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a b s t r a c t

Mammalian class I aldehyde dehydrogenase (ALDH) plays an important role in the bio-

synthesis of the hormone retinoic acid (RA), which modulates gene expression and cell

differentiation. RA has been shown to mediate control of human ALDH1 gene expression

through modulation of the retinoic acid receptor a (RARa) and the CCAAT/enhancer binding

protein b (C/EBPb). The positive activation of these transcription factors on the ALDH1

promoter is inhibited by RA through a decrease of C/EBPb binding to the ALDH1 CCAAT box

response element. However, the mechanism of this effect remains unknown. Here we

report that the RARa/retinoid X receptor b (RXRb) complex binds to the mouse retinaldehyde

dehydrogenase 1 (Raldh1) promoter at a non-consensus RA response element (RARE) with

similar affinity to that of the consensus RARE. We found that C/EBPb binds to a Raldh1

CCAAT box located at �82/�58 bp, adjacent to the RARE. Treatment with RA increases

GADD153 and GADD153–C/EBPb interaction resulting in a decreased cellular availability of

C/EBPb for binding to the Raldh1 CCAAT box. These data support a model in which high RA

levels inhibit Raldh1 gene expression by sequestering C/EBPb through its interaction to

GADD153.
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1. Introduction

Retinoic acid (RA) is a metabolite of vitamin A (retinol) that

regulates developmental pathways in vertebrate animals. It

exerts its effects through two families of nuclear receptors, RA

receptors (RARs) and retinoid X receptors (RXRs). Maintenance

of RA homeostasis is crucial for normal embryogenesis and

development in chordate organisms.
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RA synthesis involves the oxidation of retinol to retinal and

the subsequent oxidation of retinal to RA by members of the

aldehyde dehydrogenase family (ALDH) [1]. ALDHs are a group

of NADP-dependent enzymes that catalyze the conversion of

aldehydes into acid metabolites. They also participate in the

metabolism of alcohols [2], biogenic amines [3], vitamins [4],

steroids [5] and lipids [6,7], as well as in the biotransformation

of numerous drugs and environmental agents [8].
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To date, 555ALDH genes have been described, including 172

in eukaryotes, and 17 functional genes in humans [9]. Among

them, cytosolic human ALDH1, mouse retinaldehyde dehy-

drogenase (Raldh) 1 and mouse Raldh2 have been shown to

mediate retinaldehyde oxidation and are considered to play a

major role in RA synthesis [10]. A critical role for Raldh2 in

mammalian development was established by the finding that

embryos homozygous null for Raldh2 failed to develop due to

severe abnormalities [11]. On the other hand, Raldh1 null

mouse presents an insulin resistance and increased energy

dissipation [12].

The mouse Raldh1 gene has similar tissue-specificity and

developmental control as the human ALDH1 gene. It is highly

expressed in adult mouse tissues, including liver [13,14], and

plays a role in RA clearance in vivo [15]. Although the mouse

Raldh1 gene has been sequenced and the promoter region has

been characterized, little is known about the molecular

mechanisms by which expression of this gene is regulated.

Recently, it has been shown that the aryl hydrocarbon

receptor (AhR) is involved in the RA metabolism. The AhR is a

ligand activated receptor [16], and a member of the basic helix–

loop–helix-PAS (bHLH-Per-Arnt-Sim) transcription factor

family. Upon binding ligand, the AhR translocates to the

nucleus, and up-regulates the expression of a battery of genes

encoding xenobiotic-metabolizing enzymes, such as cyto-

chrome P450s (CYP1A1, CYP1A2, CYP1B1), NAD(P)H quinone

oxydoreductase and UDP-glucoronosyl-transferase-6 [17].

Livers from AhR-null mice show a 3-fold increase in RA levels

as well as a down regulation of Raldh1 and 2, suggesting that

AhR controls RA catabolism [18]. More recently, it was

determined that expression of CYP2C39, a mouse enzyme

responsible for RA 4-hydroxylation, is under AhR control also

[19]. These data explain the high levels of RA observed in AhR-

null mouse liver. Because AhR-null mouse has a defect in RA

catabolism leading to elevated RA levels and decreased Raldh1

mRNA levels, this mouse model is an important tool to study

the role of RA on Raldh1 gene regulation.

We previously observed that RA mediates feedback

inhibition of the human ALDH1 gene expression through

decreasing C/EBPb binding to CCAAT box response element

located at the ALDH1 promoter [20]. However, the molecular

mechanism of this inhibition is still unknown. In order to

determine the molecular nature of this effect, we first

investigated whether the mouse Raldh1 gene expression is

regulated by a similar mechanism as determined for the

ALDH1. As in human ALDH1, RARa and C/EBPb bind to a novel

RA response element (RARE) and to the CCAAT box,

respectively, located within the Raldh1 promoter. We also

show that treatment with RA increased GADD153 mRNA and

GADD153–C/EBPb interaction resulting in a sequestration of C/

EBPb and decreased C/EBPb binding to the Raldh1 CCAAT box.
2. Methods and materials

2.1. Materials

Mouse hepatoma-derived cells (Hepa-1) were obtained from

ATCC (Manassas, VA, USA). All-trans-RA was obtained from

Sigma (St. Louis, MO). RARa and RXRb antibodies were
purchased from Affinity Bioreagents (Golden, CO). Raldh1

cDNA was provided by Gregg Duester (Burnham Institute, La

Jolla, CA) [21] and the type II transglutaminase (TG-II) and

RARa cDNA were provided by Ronald M. Evans (Howard

Hughes Medical Institute, San Diego, CA) [22].

2.2. Cell culture

Hepa-1 cells were cultured in Dulbecco’s modified Eagle’s

medium (Life Technologies, Grand Island, NY) supplemented

with 10% fetal bovine serum, 100 U/ml penicillin, and 100 mg/

ml streptomycin (Invitrogen, Carlsbad, CA). Cells were

harvested and cultured at 37 8C in a humidified atmosphere

of 95% air/5% CO2.

2.3. Electrophoretic mobility shift assays (EMSA)

Double-stranded oligonucleotides complementary to the

RARa-binding site (50-CGAGTTCAGCGAGAGTTCAGC-30) [23],

the 50 upstream mouse Raldh1 gene �82 to �58 region (50-

CTTGCCCTGAGCTGCCCATCCAATC-3’), and an unrelated dou-

ble-stranded oligonucleotide (50-CTGCAGTGACCACTGCCC-

CATCATTGCTGGCTC-30) (Sigma, St. Louis, MO) were end-

labeled using the Klenow fragment of DNA polymerase I and

[32P]dCTP (Amersham Pharmacia Biotech, UK). Hepa-1 cell

nuclear extracts (10 mg), prepared as described previously [24],

were incubated for 30 min at 25 8C in a 20-ml reaction mixture

(20 mM Tris–HCl, pH 8.0, 0.5 mM EDTA, 1 mM dithiothreitol,

80 mM KCl, 12% glycerol, 0.5 mg of poly(dI-dC)) (Amersham

Pharmacia Biotech, UK), with 2 ml of the double-stranded

oligonucleotide probe (50,000 cpm). The mixtures were sub-

jected to electrophoresis in a 4% polyacrylamide gel (BioRad,

Richmond, CA) at 4 8C. In competition assays, a large excess of

unlabeled double-stranded oligonucleotide competitor was

incubated together with the nuclear extract prior to adding the
32P-labeled probe. For gel mobility supershift assays, RARa and

RXRb antibodies (Affinity Bioragents, Golden, CO) were

incubated with the probe-nuclear extract mixtures for addi-

tional 60 min prior to gel electrophoresis. The sequence of C/

EBPb binding motif was 50-CTAGGGCTTGCGCAATCTA-

TATTCG-30 [25].

2.4. Northern blot analysis

Total RNA from mouse liver was isolated by homogenizing

cells in a guanidine/phenol solution (Biotex Laboratories,

Houston, TX). Total RNA (20 mg) was subjected to electrophor-

esis in a 1% agarose, 2.2 M formaldehyde gel and then

transferred to GeneScreen Plus membranes in 20� SSC (3 M

NaCl, 30 mM sodium citrate, pH 7.0) (J.T. Baker, Mexico). The

RNA was fixed to the membranes by baking at 80 8C for 2 h,

prehybridized in SSC/formamide solution, and hybridized at

42 8C with the 32P-labeled probes. cDNAs were labeled by

random priming with DNA polymerase I Klenow fragment

using [32P]dCTP (Amersham Pharmacia Biotech, UK). Labeled

probes were added to the membranes at 2.0 � 106 cpm/ml.

Filters were washed in 0.1� SSC and 0.5% sodium dodecyl

sulfate (Invitrogen, Carlsbad, CA), and the membranes were

exposed to autoradiographic film overnight at �80 8C with aid

of a Phosphor screen to visualize hybridized RNA.
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2.5. RT-PCR analysis

Total RNA from Hepa-1 cell cultures or mouse liver was

isolated by homogenizing cells or tissue in a guanidine/phenol

solution (Invitrogen, Carlsbad, CA). Reverse transcription was

performed using OneStep RT-PCR kit, according to the

manufacturer’s instructions (Qiagen Inc., Germany). For C/

EBPb analysis the following program was used: denaturation

at 94 8C for 2 min and 30 cycles of PCR consisting of

denaturation at 94 8C for 2 min, annealing at 58 8C for 2 min,

and extension at 72 8C for 2 min, and a final extension step at

72 8C for 5 min. For GAPDH analysis the following program was

used: denaturation at 91 8C for 10 min and 30 cycles of PCR

consisting of denaturation at 91 8C for 45 s, annealing at 51 8C

for 20 s, and extension at 70 8C for 45 s. For GADD153 and

RNAr18S analysis the following conditions were used: dena-

turation at 94 8C for 3 min and 30 cycles of PCR consisting of

denaturation at 94 8C for 50 s, annealing at 61 8C for 40 s, and

extension at 72 8C for 40 s.

Forward and reverse primers were as follows: C/EBPb, 50-

GCGCGAGCGCAACAACATCG-30 and 50-CAGCACAGGCTGTT-

GACCATCATA-30 [26], GADD153, 50-CATACACCACCACACCT-

GAAAG-30 and 50-CCGTTTCCTAGTTCTTCCTTGC-30 [27],

GAPDH, 50-CCAATATGATTCCACCCATG-30 and 50-AGGTCCAC-

CACTGACACGTT-30 [28], and 18S 50-GGACAGGATTGACA-

GATTGATAG-30 and 50-CTCGTTCGTTATCGGAATTAAC-30

[29]. PCR products were electrophoresed on a 2% agarose

gel, and stained with ethidium bromide to visualize PCR

amplification products. Relative intensity was determined

using the Sigma Gel program (Jandel Scientific software,

Sigma, St. Louis, MO).

2.6. Western blotting and immunoprecipitation

To determine C/EBPb protein level and to detect C/EBPb-

associated proteins, Hepa-I cell cultures were treated with 0.1,

1.0 mM RA or 0.05% (v/v) dimethyl sulfoxide for 24 h or 72 h

(Sigma, St. Louis, MO). The cells were washed with ice-cold

PBS, then scraped and lysed on ice for 30 min by addition of

0.5 ml/10 cm plate of lysis buffer (25 mM Hepes, pH 7.7,

150 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM dithio-

threitol, 0.5% Tween 20, 20 mM beta-glycerophosphate and

enzyme inhibitor cocktail) (Complete, Roche Diagnostics

Corp., Indianapolis, IN, USA). The cell debris was removed

by centrifugation at 14,000 rpm for 15 min at 4 8C. To

determine C/EBPb and actin protein levels 50 mg of cell lysates

were subjected to SDS-polyacrylamide gel electrophoresis on

15% polyacrylamide gels. Proteins were transferred to nitro-

cellulose membranes. Polyclonal C/EBPb and Actin antibodies

(Santa Cruz Biotechnology, CA) were used at 1:200 and 1:500

dilutions, respectively. Immunoprecipitations were per-

formed with total cell lysates (50 mg protein) using an anti-

C/EBPb rabbit polyclonal antibody (Santa Cruz Biotechnology,

CA, 2 mg/ml, overnight at 4 8C), followed by adsorption to

protein A/G plus-agarose (Santa Cruz Biotechnology, CA) for

2 h at room temperature. Protein A/G plus-agarose complexes

were washed twice with complete washing buffer (50 mM Tris,

pH 7.5, 150 mM NaC, 5 mM EDTA and 1% triton X-100) (Sigma,

St. Louis, MO) and two times with washing buffer without

triton X-100. The bound proteins were fractionated by 15%
SDS-polyacrylamide gel electrophoresis and transferred onto

a nitrocellulose membrane. Membranes were blocked with 5%

nonfat dry milk in Tris–buffered saline containing 0.1% Tween

20 for 1 h with gentle shaking, and incubated with a mouse

monoclonal anti-GADD-153 antibody (1/1000, Santa Cruz

Biotechnology, CA) overnight at 4 8C. A peroxidase-conjugated

goat anti-mouse IgG antibody and the ECL-PLUS detection kit

(Amersham Pharmacia Biotech, Piscataway, NJ) were used for

visualization of immune complexes.

2.7. Animals

Ahr-null (targeted mutation of the aryl-hydrocarbon receptor

gene) and wild-type male C57BL6N/129sv mice aged 6–8 weeks

were maintained in a pathogen-free environment with a

controlled temperature (22 � 2 8C) with 40–60% humidity. The

mice had 12/12 light/dark cycles and were given free access to

food and water. Animal housing and care was in accordance

with the Mexican Regulations of Animal Care and Main-

tenance (NOM-062-ZOO-1999, 2001), and with the Guide for the

Care and Use of Laboratory Animals as adopted and

promulgated by the U.S. National Institutes of Health.

2.8. Statistical analysis

Results are presented as the mean values � SD. The Mann–

Whitney’s test was used for statistical comparisons. The

criterion for significance was p < 0.05 in all cases.
3. Results

In order to confirm the alteration on RA metabolism observed

in AhR-null mice, we first evaluated the expression of hepatic

genes under RA control. Transglutaminase 2 (TG-II) is an

inducible transamidating acyltransferase that catalizes Ca2+-

dependent protein modification. Its expression is up-regulated

by RA [30]. Fig. 1 shows that AhR-null mouse liver presents a 5-

fold increase on TG-II mRNA levels compared with wild-type

mice. These results are in agreement with previous reports

describing increased TG-II activity in the Ahr-null mouse [18].

As expected, a decrease in Raldh1 mRNA levels in the Ahr-null

liver relative to wild-type mouse liver was observed (Fig. 1).

Once expression of Raldh1 in the AhR-null phenotype was

confirmed, we proceeded to characterize the Raldh1 promoter.

Comparison of the 50-sequences of human ALDH1 with

mouse Raldh1 genes revealed that the mouse Raldh1 sequence

is similar to the human ALDH1 proximal promoter region

(Fig. 2). Within the upstream 100-bp region from the

transcription start site, the Raldh1 promoter included a CCAAT

box and octamer binding sites. Nucleotide sequence analysis

also revealed a sequence similar to the RARE human ALDH1

motif, TGCCCA, located at �65/�70 bp.

To determine whether RARa binds to the RARE-like motif

present in the Raldh1 promoter, EMSA was performed (Fig. 3).

Addition of Hepa-1 nuclear extracts resulted in the formation

of two DNA–protein complexes. Competition of complex

formation with addition of excess unlabeled �82/�58 oligo-

nucleotide probe (lane 4–7), but not a nonspecific oligonucleo-

tide probe (lane 3), indicated that the binding was saturated.



Fig. 1 – Northern blot analysis of Raldh1 and transglutaminase II mRNAs. (A) Liver total RNA isolated from Ahr-null and wild-

type mice. Mouse actin mRNA was used to verify integrity. (B) Hybridization signal quantification data are presented as the

mean levels of expression W SD, n = 3.
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Competition experiments using a consensus RARE oligonu-

cleotide demonstrated decreased binding to complex 1 and 2

(lanes 8–11), suggesting that these complexes are the result of

binding to the RARE.

EMSA supershift analyses were used to detect endogenous

RARa in nuclear extracts of Hepa-1 cells (Fig. 4). As expected,

RARa and RXRb antiserum supershifted the consensus RARE

complex (lanes 8 and 9). A similar result was observed for the

complex 1 bound to the mouse region�82/�58 bp (lanes 4 and

5). No supershift was observed when non-related antiserum

was used (lanes 3 and 7). These data indicate that complex 1

represents the RARa/RXRb heterodimer.

To compare the affinity of RARa for the mouse promoter

region �82/�58 bp with a consensus RARE, competitive

inhibition experiments were performed (Fig. 3) in which the

relative intensity of complex 1 was evaluated (Fig. 5). Con-

sensus RARE competed equivalently with the mouse �82/

�58 bp oligonucleotide for binding to RARa/RXRb, indicating

that the mouse Raldh1 �82/�58 bp region is functionally

similar to the consensus RARE.
Fig. 2 – Comparison of 50-flanking region sequences of

mouse Raldh1, and human ALDH1. Identity is indicated by

dots and nucleotide deletions by dashes. CAATT box and

Oct regulatory elements are boxed, and human RARE-like

element is underlined.
In order to determine whether the CCAAT box found

in the mouse Raldh1 gene promoter region serves as a

binding region for C/EBPb, the binding affinity of C/EBPb

protein was tested in a competitive EMSA. An unlabeled

oligonucleotide containing the consensus sequence of

the C/EBPb binding site was used. As Fig. 6A shows, the

C/EBPb consensus sequence specifically decreased the

formation of complex 2 (Fig. 6A, lanes 3 and 4), indicating

that C/EBPb binds to the mouse �82/�58 bp region

and thus may contribute to the control of Raldh1 gene

transcription.

Previously, we have shown that RA decrease C/EBPb

binding to the human ALDH1 promoter [20], suggesting a

possible mechanism by which RA control ALDH1 gene

expression. In order to elucidate whether a similar mechan-

ism acts on the mouse Raldh1, EMSA analysis was performed.

Results revealed that nuclear extracts from Hepa-1 cell

cultures treated with RA (1.0 mM) reduced C/EBPb binding

(Fig. 6B, lane 2). In order to determine whether RA modified

translational or protein stability, C/EBPb protein levels were

evaluated after RA treatment. Western blotting analysis

indicated that RA treatment of Hepa-1 cells did not decrease

C/EBPb protein levels (Fig. 6C). This finding confirms that RA

disrupts binding of C/EBPb to the Raldh1 gene promoter.

Because a decrease in C/EBPb transcription levels may

explain the observed low binding of this transcription factor

to the Raldh1 promoter, we examined the effect of RA on C/

EBPb mRNA levels. RT-PCR experiments revealed that RA

treatment of Hepa-1 cultured cells increased C/EBPb mRNA

levels, in a time-dependent manner (Fig. 7A and B). In

agreement with this, a 3-fold increase in the expression of

C/EBPb compared to wild-type mouse was found in Ahr-null

mouse livers, which have elevated RA levels (Fig. 7C and D).

These surprising results suggest that C/EBPb gene expression

is under RA control, and that RA-induced decrease of C/EBPb

binding to the CCAAT box is not mediated at transcriptional

level.

Several studies have proposed that increased RARa levels

may favor protein interaction between RARa and CCAAT



Fig. 3 – EMSA analysis of protein binding to the mouse

Raldh1 promoter region. Nuclear extracts from Hepa-1

cells were incubated with radiolabeled S82/S58 bp alone

(lane 2), S82/S58 bp plus a 100-fold molar excess of a

nonspecific unlabeled competitor (NR-DNA)

oligonucleotide (lane 3), S82/S58 bp plus a 10, 20, 50, or

100-fold molar excess of unlabeled S82/S58 bp (lanes 4–7),

or S82/S58 bp plus a 10, 20, 50, or 100-fold molar excess of

unlabeled consensus RARE (lanes 8–11). Lane 1 is

radiolabeled probe alone. The arrows identify the shifted

bands (C1 and C2) and the unbound radiolabeled S82/

S58 bp probe. A representative set of data from two

independent experiments is shown.

Fig. 4 – Binding of RARa to the mouse S82/S58 bp Raldh1

gene region. Nuclear extracts from Hepa-1 cells were

incubated with radiolabeled S82/S58 bp (lanes 2–5), or

radiolabeled consensus RARE (lanes 6–9), and then

incubated with RARa antibody (Ab) (lanes 4 and 8), or RXRb

Ab (lanes 5 and 9) for 60 min. Lanes 3 and 7 were

incubated with an unrelated Ab (Cyclin B). Arrows identify

the shifted bands. A representative set of data from two

independent experiments is shown.

Fig. 5 – Competitive binding analysis of the RARa/RXRb

complex to Raldh1 gene promoter. Nuclear extracts were

incubated with radiolabeled mouse S82/S58 bp probe and

varying amounts of unlabeled S82/S58 bp (open squares)

and consensus RARE (closed squares) probes. Following

EMSA, the intensity of shifted band, identified as a RARa/

RXRb DNA complex, was quantitated by densitometry. A

representative set of data from two independent

experiments is shown.
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binding proteins [31,32]. We then investigate whether RA

increase RARa mRNA levels and favor the C/EBPb–RARa

interaction. Although Ahr-null liver mouse showed a massive

36-fold increase of RARa mRNA relative to wild-type samples

(Fig. 8), no interaction between C/EBPb and RARa was observed

(data not shown).

GADDD153 (also named CHOP-10) is a member of the

CCAAT/enhancer binding proteins family of transcription

factors that lacks a functional DNA binding domain. Its

expression is ubiquitous and highly induced in response to a

variety of cellular signals [33]. An interaction between

GADD153 and C/EBPb was reported during cellular stress

[34]. Therefore, we investigated the effect of RA on GADD153

expression and whether this treatment favors C/EBPb/

GADD153 interaction. Fig. 9A shows that Hepa1-RA treated

cultures present an increase in GADD153 mRNA levels in a

dose-dependent manner. To determine whether GADD153

interacts directly with C/EBPb in Hepa1 cells, co-immunopre-

cipitation experiments were carried out. Protein complexes

were immunoprecipitated with C/EBPb antibody, and this was

followed by Western blot analysis with GADD153 antibody.

Results indicate that GADD153 was found in complexes

immunoprecipitated with C/EBPb antibody, and that this



Fig. 6 – (A) Competitive EMSA to identify the CCAAT box binding protein. Unlabeled oligonucleotide containing the

consensus sequence of C/EBPb was incubated with Hepa-1 nuclear extract for 30 min at the indicated molar excess prior to

addition of the S82/S58 bp labeled probe. Arrows identify the shifted bands and the unbound radiolabeled probe. (B) Effect

of RA on C/EBPb binding. Nuclear extracts from RA-treated (1.0 mM RA, 72 h) Hepa-1 cells were incubated with radiolabeled

mouse S82/S58 bp probe (lane 2) and analyzed by EMSA. Arrows identify the shifted bands and the unbound radiolabeled

probe. C) Effect of RA treatment on C/EBPb protein levels. Hepa-1 cells were treated with 0.1 or 1.0 mM of RA for 72 h and cell

lysates were incubated with C/EBPb antibody. C/EBPb protein levels were determined as described in Section 2. A

representative set of data from two independent experiments is shown.
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interaction is RA-dependent, also in a dose-dependent fashion

(Fig. 9B).
4. Discussion

RA has marked effects on cell differentiation and proliferation.

Since oxidation of retinaldehyde to RA is irreversible, this

reaction must be tightly regulated. Therefore, understanding

the molecular mechanisms controlling RA synthesis is of great

importance. The present study demonstrated that RARa and

C/EBPb bind to the mouse Raldh1 gene 50-flanking region and

that this interaction resembles that reported for human

ALDH1 gene regulation [20]. The mouse Raldh1 �75/�18 bp

regions is highly conserved between human and mouse and it

contains an octamer factor binding site, and a CCAAT box.

Within this region a putative RARE was found to be located

adjacent to the CCAAT box (at�82/�58 bp), and this RARE-like

motif was demonstrated to bind the RARa/RXRb heterodimer
by EMSA. Although no apparent RARE consensus sequence

was identified within the �82/�58 bp region, this sequence

seems to belong to a RA response complex element which has

few or no obvious consensus elements. The affinity to the

RARa/RXRb complex shown by this RARE-like motif was

similar to that seen with the RARE/DR-5 element, which is one

of the most potent inducing sequences found in RAR-

responsive element promoters [35]. RXRb antiserum super-

shifted complex 1, thus indicating that this signal represents

the RARa/RXRb heterodimer. However, a complex 1 signal

without shifting was still detected; suggesting that this

complex may be also represented by the interaction of RARa

with other RXR subtype.

The mouse Raldh2 promoter sequence contains several

potential transcription factor-binding sites: CCAAT boxes, AP-

1, AP-2, AP-4 and AHR/ARNT. However RARE or RXRE

consensus sequences were not predicted [36]. Nevertheless,

after a Raldh2promoter analysis, we found evidence for a RARE

at �2057 bp that is similar to the RARE found in the human



Fig. 7 – Effect of RA treatment on C/EBPb mRNA levels. (A) Hepa-1 cells were treated with 0.1 or 1.0 mM of RA for 24 or 48 h, C/

EBPb mRNA levels were determined by RT-PCR, the relative intensity of the signal was quantified (B). (C) Liver RNA, isolated

from Ahr-null and wild-type mice, was subjected to RT-PCR analysis, and the relative intensity of the signal was quantified

(D). Signals were normalized relative to GADPH. Data are presented as the mean levels of expression W SD of triplicates,

*p < 0.05.

Fig. 8 – Northern blot analysis of RARa. (A) Liver total RNA, isolated from Ahr-null and wild-type mice, was subjected to

Northern blot analysis. Mouse actin mRNA was used to verify integrity. (B) Following hybridization, the membrane was

exposed to phosphor screen, and the signal was quantified. Data are presented as the mean levels of expression W SD,

n = 3.
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Fig. 9 – (A) Effect of RA treatment on GADD-153 mRNA

levels. Hepa-1 cells were treated with 0.1 or 1.0 mM of RA

for 24 h and GADD-153 mRNA levels were determined by

RT-PCR, and the relative intensity of the signal was

quantified. Data are presented as the mean levels of

expression W SD of triplicates, *p < 0.05. (B)

Coimmunoprecipitation of GADD-153 and C/EBPb. Hepa-1

cells were treated with 0.1 or 1.0 mM of RA for 24 h and cell

lysates were incubated with C/EBPb antibody. After PAGE,

the membrane was incubated with GADD-153 antibody. A

representative set of data from two independent

experiments is shown.
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ALDH1 and mouse Raldh1 promoters (data not shown). These

data suggest that RA may generally control retinal dehydro-

genase gene expression through an interaction between RARa

and RA response complex elements.

In previous studies we uncovered the molecular mechan-

ism by which RA down regulates ALDH1 gene expression [20].

This RA inhibitory effect is mediated by decreasing C/EBPb

binding to the promoter. However, the nature of this decrease

was unknown. C/EBPb also binds to the Raldh1 promoter

suggesting that Raldh1 transcription may be regulated by this

transcription factor. As reported previously, C/EBPb is a

positive regulator of human ALDH1, and mutation analysis

showed that the CCAAT box is critical for its promoter activity.

Similarly, Stewart et al. observed that disruption of the CCAAT

box in mouse Raldh2 decreased transcriptional activity by 50%

[25]. More recently, the rat Raldh1 promoter was characterized.

The authors report a CCAAT box and octamer binding site

located between �72 and �68 bp and �56 and �49 bp,

respectively, from transcriptional start site. Mutations of

CCAAT box abolish transactivation activity, indicating that

this motif is critical for basal promoter activity [37]. These
findings suggest that C/EBPb may generally regulate the

expression of retinal oxidizing ALDHs. However, no RA effects

were observed on rat Raldh1 mRNA or on promoter activity.

The RARE identified in human ALDH1, and the mouse, and rat

Raldh1 promoters were TGTTCA, TGCCCA, and TGGCCA,

respectively. These data suggest that T/G change on the

putative rat RARE respect with the human is responsible for

the lack of responsiveness to RA.

In the present study we found that Hepa-1 cell cultures

treated with RA resulted in increased, rather than decreased,

C/EBPb mRNA levels in a time-dependent manner, ruling out

that the mechanism by which RA disrupts CCAAT–C/EBPb

interaction is at transcriptional level. Since the Ahr-null

mouse presents elevated hepatic RA concentrations, the

finding of increased C/EBPb mRNA levels in AhR-null liver

provides further support for the idea that C/EBPb gene

expression is RA responsive. This finding suggests that RA

may regulate gene expression through modulation of C/EBPb

levels. It was also reported that expression of other members

of the CCAAT/enhancer binding protein family such as C/EBPe

are under RA control [38], suggesting that this hormone

regulates expression of this transcription factor family.

Schule et al. showed that addition of RARa reduced AP-1/

DNA complex formation [39], suggesting that RARa functions

as a negative regulator of AP-1 responsive genes by interfering

with their binding activity. More recently, Kim et al. observed

that RAR and RXR associate with the serum response factor

(SRF) in a ligand-dependent manner, and inhibit SRF trans-

activation activity [40]. In addition, many studies have

demonstrated that retinoid receptors inhibit the expression

of several genes by interfering with the action of transcription

factors [31,39,41,42]. Specifically, RARs and RXRs have been

shown to inhibit IL-6 gene expression by antagonizing the

effect of NF-IL6, a CCAAT binding factor [41,43]. The observed

increase in RARa mRNA levels found in Ahr-null mice liver

may favor protein interaction between RARa and C/EBPb,

which may result in a decrease of C/EBPb/CCAAT box complex

formation. However no interaction between these two

proteins was found.

Alternatively, other proteins may interact with C/EBPb. It

has been demonstrated that GADD153, a member of the

CCAAT enhancer binding protein family, interacts and form

complexes with C/EBPb [34]. On the other hand, GADD153

mRNA levels increase when NB4 and HL60 AML cell lines were

treated with all-trans retinoic acid [44]. In the Hepa-1 cells

used in the present study, RA treatment increased GADD153

mRNA levels in a dose-dependent manner. Furthermore, we

demonstrate that GADD153 binds C/EBPb, serving as a

dominant negative inhibitor, decreasing DNA-binding activity

of C/EBPb to the CCAAT box in the Raldh1 promoter.

Interestingly, Fawcett et al. showed that, in rat pheochromo-

cytoma PC12 cells, C/EBPb acts as a positive regulator of

GADD153 transcription, and provided evidence supporting an

autoregulatory feedback loop in which expression of GADD153

suppresses its own transcription through its interaction with

C/EBPb [34].

All together, these data suggest that Raldh1 transcription is

under regulation of two linked negative feedback systems

(Fig. 10). Raldh1, which plays a major role in RA synthesis, is

under RARa and C/EBPb transactivation control. Expression of



Fig. 10 – Model of autoregulation of the Raldh1 gene promoter by heterodimerization of GADD153 and C/EBPb. At low RA

concentrations RARa and C/EBPb transactivate the Raldh1 promoter (top panel). When RA levels increase, RARa

transactivate the C/EBPb promoter increasing the C/EBPb abundance resulting in an increase of GADD153 amount and the

formation of GADD153–C/EBPb heterodimers (lower panel).
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both transcription factor genes is RA responsive, probably

through RARa [23] (Fig. 10A). When RA levels increase, Raldh1

expression is inhibited. The high levels of this hormone

increase C/EBPb mRNA levels which increase GADD153

expression. GADD153 then interacts with C/EBPb, decreasing

DNA-binding activity of this transcription factor to the CCAAT

box in the Raldh1 promoter (Fig. 10B).

RA levels observed in the AhR-null mouse livers respond to

a decrease on CYP2C39 transcription [19]. Therefore, AhR

ligands would have the potential to alter the RA levels

modifying not only Raldh1 gene expression, but also other

genes under C/EBPb-GADD145 autoregulatory feedback loop.

Finally, since C/EBPb is a transcription factor that is critical

to cellular differentiation, further studies will be necessary to

elucidate the molecular mechanism by which RA induces C/

EBPb expression. The RARa RXRb complex and C/EBPb bind to

specific sequences within the mouse Raldh1 gene promoter.

These findings demonstrate that mouse Raldh1 is under

similar transcriptional control as the human ALDH1 gene.

We also showed that RA increases GADD153 and C/EBPb

mRNA levels, and promotes the interaction between these two

proteins, resulting in the inhibition of Raldh1 expression.
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