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ABSTRACT

CYP1A1 is mainly regulated by AhR and to a lesser extent by RAR. In our environment, we
are exposed to AhR and RAR ligands, but little is known concerning the effect of a such
coexposure. Using Caco-2 cells, 3MC and RA are respectively strong and weak CYP1Al
inducers. We showed that CYP1A1 induction of cells coexposed with 3MC and RA is
significantly lower compared with cells exposed to 3MC alone (enzymatic activity, mRNA,
promoter activity). We further showed that RA slightly decreased AhR protein level. By using
cells transfected with the corepressor SMRT, and coimmunoprecipitation experiments, we
demonstrated a marked physical interaction between AhR and SMRT when cells were treated
with 3MC and RA, compared to 3MC alone, thus explaining the decrease of CYP1Al
induction. In conclusion, we described a new mechanism involved in CYP1A1 regulation:
retinoids decrease CYP1Al induction related to the AhR pathway through the RAR

corepressor SMRT.



Numerous studies widely support that environmental factors influence carcinogenesis [1].
Among them, procarcinogens such as heterocyclic amines (HAs) and polycyclic aromatic
hydrocarbons (PAHSs) are inert on their own and require bioactivation into electrophilic
metabolites to exert their genotoxic effects, generally localized at the site of expression of
bioactivation enzymes, like cytochromes P450 (CYPs). CYPs, that metabolize a wide range of
compounds of both endogenous (steroids, prostaglandins...) and exogenous origin, plays a
major role in these bioactivation processes [2] [3]. In humans, CYP1Al, expressed in
extrahepatic tissues including colon [4], is largely involved in the bioactivation of PAHs and
HAs. Variation of CYP1Al expression can therefore modulate cell susceptibility to
procarcinogen exposures. This isoform is mainly regulated by aryl hydrocarbon receptor
(AhR) a transcription factor that functions as a ligand-activated receptor [5]. Following ligand
binding in the cytoplasm, AhR is internalized and dimerizes with the Ah-receptor nuclear
translocator (Arnt). This heterodimer acquires the ability to interact with xenobiotic
responsive elements (XREs), which enhances transcription of CYP1Al gene. However,
nuclear receptors (NR) are also involved in CYP1AL regulation: low doses of retinoic acid
(RA), a natural vitamin A metabolite, slightly induces cutaneous CYP1Al expression, by
activation of RAR-RXR (retinoic acid receptor/retinoid X receptor) heterodimer bound on the
RA responsive element (RARE) sequence located within the CYP1Al promoter [6]. Many
carotenoids (alpha and beta-carotene, beta-cryptoxanthin), in part contained in food, can be
metabolized into products with retinoid activity and then activate CYP1ALl through this
signaling pathway [7]. Several studies have demonstrated that the activity of members of the
NR superfamily is dependent on interactions with other proteins, including a large number of
coactivators and corepressors that are important tissue/cell-specific mediators of NR function
[8] [9]. Indeed, unliganded RAR can interact with two different corepressors, N-CoR (nuclear

receptor corepressor) or SMRT (silencing mediator for retinoid and thyroid hormone



receptors) [10], which form large protein complexes including histone deacetylases (HDACS),
which specifically affect the accessibility and/or function of transcriptional regulatory
proteins that bind DNA sequences, triggering the inhibition of gene [11]. The regulation of
the CYP1Al gene expression by single compounds have been extensively investigated.
Nevertheless, we are everyday exposed to a set of environmental pollutants, and little is
known about the effects of an exposure to several toxicants on organism targets such as drug
metabolizing enzymes. For example, exposure to mixtures of halogenated aromatic
compounds frequently leads to non additive responses suggesting a possible competition for
AhR binding [12] [13]. The aim of our study was therefore to investigate the effect of a co-
exposure with 3-methylcholanthrene, a PAH, and RA on CYP1Al in a human colorectal

adenocarcinoma Caco-2 cell line.



Materials and Methods

Chemicals. All chemicals were obtained from Sigma except for all-trans-retinoic acid (RA)
and dimethyl sulfoxide (DMSO) obtained from Acros Organics, f-mercaptoethanol obtained
from Merck Eurolab, Dnase I, RNase-free and Protein G-agarose, obtained from Roche
diagnostics.

Cell Culture. The human colorectal adenocarcinoma Caco-2 cell line [14] was a generous
gift from Dr. A. Le Bivic (Faculté des Sciences de Luminy, Marseille, France). The cells were
routinely maintained in an atmosphere at 37°C and 9% CO,, with a standard culture DMEM
(Dubelcco’s modified Eagle’s medium) medium, supplemented with 15% foetal bovine serum
(FBS) (Eurobio), 2mM L-glutamine, 1% non essential amino acids and 100 IU/ml penicillin
and 100pg/ml streptomycin (Life technologies).

Cell treatment. As soon as Caco-2 cells reached confluence, they were starved for 24h
without serum since CYP1A1 mRNA level is transiently increased by FBS [15]. Treatments
were conducted for 12h with 0.1% DMSO, or 1uM RA, or 10uM 3MC, or 10uM 3MC plus
1uM RA. All manipulations involving RA were performed in a dark room under dim yellow
light to prevent photoisomerization. Concerning trichostatin A (TSA) exposure, cells were
preincubated for 12h with 300nM TSA, then exposed as described above, in addition with
TSA. Optimal doses of treatments with RA, 3MC and TSA were defined during preliminary
experiments (data not shown).

CYP1Al enzymatic activity. Cell exposures were as previously described, for 24h.
Ethoxyresorufin-O-Deethylase (EROD) activity, mainly supported by CYP1A, was
determined according to the Burke et al. method [16], slightly modified by Kennedy et al.

[17]. EROD activity was calculated as pmol of resorufin/mg total cellular protein/min activity



expressed as a percentage of control. Total protein amount was determined by the Bradford
method [18] using bovine serum albumin as the standard.

Quantitative expression of CYP1A1 mRNA by real time RT-PCR. Total cellular RNA
were prepared with High Pure RNA isolation Kit (Roche diagnostics). One pg of total RNA
was reverse-transcribed using M-MLV reverse-transcriptase (Invitrogen) in its own buffer and
random primers (Biolabs). The PCR reaction was carried out using the LightCycler System
and the Faststart DNA master SYBRGreen | Kit (Roche diagnostics). 2 microglobulin (52m)
was used as the internal standard. The MgCl, concentration was set at 5 mM and the primers

(0.25uM) used for CYP1A1 and p2m amplification were:

CYP1A1 (Sense) 5> AAGAGGAGCTAGACACAGT 3’
CYP1ALl (Antisense) 5" GAAACCGTTCAGGTAGGA 3’
p2m (Sense) 5" CCGACATTGAAGTTGACTTAC 3’
p2m (Antisense) 5" ATCTTCAAACCTCCATGATG 3’

Cycling conditions were as follows: 10 min denaturation at 95°C, followed by 45 cycles with
10-s denaturation at 95°C, 8-s primer annealing at 55°C and 8-s of elongation at 72°C. The
LightCycler was programmed to carry out a melting cycle to verify the specificity of the
desired products. Melting curves and quantitations were analyzed with the LightCycler and
Rel Quant softwares respectively.

Transfection and CAT activity Assay. Cells in 6-well plates were grown to 50% confluence
before transient transfection performed by lipofection (Lipofectin® reagent, Invitrogen). The
pRNH25c plasmid, kindly provided by Pr. R. Hines (Medical College of Wisconsin,
Milwaukee, WI) [5], contains the bacterial chloramphenicol acetyltransferase (CAT) reporter
gene, under the control of the -1140 to +309 promoter region of the human CYP1ALl gene. We
cotransfected 1.5ug of pRNH25c with 0.5ug of p-galactosidase (f-gal) plasmid, kindly

provided by Pr. S. Champion (FRE CNRS 2737, Marseille, France) and used as an internal



standard. At confluence, cell exposures were as previously described, then incubated for 24h
with normal growth medium without FBS. The CAT protein level was determined using the
CAT Elisa Kit (Roche diagnostics). The results were determined as relative CAT expression,
corresponding to the pmol of CAT protein per mg of total proteins normalized to p-gal
activity. The expression plasmid pCMX-SMRT was kindly provided by Dr. R. Evans (Salk
Institute, La Jolla, CA) [19]. Transient cotransfections were carried out as described above,
using 1.5ug of pRNH25c and increasing amounts of pCMX-SMRT. We verified, by
immunofluorescence staining, that the SMRT level was greatly enhanced in SMRT-
transfected cells (data not shown). We also used the XRE-TK-CAT plasmid, that confers
3MC responsiveness upon the tyrosine kinase (TK) promoter and adjacent CAT gene. XRE-
TK-CAT only contains two consensus XRE sequences (underlined) (5°-

CCGCCCAAGCTTCCCCCCTCGCGTGACTGCGAGGGGAAGGAGGCGTGGCCACAC

GTCTAGACTAGC-3’) into the HindIll/Xbal sites, immediately upstream of the TK
promoter in the pBL-CAT2 plasmid. Cells were cotransfected with 1ug XRE-TK-CAT and 0
or 2ug pPCMX-SMRT as described above. At confluence, for pPRNH25¢/SMRT and XRE-TK-
CAT/SMRT cotransfections, cells were exposed with 0.1% DMSO or with 10uM 3MC for
12h. The results were determined as relative CAT expression which corresponds to the pmol
of CAT protein per mg of total proteins.

Evaluation of AhR protein level by Western blot. Total cellular protein extracts were
prepared by incubation with lysis buffer (2.5% sodium dodecyl sulfate, 5% mercaptoethanol,
10% glycerol and 62.5mM Tris HCI pH 6.8). The protein concentration was determined as
described above. Lysates were submitted to gel migration on SDS-PAGE, and transfered to
nitrocellulose membranes. Immunoblotting was performed using anti-AhR polyclonal 1gG
(Santa Cruz Biotechnology), then exposed with Horseradish peroxydase-conjugated

secondary antibody and visualized with chemoluminescence reagent (Amersham). The



membrane was then stripped and rehybridized with a actin antibody (Sigma) for loading
control.

Coimmunoprecipitation assays. Cells were exposed with 3MC alone or with RA for 1h.
Cells transfected with pCMX-SMRT (2ug) and exposed with 3MC for 1h were used as
positive control. Immunoprecipitation (IP) experiments were performed using nuclear cell
extracts of Caco-2 cells, prepared as previously described [20]. 400pg nuclear proteins for
each IP were incubated with DNAse | (Img/ml), then suspended in IP buffer (1% Triton X-
100, 200mM sodium chloride, 20mM Tris pH8, 1ImM EDTA, 10mM sodium fluoride, 10mM
sodium pyrophosphate, 1mM orthovanadate and protease inhibitor cocktail). The extracts
were precleared by mixing with 50 pl protein G-agarose beads for 1h at 4°C and beads were
removed by centrifugation for 2 min at 500 x g. The resulting supernatants were incubated
with 2.5ug of anti-SMRT antibody overnight at 4°C. Immunoprecipitates were collected by
incubation with protein G-agarose for 4h and centrifugation for 2 min at 500 x g. The pellets
were then washed extensively with PBS. Beads with immunoprecipitates were suspended in
loading buffer and analyzed by Western blotting. Anti-AhR polyclonal 1gG were used as
described above.

Statistical analysis. All experiments were repeated at least three times to ensure
reproducibility. Means £ SEM were calculated for each group. Statistical significance was
determined using the ANOVA test with repeated measures and the ANOVA test with contrast

analysis (p<0.05 was considered as significant).



RESULTS AND DISCUSSION

We first compared the effects of exposures with RA and/or 3MC on CYP1ALl expression.
The EROD activity in Caco-2 cells treated with 1uM RA or 10uM 3MC was significantly
increased, 3.5- (p<0.001) and 7.9-fold (p<0.001) respectively. Co-treatment with RA and
3MC led to statistically significant lower induction (5.8-fold, p<0.001) of activity as
compared with 3MC alone (Fig. 1A). Concerning transcript levels, we showed a slight (1.8-
fold; p<0.01) and a marked (23-fold; p<0.001) increase of CYP1A1 mRNA after RA and
3MC treatments respectively (Fig. 1B). After 3MC and RA co-treatment, we observed a
significant decrease on CYP1A1 transcript induction as compared with 3MC alone (-55%,
p<0.001). In order to further examine RA and 3MC effects on CYP1A1l promoter activity,
cells were transiently transfected with pRNH25c construction. As previously observed for
MRNA and EROD activity, RA and 3MC significantly induced CYP1A1 promoter activity as
compared with control cells (1.5-fold; p<0.01 and 3.6-fold; p<0.001, respectively) (Fig. 1C).
A co-treatment significantly attenuated by 30% (p<0.01) the CAT increase relative to 3MC
alone. These results show that RA exerts a repressive effect toward 3MC-induced CYP1Al
expression.

To elucidate the mechanism implied in this repression, we next studied the effect of 3MC
and/or RA treatments on AhR level. Western blot analysis showed that addition of 10uM
3MC did not significantly modify the AhR protein amount, as compared with control cells
(Fig. 2). However, a treatment with 1uM RA alone or in combination with 3MC triggered a
large decrease of AhR protein levels (-41% and -49% respectively). The decrease of AhR
level by RA could explain, at least in part, the decrease of 3MC-induced CYP1AL expression.
Therefore, RAR can directly or indirectly modulate AhR transcription by modifying signal

transduction pathways. Even if interactions between RAR and AhR remain unclear and must



be thoroughly studied, numerous studies conclude to a link between these two signaling
pathways [2] [21].

We next wanted to find out if, in addition to the AhR expression decrease, the repression
could involve a corepressor action. As corepressors need the recruitment of a complex
harbouring histone deacetylase activity, we examined the involvement of HDACs on
CYP1AL1 induction, using TSA, a specific HDACs inhibitor [22]. When cells were exposed
with TSA alone, an increase of basal CYP1A1 mRNA transcript was observed (Fig. 3). In the
same way, TSA cotreatment enhanced the inductive effect of RA and 3MC (5.2- and 1.5-fold
respectively), as compared to TSA unexposed cells. Similarly, Xu et al. [23], showed in
cultured rat hepatocytes that TSA potentiated the effect of various concentrations of TCDD on
EROD activity. Interestingly, we found in cells exposed with TSA, 3MC and RA, an additive
effect of these inducers on CYP1A1l mRNA (2.8-fold). These data strengthened the
involvement of a corepressor in the repressive effect of RA toward CYP1A1 induction by
3MC.

In the last past years, many studies have shown that transcription cofactors/adapters, with
no specific DNA-binding affinity, were important components of transcriptional regulation.
Moreover, the AhR signal transduction pathway has recently been shown to be modulated by
several nuclear cofactors [24] [25] [26]. Some of these coregulators can exert their activities
on both AhR and RAR. Nguyen et al. [9] and Rushing and Denison [26] have previously
shown a physical and functional interactions of the AhR complex with the RAR-corepressor
SMRT, using in vitro transcribed/translated proteins. So, we subsequently investigated the
involvement of the corepressor SMRT in the RA repressive effect toward CYP1A1 induction
by 3MC. We first checked, using RT-PCR and Western blot experiments, that SMRT was
expressed in Caco-2 cell line (data not shown). We then used cells transfected with both

pRNH25c (Fig. 4A) and increasing amounts of SMRT cDNA. In untreated cells, we observed
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that the transfection of SMRT reduced in a dose-dependent manner the basal activity of
CYP1A1 promoter, as reflected by the levels of reporter gene product CAT (Fig. 4B, top).
These data were in agreement with the implication of AhR in CYP1AL basal expression, since
its transcription requires the binding of AhR on at least one XRE site (referencer Whitlock).
Furthermore, our experiments with 3MC-treated cells showed that SMRT repressed the
activation of CYP1AL1 promoter induced by AhR activation. Indeed, in Fig. 4B (bottom), our
results, presented as ratio CAT activity of 3MC-treated cells/CAT activity of untreated cells,
showed a significant decrease of induction (p<0.001) that paralleled with the increase of
transfected corepressor (3.7-fold induction without SMRT cDNA versus 1.5-fold with 2ug of
SMRT cDNA). Accordingly with Nguyen et al. [9], we observed a variable inhibitory
response at higher concentrations of SMRT (3ug) (data not shown). However, the reporter
construct contained a large fragment of CYP1A1 regulatory region and an intercation between
SMRT and a transcription factor other than AhR can not be ruled out. Therefore, we
cotransfected cells with the XRE-TK-CAT construct (Fig. 4A), that only contains 3MC-
responsive sequences of the CYP1Al gene and SMRT cDNA. In untreated cells, the
transfection of SMRT do not modified the level of reporter gene product compared to control
cells without SMRT (Fig. 4C). The increase of CAT activity level observed with cells
transfected with XRE-TK-CAT and exposed with 3MC (2.6-fold) was subsequently inhibited
after cotransfection with SMRT cDNA.

In order to strengthen our hypothesis, we looked for a physical interaction between AhR
and SMRT by conducting coimmunoprecipitation assays with cells exposed to 3MC alone or
with RA. Western blot analysis showed a physical interaction between SMRT and AhR (Fig.
5) as previously described [9] [26]. Furthermore, the levels of AhR/SMRT complex were

markedly higher (+65%) when cells were exposed with both 3MC and RA as compared with
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those exposed with 3MC alone. In regard to our results we suggest that the corepressor SMRT
interact with AhR as soon as it is released from RAR after the binding of RA.

To summarize, CYP1A1 expression can be regulated either positively or negatively by
several factors [27] [28]. In this way, our results show that a compound that regulates
CYP1AL1 expression positively, such as RA, could become a repressor agent when used with
another inducer such as an AhR ligand. We demonstrated, in this work, a new mechanism of
CYP1A1 regulation with the decrease of the expression and the functionality of AhR by RA :
RA treatment of Caco-2 cells decreased AhR protein level and, on the other hand, repress the
3MC-induced CYP1ALl induction through a physical interaction SMRT/AhR. Retinoids and
carotenoids are micronutrients that are considered as “broad, multi-mechanism
anticarcinogens” since they alter cell proliferation, allow cell differentiation and enhance
apoptosis [29]. Concerning intestinal cells, several studies have shown that retinoids could act
as protectors against chemical carcinogenesis [30]. However, the mechanism(s) by which they
prevent or delay chemical carcinogenesis still remain(s) unclear [31]. Our work suggests that
the decrease of PAH-induced CYP1A1l expression by retinoids in Caco-2 cells could be

involved, at least in part, in the chemopreventive action of retinoids.
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Fig. 1. Effects of 3MC and/or RA treatments on CYP1A1l expression in Caco-2 cell line.
Cells were treated with : 0.1% DMSO as control (C), or 1uM RA (RA), or 10uM 3MC
(3MC), or 10uM 3MC and 1uM RA (3MC+RA). A: EROD activity. Results are determined
as mean £ SEM (n=12) (***, p<0.001). B: Real time RT-PCR analysis of CYP1A1 mRNA
expression. Results are determined as mean + SEM (n= 6) (***, p<0.001). C: Determination
of CYP1A1 promoter activity. Results are determined as mean £ SEM (n= 8) (**, p<0.01).

All the results are expressed as percentage of control.

Fig. 2. Effect of 3MC and/or RA treatments on AhR total protein levels, evaluated by
Western blot analysis. Blots are representative of three independent experiments. REL:
relative expression level of AhR protein normalized to actin. Cells were treated as described

in Fig. 1.

Fig. 3. Effects of 3MC and/or RA treatments with or without 300nM TSA on CYP1Al
MRNA expression, evaluated by real time RT-PCR. Results are determined as mean = SEM

(n=4).

Fig. 4. Modulation of CYP1A1 promoter activity in Caco-2 cells by the corepressor SMRT.
A: pRNH25c and XRE-TK-CAT constructs are schematically displayed as well as the
location of XRE sites within the regulatory region of the CYP1A1 gene. B: Cotransfection
with pRNH25c and SMRT cDNA. At the top: Control cells were treated with 0.1% DMSO;
results are determined as mean + SEM (n=4) then expressed as percentage of control. At the
bottom: Increase of SMRT transfection correlates with the decrease of 3MC-induced CAT
activity. Results are expressed as 3MC-treated cells/untreated cells ratio (mean £ SEM, n=4),

(***, p<0.001). C: Cotransfection with XRE-TK-CAT and SMRT cDNA. Treatment with
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0.1% DMSO as control (C), or 10uM 3MC (3MC). Results are determined as mean + SEM

(n=4) then expressed as percentage of control.

Fig. 5. Physical interaction of AhR and SMRT evaluated by coimmunoprecipitation analysis
in Caco-2 cells. Cells transfected with SMRT (2jug) were used as positive control The nuclear
extracts were precipitated by anti-SMRT antibodies. The immunoprecipitated complexes were
analyzed for AhR proteins by Western blotting. Blots are representative of three independent

experiments.
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