNA was isolated from 10

 

6

 

 cells by
lysis in 10 mM Tris-HCl (pH 7.4) containing 20 mM EDTA and 0.1%
Triton X-100 followed by treatment with 100 mg/ml proteinase K
(Sigma Chemical Co.) for 16 h at 55

 

8

 

C. The partially deproteinated
extract was centrifuged at 30,000 

 

g

 

 for 45 min at 4

 

8

 

C to separate un-
fragmented DNA from small, nucleosomal fragments. The resulting
pellet was discarded, and the supernatant was treated with ribonu-
clease A (Sigma Chemical Co.) for 4 h at 37

 

8

 

C. The supernatant was
electrophoresed on a 2.0% agarose gel containing ethidium bromide,
visualized under ultraviolet light, and photographed. 

 

Bromodeoxyuridine incorporation.

 

After 5 d of treatment with
t-RA (10

 

2

 

6

 

 M) or medium alone, normal HBE cells were treated with
10 

 

m

 

g/ml bromodeoxyuridine (BrdU; Sigma Chemical Co.) for 2 h.
The cells were trypsinized, cytospun onto slides, and fixed as de-
scribed (48). The cells were incubated with a monoclonal antibody to
BrdU (mAbBR3; Caltag Laboratories, South San Francisco, CA) and
detected with the Vectastain ABC Elite kit (Vector Laboratories,
Inc., Burlingame, CA) and diaminobenzidine. The cells were then
counter-stained with Giemsa. The percentage of cells incorporating
BrdU was determined among 500 randomly counted cells.

 

Acridine orange staining.

 

Acridine orange staining permits quan-
titation of, and distinction between, cells in G

 

0

 

 and G

 

1

 

. After 5 d of
treatment with t-RA (10

 

2

 

6

 

 M) or medium alone, normal HBE cells
were stained with acridine orange and analyzed by flow cytometry.
Briefly, 10

 

6

 

 cells were fixed in 1% paraformaldehyde, treated on ice
with a Triton X buffer, and stained with acridine orange solution as
described (49). A FACScan

 



 

 flow cytometer was used, and data were
analyzed with Lysis II software.

 

Reporter plasmids.

 

pGL2-AN is a reporter plasmid containing a
275-bp fragment of the E2F-1 gene promoter (Asp 718-NcoI) cloned
into pGL2-basic (pGL2-AN). pGL2-AN 

 

D

 

A

 

1

 

B contains the same
fragment of the E2F-1 promoter with mutations in the two known
E2F binding sites that abolish binding of E2F to this promoter region
(50). These were provided by Dr. William G. Kaelin (Dana Farber
Cancer Institute, Boston, MA). 

 

Transient transfection assays.

 

E2F transcriptional activity was de-
termined in normal HBE cells at 24 h intervals (0–24, 24–48, and 48–
72 h, respectively) during 5 d of 10

 

2

 

6

 

 M t-RA treatment. Normal
HBE cells were seeded on six-well plates at a density of 104 cells per
well. The cells were treated with 10

 

2

 

6

 

 M t-RA beginning 72, 96, and
120 h from the time of seeding. At 120 h from the time of seeding, the
cells were transiently transfected by lipofectamine-mediated DNA
transfer with 2 

 

m

 

g of pGL2-AN or pGL2-AN 

 

D

 

A

 

1

 

B. After 24 h, the
cells were subjected to luciferase assays as previously described (44).
The results represent the means and SD of five identical wells.

 

Sulforhodamine B colorimetric assay.

 

Normal HBE cells were
seeded at a density of 1.3 

 

3 

 

10

 

3

 

 cells per well in a 24-well plate and
grown for 5 d in the presence of t-RA, TTNPB, or SR11235 at differ-
ent dosages or in media alone. The media was then removed, and
cells were fixed with 200 ml of 10% trichloroacetic acid per well for
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1 h at 4

 

8

 

C. After rinsing the plates five times in deionized water, the
cells were stained with 0.4% (wt/vol) Sulforhodamine B in 1% acetic
acid for 10 min at room temperature. The plates were then rinsed five
times with 1% acetic acid and air dried. Bound dye was solubilized
with 200 

 

m

 

l of 10 mM unbuffered Tris base, and absorption was deter-
mined at 490 nm in a Dynatech MR5000 Elisa Plate Reader (Dynex
Technologies, Inc., Chantilly, VA). The results represent the means
and SD of five identical wells.

 

Western analysis. 

 

Normal HBE cells were seeded at a density of
10

 

5

 

 cells per 10 cm plate and treated with 10

 

2

 

6

 

 M t-RA or media
alone. Nuclear and cytoplasmic fractions were isolated as previously
described (40). Whole cell, nuclear, and cytoplasmic lysates were pre-
pared in MEGA-RIPA buffer (50 mM Tris-HCl, pH 8.0; 100 mM
NaF; 0.5% NP-40; 0.5% deoxycholate; 200 mM NaCl; 20 mM 

 

b

 

-glyc-
erophosphate; 10 mM benzamidine; 5 mM EDTA; 0.6 mM phenyl-
methylsulfonyl fluoride; 10 mg/ml leupeptin; 10 mg/ml aprotinin; 200
mM Na

 

3

 

VO

 

4

 

). Protein lysate (50 

 

m

 

g) was separated by electrophore-
sis on a SDS-7.5% polyacrylamide gel, transferred onto a BA-S-83–
reinforced nitrocellulose membrane (Schleicher & Schuell, Inc.,
Keene, NH), and immunoblotted overnight at 4

 

8

 

C with a primary
monoclonal antibody to E2F-4, pRB, p107, or p130 (Santa Cruz Bio-
technology, Inc., Santa Cruz, CA). Binding was detected by using the
ECL kit (Amersham Corp., Arlington Heights, IL) according to the
manufacturer’s directions. Co-immunoprecipitation was performed
by incubation of 300 

 

m

 

g of whole cell lysate with E2F-4 monoclonal
antibody for 3 h at room temperature, followed by the addition of
Sepharose beads, incubation overnight at 4

 

8

 

C, electrophoresis of the
immunoprecipitated sample on a SDS-7.5% polyacrylamide gel,
Western blotting with antibodies to p107 or p130, and detection using
the ECL kit. 

 

Band shift assay. 

 

Nuclear extracts were prepared as previously
described (40). Nuclear extracts (10 

 

m

 

g) were preincubated with 2 mg
of poly (dI-dC) for 15 min at 4

 

8

 

C and then incubated with labeled oli-
gomer DNA (6,000 cpm) for 15 min at 4

 

8

 

C in the presence of 10 mM
Tris-HCl (pH 7.5), 10 mM KCl, 1 mM EDTA, 20% glycerol, 1 mM
dithiothreitol, and 5 mM MgCl

 

2

 

. The oligomers were commercially
prepared (Operon Biotechnologies, Inc., Alameda, CA) based on
DNA sequences within the E2F-1 gene promoter that include the two
E2F-binding sites (E2FA and B) (50). Oligomer sequences were as
follows: (consensus-binding sequences are in bold): E2FA: 5

 

9

 

-CTA-
GAGCTC

 

TTTCGCGGCAAA

 

AAGGAG-3

 

9

 

, and 3

 

9

 

-GATCTCGA-
G

 

AAAGCGCCGTTT

 

TTCCTC-5

 

9

 

; E2FB: 5

 

9

 

-CTAGAGGA

 

TTTG-
GCCGTAAA

 

AGTGG-3

 

9

 

, and 3

 

9

 

-GATCTCCT

 

AAACCGGCATTT-

 

TCACC-5

 

9

 

. Oligomers were end-labeled with [

 

x

 

-

 

32

 

P]ATP (4,000 Ci/
mol) using T

 

4

 

 polynucleotide kinase (Boehringer Mannheim Bio-
chemicals) and purified by ethanol precipitation. For competition ex-
periments, excess nonradioactive oligomers (consensus or unrelated)
were added before the addition of radioactive oligomers. The reac-
tion mixture was subjected to electrophoresis on a 5% nondenaturing
polyacrylamide gel (75:1 acrylamide:bis-acrylamide). The gel was
then dried and autoradiographed using an amplifying screen at

 

2

 

80

 

8

 

C. Super-shift analysis was performed with monoclonal antibod-
ies to RAR-

 

a

 

 or RXR-

 

a

 

 (51), which were a generous gift from Dr.
Elizabeth Allegretto (Ligand Pharmaceuticals). As a positive control
for this experiment, super-shift analysis was performed on these ly-
sates in the presence of the antibodies using oligonucleotides specific
for retinoid nuclear receptor response elements (AGGTCA repeats
separated by five nucleotides).

 

Northern analysis.

 

Normal HBE cells were seeded at a density of
10

 

5

 

 cells per 10-cm plate and treated for 3 d with 10

 

2

 

6

 

 M t-RA or me-
dium alone. Total cellular RNA was prepared as previously described
(44). RNA was subjected to electrophoresis (30 

 

m

 

g per lane) on a 1%
agarose gel containing 2% formaldehyde, transferred to a nylon
membrane (Duralon UV; Stratagene, Inc., La Jolla, CA), hybridized
to an [

 

a

 

-

 

32

 

P]dCTP–labeled cDNA probe, washed in high stringency
conditions, and autoradiographed for 24–48 h. The B-myb, cyclin A,
and cyclin E cDNA probes used in this study were previously de-
scribed (52).

 

Results

 

Effects of t-RA on normal HBE cell growth.

 

Normal HBE cells
were treated with t-RA at different dosages or with medium
alone, and cells were counted at 3 and 5 d. At 5 d, 10

 

2

 

8

 

 M and
10

 

2

 

6

 

 M t-RA decreased the number of normal HBE cells to 47
and 20%, respectively, of controls (Fig. 1 

 

A

 

), demonstrating
dose-dependent, growth-inhibitory effects of t-RA on normal
HBE cells.

To further investigate the growth inhibition induced by
t-RA, normal HBE cells were treated with 10

 

2

 

6

 

 M t-RA or with
media alone for 5 d, and the proportion of cells actively prolif-
erating was examined by in situ analysis of BrdU incorpora-
tion (Fig. 1 

 

B

 

) and by flow cytometric analysis of cells stained
with acridine orange (Fig. 1 

 

C

 

). Each experiment required the
use of a separate bronchial biopsy sample to obtain adequate
numbers of cells. In untreated cells obtained from three sepa-
rate biopsy samples, the percentages that incorporated BrdU
were 17, 18, and 28%, respectively, reflecting the heterogene-
ity of primary HBE cells from different biopsies. BrdU incor-
poration in t-RA–treated cells from the three biopsies was 3, 6,
and 18%, respectively, demonstrating that t-RA inhibited
BrdU incorporation 85, 67, and 34%, respectively, in these
three experiments. In cells from a fourth biopsy, flow cytomet-
ric analysis was performed after acridine orange staining,
which permits quantitation of, and distinction between, cells in
G

 

0

 

 and G

 

1

 

. This revealed that the cell populations in S phase in
control and t-RA–treated cells were 37 and 23%, respectively,
demonstrating that t-RA reduced the S phase population by
38%, and t-RA treatment increased the percentage of cells in
the G

 

0

 

 phase from 6 to 38%. These findings demonstrate that
t-RA induced a proliferative arrest, with an accumulation of
cells in the G

 

0 

 

phase.
We investigated whether programmed cell death contrib-

uted to the reduction in cell number induced by t-RA treat-
ment. Normal HBE cells were treated with 10

 

2

 

6

 

 M t-RA or
medium alone for 3 or 5 d and trypsinized. Evidence of DNA
fragmentation was examined by flow cytometric analysis of
cells after end labeling using biotinylated dUTP. Incorporation
of dUTP was not detectably enhanced by 10

 

2

 

6

 

 M t-RA (data
not shown). HL-60 cells, which undergo apoptosis when
treated with ARA-C, served as a positive control in this exper-
iment. Evidence for DNA fragmentation was further exam-
ined by performing agarose gel electrophoresis to resolve oli-
gonucleosomal DNA fragments. DNA was extracted from
normal HBE cells after 3 or 5 d of treatment with 10

 

2

 

6

 

 M t-RA
or medium alone, electrophoresed on an agarose gel, and ex-
amined for evidence of DNA laddering. No evidence of DNA
fragmentation was observed in control or t-RA-treated cells
(data not shown), demonstrating no detectable levels of pro-
grammed cell death. Nonadherent cells were found to be 

 

, 

 

10

 

3

 

per 10-cm plate after 5 d of treatment with or without t-RA,
suggesting that the media did not contain significant numbers
of apoptotic cells. 

 

Effect of RAR- and RXR-selective retinoids on normal
HBE cell growth. 

 

We examined the role of RAR- and RXR-
dependent signaling pathways in the growth inhibition induced
by t-RA treatment. Normal HBE cells were treated for 5 d
with different dosages of the RAR-selective retinoid TTNPB,
the RXR-selective retinoid SR11235, or t-RA, and cell density
was measured by performing a Sulforhodamine B colorimetric
assay. Previously, we have demonstrated RAR-agonistic ef-
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fects with TTNPB but not SR11235 treatment in normal HBE
cells (40). TTNPB reduced cell density in a dose-dependent
manner, whereas SR11235 had minimal effects on cell density
(Fig. 2). A growth inhibitory effect was detectable with 10

 

2

 

10

 

 M
TTNPB, demonstrating that TTNPB was more potent than
t-RA in inhibiting normal HBE cell growth. 

 

Role of E2F in retinoid signaling.

 

We investigated the mech-
anisms by which t-RA induced an accumulation of normal
HBE cells in the G

 

0

 

 phase. The best characterized regulator of
G

 

0

 

 entry is the E2F family member E2F-4. With entry into G0,

E2F-4 becomes a transcriptional suppressor of key growth reg-
ulatory genes (41–43). Transient transfection assays were per-
formed using reporter plasmids that have a portion of the E2F-1
gene promoter, which contains a variety of response elements
including two E2F-binding sites (50). The E2F-binding sites in
these reporter plasmids are either intact (pGL2-AN) or mu-
tated so that E2F can not bind (pGL2-AN DA1B) (50). E2F-1
gene promoter activity was examined in the absence of t-RA
(t 5 0) and during sequential 24-h time periods (0–24, 24–48,
and 48–72 h) of 1026 M t-RA treatment (Fig. 3 A). Comparing

Figure 1. Cell counts were performed (A) after normal HBE cells were seeded at a density of 2 3 105 cells per 10-cm plate, treated with the indi-
cated dosages of t-RA or medium alone for 3 or 5 d, trypsinized, and stained with trypan blue. The total numbers of viable cells were counted by 
using a hemocytometer. BrdU incorporation was examined (B) after normal HBE cells were grown from three separate bronchial biopsies, 
seeded at a density of 105 cells per 10-cm plate, and treated for 5 d with 1026 M t-RA or media alone. Before trypsinization, the cells were treated 
with 10 mg/ml BrdU for 30 min. Cytospin preparations were made, and BrdU incorporation was detected with an anti-BrdU monoclonal anti-
body followed by staining with the Vectastain ABC Elite kit and diaminobenzidine. Cells incorporating BrdU demonstrate staining within nu-
clei. The percentages of BrdU-positive cells were determined among 500 randomly counted cells. Flow cytometric analysis was performed (C) 
after normal HBE cells were seeded at a density of 105 cells per 10-cm plate, treated with 1026 M t-RA or media alone for 5 d, trypsinized, and 
stained with acridine orange. Flow cytometry was performed on 106 cells to examine the percentages in each phase of the cell cycle. The peaks 
representing G0, G1, S, and G2/M are indicated. The percentages of gated control and t-RA–treated normal HBE cells in each phase of the cell 
cycle were tabulated from the flow cytometric analysis. 
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untreated and t-RA–treated cells transfected with pGL2-AN
(A1B, luciferase activity increased 2.0- and 2.8-fold at 48 and
72 h, respectively, of t-RA treatment, demonstrating that t-RA
activated the E2F-1 gene promoter containing mutated E2F-
binding sites. In contrast, luciferase activity in cells transfected
with pGL2-AN increased only 1.1- and 1.9-fold at 48 and 72 h,
respectively, suggesting that the E2F-binding sites inhibited
t-RA–induced activation of the E2F-1 promoter. 

One interpretation of this finding is that, in the presence of
t-RA, the E2F binding sites in the E2F-1 gene promoter are
negative regulatory elements and that E2F functions as a tran-
scriptional suppressor. To further investigate this possibility,
we performed Northern analysis of B-myb, cyclin A, and cy-
clin E, which contain E2F-binding sites in their promoter re-
gions that regulate the expression of these genes (52). After
3 d of treatment with 1026 M t-RA or medium alone, expres-
sion of these E2F target genes decreased in the presence of
t-RA (Fig. 3 B), supporting the hypothesis that t-RA con-
verted E2F into a transcriptional suppressor. 

Potential mechanisms by which t-RA altered E2F function
were examined. Upon entry into G0, E2F-4 has been shown to
accumulate in the nucleus, associate with p107 or p130, and
bind to DNA on E2F-binding sites (42, 53, 54). We investi-
gated whether these changes take place in t-RA–treated nor-
mal HBE cells. Band shift analysis revealed two distinct nu-
clear complexes bound to the E2F-binding sites (E2FA and B)
within the E2F-1 gene promoter, and their binding activities
were competed with excess consensus, but not unrelated, cold
oligonucleotide (Fig. 4 A), confirming the presence of E2F-
binding activity in normal HBE cells. Band super shifts were
performed with the pGL2-AN and pGL2-AN DA1B oligonu-
cleotides using nuclear proteins prepared from cells treated for
3 d with t-RA in the presence of monoclonal antibodies to
RAR-a or RXR-a. The presence of antibodies to RAR-a or

RXR-a did not alter the mobility of bands associated with
these oligonucleotides (data not shown), suggesting that retin-
oid receptors did not directly or indirectly bind to this pro-
moter fragment. Western blotting of nuclear proteins from un-
treated cells revealed detectable E2F-4, p107, and p130, and
t-RA treatment increased the levels of nuclear E2F-4, p107,
and p130 (Fig. 4 B). Co-immunoprecipitation studies demon-

Figure 2. Normal HBE cells were seeded at a density of 3 3 103 cells 
per well on a 24-well plate, treated with the indicated dosages of ret-
inoids for 5 d, and relative cell densities were determined by staining 
the cells with the Sulforhodamine B Colorimetric Assay and measur-
ing the absorption at a wavelength of 490 nm. Results represent the 
means and SD of values obtained from five identical wells.

Figure 3. Transient transfection analysis (A) was performed on nor-
mal HBE cells after seeding at a density of 105 cells per well on a
6-well plate. The cells were treated with media alone (t 5 0) or with 
1026 M t-RA beginning 72, 96, and 120 h after seeding. Transient 
transfections with pGL2-AN or pGL2-AN DA1B were performed at 
the 120 h time point. The cells were subjected to luciferase assays 24 h 
later (144 h time point). Each result represents a 24-h time period
(0–24, 24–48, and 48–72 h) of t-RA treatment and is the mean and SD 
of luciferase values from five identical wells. Relative activity of the 
two reporter plasmids (wild type/mutant E2F) is illustrated for each 
time period, demonstrating the suppressive effect of the E2F sites on 
reporter plasmid activity from 24–72 h of t-RA treatment. Northern 
analysis (B) of the indicated E2F target genes was performed on total 
cellular RNA (30 mg per lane) prepared from normal HBE cells that 
were treated with media alone (2) or 1026 M t-RA (1) for 3 d. The 
membrane was hybridized sequentially to cDNAs of the indicated 
genes, including glyceraldehyde-3-phosphate dehydrogenase to ex-
amine relative amounts of RNA loaded per lane. Densitometric anal-
ysis was performed on the autoradiographs. The density of bands rep-
resenting samples from t-RA–treated cells was calculated relative to 
that of untreated cells, which was set at 1, following standardization 
for RNA loading based on the relative density of glyceraldehyde-
3-phosphate dehydrogenase bands.
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strated association of E2F-4 with p130 and, at lower levels,
p107 in untreated cells, and t-RA treatment enhanced the as-
sociation of E2F-4 with p130 and, to a greater extent, p107
(Fig. 4 C). These findings support a role for the E2F-4:p107
complex in retinoid signaling and in the conversion of E2F into
a transcriptional suppressor. 

Discussion

In this study, we investigated the effect of t-RA on the growth
of normal HBE cells. We found that t-RA induced a prolifera-
tive arrest of normal HBE cells, which accumulated in the G0

phase with no evidence of programmed cell death. Treatment
with RAR- and RXR-selective retinoids suggested that this

growth inhibition was mediated through RAR-, but not RXR-
dependent signaling pathways. In addition, t-RA converted
E2F into a transcriptional suppressor and enhanced the associ-
ation of E2F-4 with p107. These findings point to RAR- and
E2F-dependent pathways as potential mediators of retinoid-
induced growth arrest and has implications for the use of retin-
oids in clinical trials on the prevention of lung cancer. 

 Investigating the role of specific classes of retinoid nuclear
receptors, we found that a RAR-selective retinoid inhibited
the growth of normal HBE cells. This corroborates findings in
immortalized HBE and rat tracheobronchial epithelial cells
(55, 56). In breast cancer cells, t-RA–induced growth inhibi-
tion can be mediated by RAR-a, -b, or -x–dependent signaling
pathways (57, 58). In the immortalized rat tracheobronchial
epithelial cell line SPOC-1, RAR-a–dependent signaling path-
ways are reported to be the predominate mechanism of retin-
oid-induced growth suppression (56). In contrast to the RAR-
selective retinoid TTNPB, the RXR-selective retinoid SR11235
did not inhibit the growth of normal HBE cells. Similarly, in
other cell types, RAR- and RXR-selective retinoids differ in
their effects on growth (33–35). Previous studies have revealed
a basis for their divergent biologic effects. RAR-selective
retinoids transcriptionally activate RXR:RAR heterodimers,
whereas RXR-selective retinoids activate heterodimers of
RXRs with orphan receptors in which RXR is a ligand-binding
partner (17–27). Further, RAR and RXR signaling pathways
regulate the expression of distinct target genes and have op-
posing effects on the same target gene (59, 60). In contrast to
their divergent effects on growth, both RAR- and RXR-selec-
tive retinoids inhibit the squamous differentiation of HBE
cells (40). This appears to be at least partly the result of the
suppressive effects of these retinoids on the AP-1 transcription
factor, which binds the promoters and activates the expression
of a variety of genes required for the induction of HBE squa-
mous differentiation (40). 

The signaling events activated by RXR:RAR heterodimers
that inhibit normal HBE cell growth are not known. Because
t-RA caused normal HBE cells to accumulate in the G0 phase,
we investigated whether t-RA activates mechanisms known to
control entry into G0. Upon entry of cells into quiescence due
to growth factor deprivation, senescence, or TGF-b treatment,
E2F becomes a transcriptional suppressor (41–43, 54, 61).
Among the E2F family members, E2F-4 is most specifically in-
volved in this cell cycle transition (42, 53, 54). E2F-4 levels in-
crease in the nucleus (52), and E2F-4 associates with RB fam-
ily members, converting E2F into a transcriptional suppressor.
Among the RB family members, p130 specifically associates
with E2F in serum-starved REF-52 fibroblasts, whereas pRB
and p107 associate with E2F-4 in TGF-b–treated HaCaT colon
cancer cells (42, 54). Similarly, we found that t-RA converted
E2F into a transcriptional suppressor, inhibiting the expression
of E2F target genes and converting E2F-binding sites in the
E2F-1 gene promoter into negative regulatory elements. Fur-
ther, t-RA increased nuclear levels of E2F-4, p107, and p130
and enhanced the association of E2F-4 with p130 and, to a
greater extent, p107. Arguing against the involvement of pRB
in t-RA actions, Western analysis demonstrated that t-RA did
not detectably change the gel mobility of pRB, which was pre-
dominantly hyperphosphorylated in normal HBE cells (data
not shown). These results support a role for E2F in retinoid
signaling, and further investigations into the role of E2F-4:
p107 complexes in t-RA–induced growth arrest are indicated. 

Figure 4. Band shift analysis (A) was performed on nuclear lysates 
(10 mg per lane) prepared from normal HBE cells. As probes, oligo-
mers containing portions of the E2F-1 gene promoter were prepared 
including the E2FA-binding site (E2F-A) or the E2FB-binding site 
(E2F-B). For competition experiments, nonradiolabeled E2F-A, 
E2F-B, or unrelated oligomers were added in 10- or 100-fold (adja-
cent lanes) excess before the addition of radiolabeled E2F-A or -B 
oligomers. Lanes containing radiolabeled E2FA or E2FB oligomers 
alone (no extract) are indicated (P). Large arrows point to bands that 
represent two distinct E2F-binding complexes and small arrow points 
to free oligomers. Western analysis (B) was performed on nuclear or 
cytoplasmic extracts (50 mg per lane) to examine expression of E2F-4, 
p107, and p130 in normal HBE cells treated with media alone (lane 1) 
or with 1026 M t-RA for 1 (lane 2), 2 (lane 3), 3 (lane 4), or 4 (lane 5) 
days. In C, whole cell extracts prepared from normal HBE cells 
treated with media alone (lane 1) or 1026 M t-RA for 3 d (lane 2) 
were immunoprecipitated (300 mg per sample) with a monoclonal an-
tibody to E2F-4. The immunoprecipitated proteins were electropho-
resed and Western blotted with monoclonal antibodies to p107 and 
p130. The positions of p107 and p130 were confirmed on the Western 
with whole cell extracts (lane C).
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The findings presented here suggest that the growth of nor-
mal HBE cells can be inhibited by treatment with synthetic
retinoids that selectively activate RAR-dependent signaling
pathways or by treatment with agents that activate the forma-
tion of E2F-4:p107 complexes. These results have implications
in the design of future lung cancer prevention trials for two
reasons. First, synthetic retinoids that function as agonists or
antagonists of specific retinoid receptors are entering clinical
trials, allowing treatment to be directed toward specific retin-
oid signaling pathways. Second, as part of ongoing clinical tri-
als at these institutions and elsewhere, biologic parameters are
being tested for their usefulness as endpoints to predict the ef-
ficacy of agents in lung cancer prevention. These parameters
are based on the biologic effects of retinoids in normal and im-
mortalized HBE cells, including proliferative arrest (9), induc-
tion of mucous differentiation (8), reversal of squamous differ-
entiation (3–7), and apoptosis (56). Further work must be
performed in order to define the molecular mechanisms re-
sponsible for these biologic effects in HBE cells and which of
these diverse actions are important in the preventive effects of
retinoid treatment in individuals at increased risk for the de-
velopment of lung cancer. 
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