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ABSTRACT. Retinoids are well known as potential chemopreventive and chemotherapeutic agents against a
variety of human cancers. Here, we report that retinoic acid (RA) induced differential growth inhibition in
human colon cancer cell lines: while DLD-1, HT-29, and WiDr were relatively resistant, HCT-15 and Colo201
were relatively sensitive. All-trans-retinoic acid caused morphological and biochemical changes such as
membrane shrinkage, chromatin condensation, and DNA cleavage, which are typical features of cells undergoing
apoptosis in sensitive cell lines. Although retinoic acid receptor (RAR)a, b, g and retinoid X receptor a were
expressed in all cell lines examined, a significant induction of RARb by all-trans-RA was observed only in
sensitive cell lines, suggesting important roles of RARb in RA sensitivity. When a vector containing the RARb
gene was introduced into a relatively resistant cell line, DLD-1, the cells acquired RA sensitivity. Further, we
found that the RARb transfectants of DLD-1 expressed an enhanced level of c-Myc and Bax proteins, which
may result in the increased susceptibility of the cells to all-trans-RA-induced apoptosis. In summary, our data
demonstrated that RA induced growth inhibition and apoptosis in human colon cancer cells and that the
induction of RARb may mediate the retinoid action. BIOCHEM PHARMACOL 59;5:485–496, 2000. © 2000
Elsevier Science Inc.
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Retinoids, vitamin A, and its natural and synthetic deriv-
atives regulate a wide array of biological processes including
cellular proliferation, differentiation, and development [1].
They have been recognized as promising agents for chemo-
prevention and chemotherapy for a variety of human
cancers, including epithelial cancer and promyelocytic
leukemia [1–3]. The biological and pharmacological effects
of retinoids are mainly mediated through two classes of
nuclear receptors, RAR† and RXR, which belong to the
steroid/thyroid hormone receptor superfamily [4, 5]. Multi-
ple isoforms of retinoid receptors, i.e. RARa, b, and g and
RXRa, b, and g, are expressed in a unique pattern during
development and differentiation. Among the receptors,
RARb is primarily expressed in epithelial cells, suggesting

that RARb may be involved in maintaining normal ho-
meostasis of epithelia. Consistent with that notion, the lack
of or abnormal expression of RARb has been reported in
several human tumors including lung carcinoma, squamous
cell carcinoma of the oral pharynx, and breast carcinoma
[6–9].

Colorectal cancer has been one of the most common
malignancies in Western society, but its incidence is
increasing in East Asian countries, perhaps due to the
adaptation of Western lifestyles, including diet. In colonic
epithelium, a dynamic balance between cell production at
the base and cell death at the surface of the colonic crypts
is precisely regulated to maintain the cellular homeostasis
of the tissue [10, 11]. Since apoptosis is a part of the final
differentiation step for colonic enterocytes, a progressive
inhibition of apoptosis may cause a cancerous transforma-
tion that further progresses to malignancy in the colon [12,
13]. In fact, apoptosis has been related to the survival rate
in colorectal adenoma and carcinoma patients [14]. There-
fore, the factors/agents that control the balance between
cellular proliferation and death in colon epithelium are of
considerable importance. Thus far, growth factors such as
transforming growth factor-b, cytokines such as interferon
g, and chemotherapeutic drugs/differentiation-inducing
agents such as 5-fluorouracil, sodium butyrate, and nonste-
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roidal anti-inflammatory drugs have been reported to in-
duce apoptosis in human colon cancer cells [15–18]. Epi-
demiological studies have shown that vitamin A deficiency
increased the incidence of colon cancer and that an
adequate amount of vitamin A supplement reduced the risk
of the cancer [19]. However, the effects of retinoids on the
growth of human colon cancer cells have not been exten-
sively examined [20–23]. In general, the protective/thera-
peutic potential of retinoids against human cancer has been
considered to be primarily due to the inhibition of cellular
proliferation and the stimulation or restoration of the
differentiation potential of their target cells. Recent studies,
however, have demonstrated that retinoids induced apo-
ptosis in certain types of normal and cancer cells which
partially contribute to the observed biological/pharmaco-
logical effects of retinoids [9, 24, 25]. Therefore, we under-
took this investigation to examine the effects of RA on the
growth of human colon cancer cells and to determine
whether or not RA induces apoptosis in these cells.

Here, we show that all-trans-RA/9-cis-RA inhibited the
cellular growth of human colon cancer cells. Further, we
provide evidence that all-trans-RA induced apoptosis in the
cells that were accompanied by morphological changes
such as plasma membrane blebbing and DNA fragmenta-
tion. Importantly, the inhibitory effects of retinoids on cell
growth are correlated with the induction of RARb in
response to all-trans-RA in human colon cancer cell lines.
When RARb was overexpressed in a retinoid-insensitive
cell line, DLD-1, the cells acquired RA sensitivity. Further,
we showed that the overexpression of RARb was associated
with the increased expression of c-Myc and Bax. In sum-
mary, our data demonstrated that RA induced growth
inhibition and apoptosis in human colon cancer cell lines
and that the induction of RARb may mediate the retinoid
action.

MATERIALS AND METHODS
Cell Lines and Culture

The human colon cancer cell lines DLD-1 (ATCC CCL
221), HT-29 (ATCC HTB 38), HCT-15 (ATCC CCL
225), Colo201 (ATCC CCL 224), Colo205 (ATCC CCL
222), and WiDr (ATCC CCL 218) were obtained from the
American Type Culture Collection and maintained in
minimal essential medium (MEM) containing 10% fetal
bovine serum (FBS) except for Colo201 cells, which were
grown in RPMI containing 20% FBS. For RA treatment,
the medium was changed to MEM containing 1% charcoal-
stripped FBS after cells were attached to culture dishes.

Growth Inhibition Assays

Cellular proliferation experiments were performed by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assays using the Cell titer96 (Boehringer
Mannheim) according to the manufacturer’s instructions.
Cells were seeded at an initial density of 3000 cells per well

in 96-well plates. The media containing fresh retinoid was
added every 2 days for the first 5 days. The number of viable
cells was determined at day 9 by measuring their capacity to
convert a tetrazolium salt into a blue formazan product.

Total RNA Preparation and RT–PCR

Total RNA was prepared using the Qiagen RNeasy kit
(Qiagen) following the manufacturer’s instructions. Single-
stranded DNA was synthesized from RNA in a reaction
mixture containing 100 ng random hexamer and 200 units
of Moloney murine leukemia virus reverse transcriptase
(GIBCO BRL). The PCR reaction mixture contained 10
pmol of each forward and reverse primer, 2 units of Taq
DNA polymerase (Perkin Elmer), and cDNA templates.
Amplification was carried out for 20 to 30 cycles depending
on target genes in a thermal cycler. Each cycle consisted of
a 1-min denaturation at 94°, 1-min annealing at 54°, and a
1-min extension at 72°. The sequences of primers used for
analysis were as follows: RARa (forward: 59-CAAGTG
CATCATTAAGACTG-39, reverse: 59-GGCTGCTCC
AGGTCCTGGCG-39), RARb (forward: 59-TGGAGTT
TGCTAAACGTCTG-39, reverse: 59-GTAGCTTATCT
ACTTTTGTC-39), RARg (forward: 59-TGGAGATGG
ATGACACCGAG-39, reverse: 59-GGTGGGGACCAG
GCTGCGAG-39), RXRa (forward: 59-CGGGATCCT
CCTGGCCACCG-39, reverse: 59-TCCAGGCATTTG
AGCCCGAT-39), and b-actin (59-CGTGGGCCGCCC
TAGGCACCA-39, reverse: 59-TTGGCTTAGGGTTCA
GGGGGG-39). All the genes were analyzed under the
conditions in which PCR products were exponentially
amplified.

PI Staining for Fluorescence Microscopy and
Flow Cytometry

To examine nuclear morphology by fluorescence micros-
copy, cells were collected, washed once, and resuspended in
PBS. The cell suspension was placed on coverslips pre-
coated with aminopropyltriethoxysilane and incubated for
5 min at room temperature to allow cells to attach. The
coverslips with adhered cells were fixed with ice-cold 80%
methanol for 30 min, followed by 3 washes with PBS. Cells
were stained for 5 min with PI (50 mg/mL in PBS) and then
washed 3 times with PBS before mounting onto glass slides
with 50% glycerol in PBS. The nuclear morphology of cells
was examined with an UV fluorescence microscope and
photographed. Alternatively, to assess subdiploid DNA
content, total cells were collected and fixed in 70% ethanol
in PBS at 220°. Cells were then washed and stained with
50 mg/mL PI in the presence of 100 mg/mL RNase A for 30
min at 37° in the dark. DNA content was analyzed by a
FACStar Plus flow cytometer (Becton Dickinson). Apopto-
tic cells with subdiploid DNA staining were found in the
‘sub-G0/G1’ peak and the percentage of such cells was
calculated.

486 M-O. Lee et al.



Analysis of Oligonucleosomal DNA Fragments

Cells were collected by centrifugation and resuspended in
TE buffer (10 mM Tris and 1 mM EDTA, pH 8.0). An
equal volume of lysis buffer containing 20 mM EDTA,
0.05% (v/v) Triton X-100, and 10 mM Tris–HCl (pH 8.0)
was added and incubated on ice for 30 min. The lysates
were then centrifuged for 15 min at 4° at 13,000 g to
separate cell debris containing intact chromatin (pellet)
from DNA fragments (supernatant). The fragmented DNA
in supernatant was precipitated overnight at 220° with
ethanol. DNA was resuspended in TE buffer and subse-
quently treated with RNase A and proteinase K. The
obtained samples were electrophoresed for 4 hr at 70 mV on
1.8% agarose gels. The separated DNA was stained with
ethidium bromide and visualized by UV light.

Assessment of DNA Fragmentation by TUNEL Assay

The TUNEL assay was carried out essentially according to
the methods of Liu et al. [9]. Briefly, cells were harvested
and fixed with 1% formaldehyde in PBS for 15 min on ice.
After washing with PBS, cells were resuspended in 70%
ice-cold ethanol and immediately transferred to a freezer
until use. Following fixation, cells were incubated in a
solution containing 0.2 M sodium cacodylate (pH 7.0), 2.5
mM CoCl2, 25 mM Tris–HCl, 0.25 mg/mL BSA, terminal
deoxynucleotidyl transferase (Oncor Inc.), and 2 nmol of
biotin-16-dUTP (Boehringer Mannheim) for 30 min at
37°. The cells were then washed with PBS and incubated in
a staining solution containing 40 mg/mL fluoresceinated
avidin, 4 3 saline–sodium citrate buffer (1 3 SSC: 0.15 M
NaCl, 0.015 M Na-citrate), 0.1% Triton X-100, and 5%
non-fat dried milk for 30 min at room temperature in the
dark. Following staining, cells were resuspended in a solu-
tion of formaldehyde/PBS (1/5, v/v), and fluorescence was
measured by the FACStar Plus flow cytometer.

Transient and Stable Transfection Assay

The reporter gene containing two copies of bRARE (33)
was used in the experiments [9]. Colon cancer cells (2 3
105 cells/well) were seeded in a 6-well culture plate.
Reporter plasmid (1 mg) and b-gal expression vector (0.5
mg) were used for transfection using Lipofectin® (GIBCO
BRL) according to the manufacturer’s instructions. After
24 hr of retinoid treatment, CAT activity was determined
and normalized for transfection efficiency by the corre-
sponding b-gal activity. For stable transfection, pRC/cyto-
megalovirus-RARb [9] recombinant plasmid was stably
transfected into DLD-1 using Lipofectin®. Positive clones
were selected using G418 (400 mg/mL) (GIBCO BRL).

Flow Cytometry for Detection of c-Myc, Bax, and
Bcl-2 Proteins

For staining of c-Myc, cells were fixed with ice-cold
methanol/acetone (1:1, v/v) overnight at 220° and washed
with buffer containing 2% BSA, 5% glycerol, and 0.2%
Tween 20 in PBS. Cells were then incubated with 4 mL
mouse anti-c-Myc antibody (Santa Cruz Biotech) for 30
min at 4°. For staining of Bcl-2 and Bax, cells were fixed
with 2% paraformaldehyde in PBS overnight at 4° and
washed with buffer containing 2% BSA in PBS. Cells were
then resuspended in 0.1% Triton X-100 for 15 min at room
temperature and washed, and then incubated with 1 mL
each of hamster anti-Bcl-2 antibody (PharMingen) or
rabbit anti-Bax antibody (Oncogene Research Product) for
30 min at 4°. After the cells were stained with primary
antibody, they were washed and incubated with fluorescein
isothiocyanate-conjugated goat anti-mouse immunoglobu-
lin G (IgG) (c-Myc), anti-hamster IgG (Bcl-2), or anti-
rabbit IgG (Bax) for 30 min at 4°. Irrelevant antibody
(normal mouse IgG) was run in parallel as negative controls
for c-Myc and Bcl-2 staining. After staining, cells were
washed once and resuspended in PBS. Stained cells were

FIG. 1. Effects of retinoic acid on the growth of human colon cancer cell lines. A total of 3000 cells per well was seeded in 96-well
culture plates and treated with various concentrations of all-trans-RA (closed circles) and 9-cis-RA (open circles) for 9 days. Details
are described in Materials and Methods. Results were normalized and expressed as means 6 SE (N 5 3) of the control. Data represent
results derived from a single experiment, which was repeated at least 3 times with similar results.
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acquired in the FACStar Plus flow cytometer. Data were
presented on histograms plotted as fluorescence intensity
against cell number and analyzed using a PC lysis software
program (Beckton Dickinson).

RESULTS
Retinoic Acid-Induced Growth Inhibition and Apoptosis
in Colon Cancer Cells

We tested whether all-trans-RA and 9-cis-RA suppressed
growth of human colon cancer cell lines using 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide as-
says. The cell growth of DLD-1, WiDr, and HT-29 was not
significantly retarded in the presence of RA, showing that
the cells were relatively resistant to RA treatment (Fig. 1).
HCT-15 and Colo201 were relatively sensitive to RA-
induced growth inhibition in that the growth was inhibited
at a 10-nM concentration of all-trans-RA (Fig. 1). All-
trans-RA and 9-cis-RA were almost equally effective in
repressing the growth of colon cancer cells. Overall, the
colon cancer cell lines used in this study were relatively
resistant to all-trans-RA compared to other types of human
cancer cell lines such as MCF-7 (data not shown). We
observed considerable inhibitory effects only when medium
containing a low concentration of serum was used.

The cell growth inhibition induced by all-trans-RA was
characterized in a sensitive colon cancer cell line, HCT-15.
We observed that when HCT-15 cells were treated with
all-trans-RA, they became shrunken and balled up, even-
tually becoming detached and floating into medium, which
is a typical phenomenon observed in cells undergoing
apoptosis (Fig. 2A). While cell numbers were reduced by

all-trans-RA treatment, the percentage of floating cells
increased dose and time dependently (Fig. 2B). Chromatin
condensation, a typical morphological change in apoptosis,
was visualized by PI staining. When all-trans-RA-treated
HCT-15 cells were stained with PI, a high proportion of
cells was found to have condensed chromatin which was
highly fluorescent (Fig. 2C). Cellular DNA content anal-
ysis by flow cytometry showed the typical profile of cells
undergoing apoptosis (Fig. 2D). A distinct, well-quantifi-
able region below G1 flow cytometry profiles represented a
subpopulation of apoptotic cells in which chromatin con-
densation and DNA degradation reduced the stainability of
PI. The percentage of apoptotic cells after treatment with
all-trans-RA (10 mM) for 3 days was about 45%. All-
trans-RA induced a typical DNA laddering pattern in the
sensitive cells in both agarose gel electrophoresis and

FIG. 3. DNA fragmentation in HCT-15 cells induced by all-
trans-RA. (A) Agarose gel electrophoresis. HCT-15 or
Colo201 cells were treated with or without various concentra-
tions of all-trans-RA for different time periods. Fragmented
DNA was extracted, subjected to agarose gel electrophoresis,
and stained with ethidium bromide. (B) TUNEL assay.
HCT-15 cells were cultured in the presence or absence of 10
mM all-trans-RA for 72 hr. Cells were then fixed, labeled with
biotin-16-dUTP by the terminal deoxynucleotidyl transferase
and stained with avidin–fluorescein isothiocyanate. The stained
cells were analyzed with a FACStar Plus flow cytometer. FL 5
fluorescence.

4™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™
FIG. 2. Morphological changes induced by all-trans-RA in
HCT-15 cells. HCT-15 cells were cultured with or without
various concentrations of all-trans-RA as described in Materials
and Methods. (A) Phase contrast microscopy. After 48 hr of
incubation in the presence or absence of 10 mM all-trans-RA,
cells were photographed by a phase-contrast microscope. (B)
Measurement of floating cells. After incubation for the indicated
time periods with various concentrations of all-trans-RA, float-
ing cells and attached cells were counted using a hematocytom-
eter. Total cell numbers without all-trans-RA treatment (con-
trol) at 24 and 72 hr were 1.1 3 106 and 2.38 3 106,
respectively. The bars represent the percentage of floating cell
numbers out of the total cell numbers. Data represent the means
of 3 independent experiments. Error bars indicate standard
deviations. (C) PI staining. HCT-15 cells were cultured in the
presence or absence of 10 mM all-trans-RA for 72 hr and
allowed to adhere to aminopropyltriethoxysilane-coated cover-
slips. The coverslips were then fixed and stained with propidium
iodide. Stained cells were examined by a fluorescence micro-
scope and photographed. (D) Determination of apoptosis in
all-trans-RA-treated HCT-15 cells by DNA content analysis of
PI-labeled cells. HCT-15 cells were cultured in the presence or
absence of 10 mM all-trans-RA for 72 hr and stained with PI as
described in Materials and Methods. DNA fluorescence histo-
grams of PI-stained cells were obtained by flow cytometry.
Apoptotic cells with subdiploid DNA staining (Ap) were shown
and the percentage of such cells was indicated.
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TUNEL assays (Fig. 3). A weak degree of DNA fragmentation
was also observed in the relatively resistant colon cancer cells
only when cells were treated with 10 mM all-trans-RA (data
not shown). The results indicated that the cytotoxicity in-
duced by retinoic acids was determined by the susceptibility of
the colon cancer cells to undergo apoptosis.

Expression of RARa, RARb, RARg, and RXRa in
Colon Cancer Cells

The expression of the retinoid receptors in human colon
cancer cell lines was examined by RT–PCR using receptor
subtype-specific primers (Fig. 4A). RARa and RARg were

FIG. 4. Expression of retinoid receptors in human colon cancer cell lines. (A) Expression of RARa, RARb, RARg, and RXRa. The
expression of RARa, RARb, RARg, and RXRa was determined by RT–PCR with primers that are specific for each receptor subtype.
The expression of b-actin was monitored as a control. To determine the effects of all-trans-RA, cells were treated with 1 mM
all-trans-RA for 48 hr before RNA preparation. (B) Activity of the bRARE reporter gene in colon cancer cell lines. The
bRARE-tk-CAT together with the b-gal expression vector was transiently transfected into the indicated cells as described in Materials
and Methods. Transfected cells were treated with or without 1 mM all-trans-RA for 24 hr and CAT activity was measured. CAT
activity normalized by b-gal activity was indicated as relative CAT activity. Data represent the means of 3 independent experiments.
Error bars indicate standard deviations.
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expressed at different levels in all the colon cancer cell lines
tested. However, the degree of baseline expression did not
correlate with their individual sensitivity to all-trans-RA.
An increase in RARa gene expression after all-trans-RA
treatment (1 mM) was observed in most of the cell lines
tested. Induction of RARg was also observed in DLD-1,
HT-29, and WiDr. In contrast, RXRa gene expression was
not inducible in all the cell lines tested. RARb transcripts
were detected at variable levels in the colon cancer cells,
but remarkable induction was only seen in HCT-15 and
Colo201 (Fig. 4A). Induction of RARb in a retinoid-
sensitive human breast cancer cell line, MCF-7, was shown
for comparison [9]. Induction of RAR activity was also
observed in transient transfection experiments using a
reporter gene encoding bRARE, a retinoic acid response
element found in the promoter of the RARb gene, i.e.
bRARE-tk(thymidine kinase)-CAT. As shown in Fig. 4B,
all-trans-RA induced reporter gene activity significantly in
HCT-15, it being comparable to reporter gene activity in
MCF-7. However, reporter gene activity was not significant
in other colon cancer cell lines in the presence or absence
of all-trans-RA (Fig. 4B). When RARb expression plasmid
was transiently co-transfected with the bRARE-tk-CAT
into DLD-1 cells, the reporter gene activity was further
enhanced (data not shown), suggesting that endogenous
RARs may not be sufficient to deduce retinoid sensitivity in
colon cancer cells.

Overexpression of RARb Gene in DLD-1-Acquired
Retinoid Sensitivity

To further study the role of RARb induction in RA
sensitivity in colon cancer cells, we established cell lines
that overexpress the RARb using stable transfection of a
vector containing full-coding sequences of the RARb. A
total of 13 clones were selected by G418 screening, and two
clones that express a high level of RARb transcripts were
employed for further studies (Fig. 5A). The fold induction
measured by the bRARE-tk-CAT reporter gene in DLD-1-
b11 and DLD-1-b13 was significantly greater than that of
wild-type (wt) (Fig. 5B). The effects of all-trans-RA on the
growth of DLD-1-b11 and DLD-1-b13 were analyzed. The
growth of the colon cancer cells in the presence or absence
of all-trans-RA was measured by counting viable cells after
trypan blue staining. Although the growth rate was dimin-
ished after 40 hr of all-trans RA treatment, DLD-1-wt
proliferated exponentially in the presence of all-trans-RA
(Fig. 6A). In contrast, the growth of DLD-1-b11 was
apparently arrested and that of DLD-1-b13 was decreased
time dependently in the presence of all-trans-RA. To
determine whether or not apoptosis was induced by RA
treatment in DLD-1-b13, DNA fragmentation was ana-
lyzed. As shown in Fig. 6B, DNA fragmentation was
observed as early as 12 hr after all-trans-RA treatment in
DLD-1-b13. The percentage of apoptotic cells measured by
PI staining increased time dependently in DLD-1-b11 and
DLD-1-b13, while no significant increase was observed in

DLD-1-wt after all-trans-RA treatment. A representative
data profile is shown in Fig. 6C. In the absence of
all-trans-RA, we also observed an increase in the apoptotic
cell subpopulation in DLD-1-b11 and DLD-1-b13, al-
though less so than in the presence of all-trans-RA (data
not shown).

Analysis of the Expression of c-Myc, Bax, and Bcl-2
Proteins in RARb Transfectants

A number of cellular proteins either enhance or inhibit
apoptosis through a variety of pathways, and the suscepti-
bility of cells to apoptosis is most likely regulated by the
expression of such protein factors. We analyzed the expres-
sion of c-myc, bax, and bcl-2 gene products that are known
as positive or negative regulators of apoptosis in DLD-1-wt,
DLD-1-b11, and DLD-1-b13. As shown in Fig. 7, the
expression of c-Myc was significantly increased (P , 0.05,
paired t-test) in DLD-1-b11 and DLD-1-b13. While the
expression of Bcl-2 did not differ significantly in DLD-1-wt,
DLD-1-b11, and DLD-1-b13, the expression of Bax was
higher in DLD-1-b11 and DLD-1-b13 than in DLD-1-wt.

FIG. 5. Expression of RARb in RARb-transduced DLD-1 cells.
(A) Expression of RARb in the DLD-1-b11 and DLD-1-b13.
PCR was performed using cDNA template synthesized from
total RNA extracted from the RARb transfectants as described
in Materials and Methods. (B) The bRARE reporter gene
activity in colon cancer cell lines. The bRARE-tk-CAT, to-
gether with the b-gal expression vector, was transiently trans-
fected into the indicated cells as described in Materials and
Methods. Transfected cells were treated with or without 1 mM
all-trans-RA for 24 hr and CAT activity was measured. The fold
induction was calculated from the CAT activity normalized by
corresponding b-gal activity. Data represent the means of 3 inde-
pendent experiments. Error bars indicate standard deviations.
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DISCUSSION
As apoptosis is a normal part of the terminal differentiation
program in colonic epithelial cells, a progressive inhibition
of apoptosis may cause cancerous transformation which
further progresses to malignancy in the colon [12, 13].

Therefore, the factors that control the balance between
cellular proliferation and apoptosis are of considerable
importance in colonic epithelium. One of the potential
compounds that control the apoptotic process could be
retinoids; however, their effects on the development and

FIG. 6. Effects of retinoids on the growth of the RARb-transduced DLD-1 cells. (A) Growth inhibition assay. After the DLD-1-wt
(open circles), DLD-1-b11 (closed circles), and DLD-1-b13 (closed squares) cells were incubated for the indicated time periods with
10 mM all-trans-RA, viable cells were counted using a hematocytometer after trypan blue staining. Data represent the means of 3
independent experiments. Error bars indicate standard deviations. (B) DNA fragmentation. DLD-1-wt and DLD-1-b13 cells were
treated with or without 10 mM all-trans-RA for the indicated time periods. Fragmented DNA was extracted, subjected to agarose gel
electrophoresis, and stained with ethidium bromide. (C) PI staining. DLD-1-wt and DLD-1-b11 cells were cultured in the presence
or absence of 10 mM all-trans-RA for 72 hr and stained with PI as described in Materials and Methods. DNA fluorescence histograms
of PI-stained cells were obtained by flow cytometry. FL 5 fluorescence.
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growth of colon cancer have not been extensively exam-
ined. In this study, we investigated the effects of all-
trans-RA and 9-cis-RA on growth and apoptosis in 5 human
colon cancer cell lines. The sensitivity of individual cell
lines to the effects of RA were diverse: DLD-1, HT-29, and
WiDr were relatively resistant, while HCT-15 and Colo201
were relatively sensitive (Fig. 1). Our results were in
agreement with others in that retinoids do not control the
growth of all colon cancer cells in the same manner.
Previous studies reported that retinoids repressed cell
growth of Caco-2 [26], but did not significantly modulate
that of HT-29 [22] and LoVo [23]. Further, enhancement of
cell growth in MC-26 by retinoids has been observed [23].
Our results, together with others, may suggest that the
responses of colon cancer cells to retinoids are determined
by intracellular machinery such as nuclear retinoid recep-
tors, retinoid-metabolizing enzymes, and co-activators/co-
repressors that distribute cell type specifically. In the colon
cancer cell line HCT-15, we demonstrated that all-
trans-RA treatment caused typical features of apoptosis
such as membrane shrinkage, chromatin condensation, and
DNA fragmentation (Figs. 2 and 3). Our data indicated
that the growth inhibitory effects obtained by all-trans-RA

treatment were due, at least in part, to the induction of
apoptosis in the cells.

A significant induction of RARb was observed only in
RA-sensitive cell lines, suggesting that induction of RARb
expression may partially explain the differential sensitivity
to RA in colon cancer cells. Relevant to our observation,
the role of RARb in the maintenance of intestinal epithe-
lial cell differentiation has been implicated [26]. Similar to
colon cancer cells, abnormalities in the expression level
and function of RARb have been observed in other types of
human cancers. A number of lung cancer cell lines have
failed to express RARb [6, 8]. The induction of RARb was
observed only in estrogen receptor (ER)-positive human
breast cancer cells that were sensitive to RA, but not in
ER-negative cell lines that were resistant to RA-induced
growth inhibition [9, 27]. Importantly, a significant associ-
ation between the induction of RARb and the clinical
responses of premalignant oral lesions to all-trans-RA has
been reported [28]. Together, these results indicated that
RARb plays a role in the maintenance of epithelium and
that abnormal expression and function of the gene may
contribute to tumorigenesis.

Our data suggested that autoregulation of RARb plays an

FIG. 7. Expression of c-Myc, Bcl-2, and Bax proteins in the RARb-transduced DLD-1 cells. c-Myc, Bcl-2, and Bax proteins were
detected by flow cytometry using specific antibodies as described in Materials and Methods. Similar results were obtained from at least
3 independent experiments.
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important role in the response of colon cancer cells to
all-trans-RA. Colon cancer cell lines in which RARb was
not induced by all-trans-RA treatment may express inhib-
iting factors, such as activating protein-1 (AP-1), that
could antagonize transactivation of the bRARE present in
the promoter region of RARb. RA-resistant cells may have
decreased levels of co-activators and/or increased levels of
co-repressors that are specifically associated with the tran-
scription of RARb. A recent report on the amplification
and overexpression of AIB1, a steroid receptor co-activa-
tor-1 family member, in human breast and ovarian cancer
cells may be relevant to the abnormal transcriptional
regulation of the RARb gene in certain types of cancer cells
[29]. Alternatively, there is a possibility that mutations in
the proximal regulatory region of the RARb gene promoter
may exist in the cells. Indeed, hypermethylation of nor-
mally unmethylated CpG islands in the promoter region of
RARb in DLD-1 has been reported as a mechanism of poor
expression of the gene [30]. As RARb was proposed to be
responsible for a significant part of the antiproliferative
action of RA, identification of factors that inhibit activa-
tion of the RARb promoter may provide a better under-
standing of the growth control and transformation process
of colon epithelia. Recently, Ferrari et al. [31] showed that
RARg acted as a repressor of RARb transcription in the
absence of RA and that RA treatment reduced the expres-
sion of RARg, whereas it induced RARb expression in
neuroblastoma cells. We observed a moderate induction of
RARg upon all-trans-RA treatment in DLD-1, HT-29, and
WiDr, but a reduced expression of the gene by all-trans-RA
in HCT-15 (Fig. 4A), suggesting a possible association of
RARg in the transcriptional regulation of RARb in colon
cancer cells.

A fundamental question that remains unanswered is how
all-trans-RA and RARb trigger apoptosis in colon cancer
cells. Our observation raises the possibility that RARb
regulates specific genes that are important for apoptosis.
The target genes could be various oncogenes such as bcl-2,
p53, bax, ras, c-myc and others, the expression of which
largely determines the susceptibility of tumor cells to
undergo apoptosis. Among these, c-Myc and Bcl-2/Bax
family proteins have been implicated in colorectal tumor-
igenesis [13, 32–36]. Frameshift mutations in the bax gene
were found in hereditary nonpolyposis colorectal carcinoma
[37] and the Bcl-x(L) to Bax ratio was suggested as a factor
that determines chemosensitivity of colon cancer cells to
5-fluoruracil [38]. c-Myc Functions to arrest the cell cycle
and/or induces apoptosis [39, 40]. Consistently, the over-
expression of c-Myc has been reported to confer suscepti-
bility on tumor necrosis factor a- or chemotherapy-induced
apoptosis [41, 42]. Interestingly, we found that overexpres-
sion of RARb was accompanied by an increase in c-Myc
and Bax protein expression (Fig. 7), suggesting that the
proteins in DLD-1-b11 and DLD-1-b13 may play roles in
sensitization of the cells to all-trans-RA-induced apoptosis.

In fact, we found that DLD-1-b11 and DLD-1-b13 were
more sensitive than DLD-1-wt to other apoptotic stimuli
such as serum deprivation, sodium butyrate, and indometh-
acin treatment.* Given the ability of deregulated c-Myc in
the induction of apoptosis, we speculated that apoptosis
induced by c-Myc and RARb might share some common
mechanisms. Molecules such as Bax, p53, ornithine decar-
boxylase, and dihydrofolate reductase have been identified
as targets of c-Myc [43], and the caspase 3-like proteases
Fas/Fas Ligand have been shown to function in c-Myc-
induced apoptosis signaling [44]. Therefore, the question as
to whether such steps are shared by the apoptosis induced
by all-trans-RA in colon cancer cells is of interest for future
investigation.

In summary, our data demonstrated that RA induced
apoptosis in human colon cancer cells and that the induc-
tion of RARb may mediate the retinoid action. However,
much work remains to be done before we can fully under-
stand the mechanism by which RARb participates in the
normal regulation of divergent cellular fates of prolifera-
tion, differentiation and apoptosis in colon epithelia. Clin-
ical studies which examine the expression of RARb and its
responsiveness to retinoids in conjunction with a survey of
apoptosis regulators and growth factors may provide new
prognostic information about human colon cancer and may
identify potential new targets for cancer therapy.
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