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We have previously demonstrated that all-trans retinoic (atRA)
induced growth inhibition and apoptosis in mouse embryonic
palate mesenchymal cells (MEPM). In the present study, we
investigated the molecular mechanisms of atRA-induced apopto-
sis and its putative action pathway. atRA-induced apoptosis is
associated with activation of the initiator caspase-9 and the
effector caspase-3, but not of the effector caspase-8. A broad
caspase inhibitor (z-VAD-fmk), caspase-9 inhibitor z-LEHD-fmk
and caspase-3 inhibitor (z-DEVD-fmk) blocked atRA-induced
DNA fragmentation and sub-G1 fraction, but not caspase-8
inhibitor z-IETD-fmk. We further showed that atRA dose-
dependently promoted mRNA expression of retinoic acid receptor
B (RAR-B) and vy. A weaker increase in RAR-a mRNA was seen
only at the highest concentration of atRA (5 uM). The pan RAR
antagonist, BMS493, completely abrogated atRA-induced DNA
fragmentation, Sub-G1 fraction, and caspase-3 activation. Taken
together, these findings show that caspase-mediated induction of
apoptosis by atRA is an RAR-dependent signaling pathway.

Key Words: all-trans retinoic acid; mouse embryonic palatal
mesenchymal cells; apoptosis; caspase; retinoic acid receptor.

The physiologic doses (usually <0.01 uM) of retinoic acid
(RA) play an important role in embryogenesis. All-trans RA
(atRA), an oxidative metabolite of vitamin A, is also indis-
pensably involved in cell growth and differentiation, reproduc-
tion, and embryonic development. However, abnormally high
concentrations of RA in both experimental animals (Campbell
et al.,2004) and humans (Lammer ez al., 1985) result in various
fetal malformations (Kamm er al., 1984; Schneider et al.,
2001). The greatest success in the RA-induced cleft palate in
mice was demonstrated by a single dose exogenous atRA on
gestation day 11 at a level of 100 mg/kg. Given the absence of
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maternal toxicity, it is evident that all pharmacological doses
(>1 pM) of RA are at the toxic thresholds. Although the
teratogenic effects of RA have been well studied, considerable
uncertainty remains regarding the specific molecular mecha-
nisms through which it disrupts development. In addition,
extensive research in many laboratories worldwide has char-
acterized the receptor-mediated pathway through which reti-
noid compounds produce their biological responses (Elmazar
and Nau, 2004; Elmazar et al., 1997; Matt et al., 2003).

Of the intracellular retinoid binding proteins, nuclear
receptors are thought to mediate most of RA’s effects on cell
behavior. Two subfamilies of nuclear retinoid receptors exist:
the RA receptors (RARs) and the retinoid X receptors (RXRs).
Within each subfamily there are three subtypes (o, 3, and )
(Mitchell et al., 2003; Jiang et al., 2005). Either atRA or 9-cis
RA activates RARs, whereas only 9-cis RA activates RXRs.
After ligand binding, these receptors form homodimers or
heterodimers and function as transcriptional regulators (Kogai
et al., 2005). Both embryonic deletions of individual retinoid
receptors and over expression of a constitutively active RAR
can induce a number of developmental abnormalities (Lee and
Privalsky, 2005; Livera et al., 2001). It has been demonstrated
that all-frans-retinoic acid and its receptors are present in
embryonic tissues in a specific spatial and temporal distribution
(Chambon, 1996; Rohwedel et al., 1999; Ross et al., 2000;
Yamagata et al., 1994). Additionally, blocking the oxidative
metabolism of retinol to all-frans-retinoic acid by administra-
tion of an alcohol dehydrogenase inhibitor (4-methylpyrazole)
significantly lowered the teratogenic response of retinol in mice
(Collins et al., 1992). Although the inhibitory-effect of RA in
the developing embryonic mesenchyme has been demon-
strated, the relationships between RARs and RA-induced
growth inhibition are not well understood.

Our previous studies demonstrated that atRA could exert
anti-proliferative actions in MEPM cells, which was associated
with arrest in the GO/G1 phase and induction of apoptosis (Yu
et al., 2005). To further investigate the direct action of atRA at
the cellular level, we designed this study to elucidate the
molecular mechanisms of atRA-induced apoptosis and its
putative action pathway. Our data revealed that atRA-induced
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apoptosis in MEPM cells is mediated through activation of
caspases and is dependent of RAR pathway.

MATERIALS AND METHODS

Cell culture. Murine embryonic palate mesenchymal (MEPM) cells were
derived from palatal tissue from gestational day 13 ICR mouse embryos (date
of vaginal plug detection was considered day O of gestation). The palate shelves
were dissected in sterile, cold phosphate-buffered saline (PBS) and were
pooled, minced, and converted into single cell suspensions by incubating with
0.25% trypsin/0.05% EDTA in PBS for 10 min at 37°C with constant shaking.
Digested samples were briefly pipetted, filtrated through 70-um mesh, and cells
were seeded on cell-culture dishes and grown to confluence in DMEM medium
(Gibco BRL) containing 5% fetal calf serum (FBS, Hyclon Co.) at 37°C in
a 95% air/5% CO, atmosphere, with media replaced every other day. For
experiments cells were treated with various concentrations of atRA. atRA
stocks were prepared by dilution with ethanol. Control cells were treated with
0.1% ethanol, which was the maximal final concentration of the vehicle in atRA
treated cultures.

Caspase-3, -8, and -9 activity assay. MEPM cells were treated with atRA
(0.1-5 pM) and with ethanol vehicle (0.1%, v/v) for 24 h. Analysis of caspase-3,
caspase-8, and caspase-9 activities was performed using Caspase Apoptosis
Detection Kit (Santa Cruz, CA), according to the manufacturer’s procedure.
Briefly, cells (1 X 10°) were pelleted by centrifugation, washed with PBS two
times and incubated in 500 pl lysis buffer on ice for 10 min, then 1Xreaction
buffer and 10 ul DEVD-AFC (caspase-3), IETD-AFC (caspase-8), or LEHD-
AFC (caspase-9) substrates were added to lysis buffer. The reaction mixtures
were incubated at 37°C for 60 min. Activities of caspase-3, -8, and -9 were
measured by spectrofluorometry. All cultures were done in triplicate. Fluores-
cence was determined by a Perkin-Elmer L955 fluorimeter at 400 nm excitation
and 505 nm emission. Caspase enzymatic activities in cell lysate are directly
proportional to the color reaction.

DNA content. Cells (1 X 10°) were seeded into 6-well plates and treated
with ethanol vehicle (0.1%, v/v) and atRA (0.1-5 uM) for 24 h. Then, the cells
were fixed with fixation solution (70% ethanol, 30% PBS) at 4°C overnight.
The samples were centrifuged at 800 X g for 10 min and the cell pellets were
incubated with DNA staining solution that contained 40 pg/ml propidium
iodide (PI, Sigma) and 100 pg/ml RNase A for 30 min in the dark. The cells
were analyzed by flow cytometry (Becton Dickinson) and each experiment was
repeated three times.

Detection of DNA fragmentations. Nucleosomal DNA fragmentation is
characteristic of apoptotic nuclei. Quantification of DNA fragmentation was
done using a sensitive, commercial enzyme-immunoassay (Cell Death De-
tection ELISA”“YS, Roche Diagnostics Corporation) to determine histone-
associated-DNA-fragments (mono- and oligo-nucleosomes) created later in
apoptosis. This assay detects apoptotic but not necrotic cell death (Frankfurt
and Krishan, 2001). Briefly, cells (1 X 10*) were seeded into 6-well plates and
treated with ethanol vehicle (0.1%, v/v) and atRA (0.1-5 puM) for 24 h. Then,
the cells were homogenized in 3 ml of lysis buffer and incubated for 30 min at
room temperature. After centrifugation to remove nuclei and cellular debris, the
supernatants were diluted 1:2 (v/v) with lysis buffer. Then, 20 pl from each
sample were transferred to a 96-well plate pre-coated with antihistone anti-
body to which 80 pl of immunoreagent mix were added. After incubation
and washes, the wells were treated with the chromogen 2,2'-azinobis(3-
ethylbinzthiazoline) sulfonic acid as a substrate. The intensity of the color that
develops was measured at 405 nm.

Real time quantitative PCR. Total RNA was isolated from atRA-treated
MEPM cells using Trizol (Life Technologies). RNA was further purified by
using the RNeasy kit (Qiagen). The concentration of extracted RNA from each
group was adjusted to 200 ng/ul based on the absorbance value measured at
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TABLE 1
Oligonucleotides Used for RT-PCR Analyses

Gene Primer sequence Size (pb)

RAR-a Sense: 5° CAGTTCCGAAGAGATAGTACC 3’ 167
Antisense: 5> TACACCATGTTCTTCTGGATGC 3’

RAR-B Sense: 5° TCGAGACACAGAGTACCAGC 3’ 155
Antisense: 5> GAAAAAGCCCTTGCACCCCT 3’

RAR-y Sense: 5° GCCTCCTCGGGTCTACAAG 3’ 155
Antisense: 5° ATGATACAGTTTTTGTCGCGG 3’

B-actin Sense: 5 GGCATCGTGATGGACTCCG 3’ 612

Antisense: 5> GCTGGAAGGTGGACAGCG 3’

260 nm. A 25 pl reaction mixture containing 2 pg of total RNA was reverse
transcribed to cDNA using oligo dT primers and SuperScript II RT-polymerase
(Life Technologies). Real-time quantitative PCR was performed using the ABI
PRISM 7700 sequence detector (Applied Biosystems) in combination with
SYBRgreen dye. The reaction was performed at 50°C for 2 min, 95 min for
10 min, followed by 40 cycles at 95°C for 15 s and 60°C for 1 min in triplicate
and analyzed using the comparative Ct method according to the TagMan man-
ual. The sequences of the primers employed in this study were summarized in
Table 1, based on the published criteria (Ulven et al., 2000).

Statistical analysis. All data are presented as mean values + SD. The data
were evaluated by a one-way ANOVA followed by least significant difference
(LSD) test as a post hoc test or Dunnett’s T3 test. Statistical significance was at
p < 0.05.

RESULTS

Activation of Caspase-9 and -3 by atRA

Accumulated results indicate that caspases play a pivotal role
in the terminal, execution phase of apoptosis induced by diverse
stimuli (Shibata et al., 2004). Of which, caspase-3 was clas-
sically divided into executioner caspases, and caspase-8 and -9
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FIG. 1. atRA-induced activation of caspase 3 and -9, but not of caspase-8.

MEPM cells were treated with indicated concentrations of atRA for 24 h and
activity of caspase was determined using specific fluorescent substrates DEVD-
AFC (for caspase 3), IETD-AFC (for caspase 8), or LEHD-AFC (for caspase-9).
Data are shown as mean + SD of three independent experiments.
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FIG. 2. The effect of caspase inhibitors on atRA-induced apoptosis. MEPM cells were pretreated with the 10 uM of pan caspase inhibitor z-VAD-fmk,
caspase-8 inhibitor z-IETD-fmk, caspase-9 inhibitor z-LEHD-fmk or caspase-3 inhibitor z-DEVD-fmk for 1 h, and then exposed to the 5 M of atRA for another
24 h. (A) DNA fragmentation was determined by the Cell Death Detection ELISA kit. All results were given as means + SD of triplicate and experiments were
repeated twice. **p < 0.01 compared to vehicle control cells as analyzed by ANOVA. (B) The percentage of cells in hypodiploid DNA peak (Sub-G1 population)

was calculated by Sub-G1 population/total cell cycle populations (M1, Sub-G1

into initiator caspases according to their function and their
sequences of activation (Manabe et al., 2004; Shibata et al.,
2004). Thus, we investigated whether caspases were involved in
the apoptotic response induced by atRA. As shown in Figure 1,
atRA treatment for 24 h caused the activation of caspase-3 and
-9 in a dose-response manner, but not of caspase-8.

Activation of Caspase Is Essential for atRA-Induced
Apoptosis

To confirm whether activation of caspases is essential for
atRA-evoked apoptosis, we next used caspase inhibitors to

population + G0/G1+4-S+G2/M) and indicated by numbers shown in each plot.

challenge to block atRA-induced apoptosis. MEPM cells were
pretreated with 10 pM of non-selective caspase inhibitor z-
VAD-fmk and caspase specific inhibitor z-LEHD-fmk (for
caspase-9), z-DEVD-fmk (for caspase-3), and z-IETD-fmk (for
caspase-8) for 1 h, and then exposed to 5 M atRA for another
24 h. The fragmented DNA and Sub-Gl1 fraction were used as
indicators of apoptotic cell death. As shown in Figure 2, the in-
hibitors of pan caspase, caspase-9 and -3, but not the caspase-8
specific inhibitor, could block atRA-induced DNA fragmenta-
tion and Sub-G1 fraction. These results indicate that caspase-9
signaling pathways are involved in atRA-induced apoptosis in
MEPM cells.
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FIG. 3. atRA increased mRNA expression of RAR in MEPM cells. Real-

time quantitative PCR was used to quantify the mRNA of RAR in MEPM cells
treated with various concentrations of atRA for 24 h. Levels of RAR and B-
action expression in each sample were determined by using the relative
standard curve method. A relative amount of DNA of RAR was expressed as
aratio to B-action DNA, and the RAR level in vehicle control was set to 1. This
experiment was run twice. In each experiment, samples were run in triplicates.
Data are expressed as the mean + SD.

atRA Increased mRNA Expression of RAR

atRA is a non-selective RAR agonist and exerts its biologi-
cal actions through binding to and activating RAR-o, -3, and
-y. Thus, it was reasonable to speculate that the effects of
atRA on the cellular process in MEPM might involve RAR sig-
naling. Real time RT-PCR analyses revealed that atRA dose-
dependently stimulated mRNA level of RAR-B and -y, but
only a weaker increase in RAR-a at the highest concentration
of atRA (5 uM) (Fig. 3).

atRA-Induced Apoptosis Is Dependent of RAR

In order to further determine the role of RAR in atRA-
induced apoptosis, the effect of BMS493, a pan RA receptor
antagonist, was studied on atRA-treated MEPM cells. BMS493
had no effect on the basal DNA fragmentation, Sub-G1 fraction
and caspase-3 activities in the control cells. When MEPM cells
were pretreated with BMS493 and then treated with 5 uM atRA
for 24 h, our results clearly indicated that atRA-induced
apoptotic indexes were blocked (Fig. 4).

DISCUSSION

Apoptosis is mediated through two main pathways, the
extrinsic (death receptor) pathway (Krammer, 2000) and the
intrinsic (mitochondrial) pathway (Kroemer and Reed, 2000).
The extrinsic pathway is initiated by ligation of plasma
membrane death receptors such as CD95/Fas, TNF receptor,
or the TRAIL receptor. Through adapter proteins the receptor
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FIG. 4. atRA-induced apoptosis is dependently of RAR. MEPM cells were
preincubated for 20 min with or without 3 uM BMS493 and then treated with or
without atRA (5 uM) for 24 h. (A) DNA fragmentation was determined by the
Cell Death Detection ELISA kit. (B) The percentage of cells in hypodiploid
DNA peak (Sub-G1 population) was calculated by Sub-G1 population/total cell
cycle populations (M1, Sub-G1 population + GO/G1+S+G2/M) and indicated
by numbers shown in each plot. (C) Caspase-3 activity was determined using
specific fluorescent substrates DEVD-AFC. All results were given as means +
SD of triplicate and experiments were repeated twice. **p < 0.01 compared to
vehicle control cells as analyzed by ANOVA.
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interacts with and activates caspase 8. Activated caspase
8 cleaves and activates effector caspases, with caspase 3 being
the major effector caspase (Johnstone et al., 2002), bypassing
the mitochondrial apoptotic pathway. The intrinsic pathway
involves the disruption of the mitochondrial membrane result-
ing in the release of mitochondrial proteins including Smac/
DIABLO, HtRA2, and cytochrome c (Letai et al., 2002; Suzuki
et al., 2001; Wang, 2001). Once in the cytosol, cytochrome ¢
interacts with Apaf-1 to induce the activation of caspase 9. In
turn, activation of the latter causes activation of caspase-3 and
-7, which drive the biochemical execution of apoptosis (Cai
et al., 1998; Zou et al., 1997).

Our current study demonstrated that atR A-induced apoptosis
in MEPM cells was caspase-dependent, since the pan-caspase
inhibitor Z-VAD-fmk effectively abrogated its apoptotic ac-
tions. Furthermore, caspase-3 and -9 were markedly activated
in a dose-dependent manner, and use of the caspase-9 inhibitor
(z-LEHD-fmk) or caspase-3 inhibitor (z-DEVD-fmk) could
significantly attenuate atR A-induced apoptosis when compared
to atRA-treated cultures without inhibitor (p < 0.01). In
contrast, atRA treatment had no marked effect on caspase-8
activity and caspase-8 specific inhibitor Z-IETD-fmk failed to
block atRA-induced apoptosis. The current data herein are
consistent with caspase-9 pathway, however, further investiga-
tion is necessary to determine a mechanism by which atRA
induces the release of cytochrome ¢ from mitochondria.

The actions of RA are ultimately thought to be mediated
through specific nuclear retinoic acid receptors (RARs) and
retinoid X receptors (RXRs) belonging to the steroid/thyroid
superfamily of transcription factors. Multiple retinoic acid
receptors have been identified; among these are RAR-a, B, and
v. RAR-a is expressed ubiquitously in adult tissue and RAR-y
is primarily expressed in skin. RAR-f is unique because it is
primarily expressed in epithelial cells and exhibits induced
expression in response to retinoic acid (atRA) that is mediated
by an enhancer element, the retinoic acid response element
(RARE), within its promoter. Also, it has been demonstrated
that all-frans-retinoic acid and its receptors are present in
embryonic tissues in a specific spatial and temporal distribu-
tion (Chambon, 1996; Rohwedel et al., 1999; Ross et al., 2003;
Yamagata et al., 1994) and extensive research in many lab-
oratories worldwide has characterized the receptor-mediated
pathway through which retinoid compounds produce their
biological responses (Monczak et al., 1997).

Another question of the present study was to determine the
role of RAR in atRA-induced apoptosis. Data revealed that,
within the tested range of concentrations, atRA treatment
increased mRNA expression of RAR-f and RAR-y with a
dose-dependent manner. Only a weaker induction of RAR-a
was seen at the highest concentration of 5 pM atRA. The pan
antagonist, BMS493, could completely abrogate atRA-induced
DNA fragmentation, Sub-G1 fraction, and caspase-3 activation,
suggesting that atRA-induced apoptosis involved the RAR
pathway. Many studies have suggested a critical role for RAR in
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modulating the growth and survival of various cancer cells
(Chen et al., 2004; Zang et al., 2003). For example, stable
expression of RAR-P in RAR-B-negative PC-3 cells increases
their sensitivity to growth inhibition by agonistic retinoids
(Campbell et al., 1998). RAR-PB and RAR-y clearly do play
some roles in the inhibitory-effects of atRA on cell proliferation
and tissue differentiation in the developing embryo (Koyama
etal., 1999; Mic et al., 2003). Since endogenous RA is essential
for normal embryonic development (Lee et al., 2004; Yashiro
et al., 2004), signaling systems that impinge on the RA signal
transduction pathway by modulating the expression of its
components are likely to play a critical role in the control of or-
ganogenesis and development. atRA adversely affected RAR-[3
and RAR-y, which might account for its teratogenic effect. In
addition, the modest up-regulation of RAR-o by atRA might
also play a role in inhibitory effects of atRA. However, it is
necessary to carry out further studies to determine the specific
role in teratogenic actions played by various RAR isoforms.

In summary, the current study demonstrated that atRA-
induced cell death of MEPM was mediated through the
caspase-9-dependent intrinsic apoptotic pathway. Also, the
RAR activation might play a critical role in this cellular
process, since normal palate growth requires a developmental,
age-dependent increase in cell numbers. The inhibitory effects
of atRA in MEPM cells might be closely relevant to the
pathogenesis of atRA-induced cleft palate.
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