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Abstract
CYP26A1, which catalyzes the oxidation of all-trans (at)-retinoic acid (RA), is induced
moderately by RA in numerous tissues, but is highly responsive in liver. To understand this
difference, we have examined the CYP26A1 gene sequence, identified multiple RA response
elements (RAREs) and tested them functionally in HepG2 cells as model hepatocytes, and in the
liver of vitamin A (VA)-adequate and -deficient rats. Analysis of a 2.2 kbp 5′-flanking region
upstream of the CYP26A1 transcription start site (TSS) identified 3 conserved hexameric direct
repeat-5 elements, RARE1, -2 and -3, and a half site, RARE4. The full-length promoter containing
all 4 elements was sufficient and necessary to increase promoter activity similar to levels of
endogenous CYP26A1 mRNA produced in HepG2 cells treated with at-RA. In DNA binding and
chromatin immunoprecipitation assays, the binding of RARs to the proximal RARE1 and distal
RARE2, -3, and -4 regions of the CYP26A1 promoter was increased in RA-treated HepG2 cells,
and greater in VA-sufficient than VA-deficient liver. Moreover, RA increased the binding of RNA
polymerase-II in the distal as well as the proximal region, indicating that the distal region may be
looped to become positioned close to the TSS, a process favored by retinoic acid receptors. The
results support a cooperative model in which the functioning of multiple RAREs may account for
the strong inducibility of CYP26A1 in liver, which, in turn, may be important physiologically for
restoring retinoid homeostasis when the concentration of RA rises.
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1. Introduction
Vitamin A through its active metabolite, all-trans (at)-retinoic acid (RA), regulates many
physiological processes, such as embryonic development, cellular proliferation and
differentiation, and immune function. RA is also used clinically in the treatment of leukemia
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and other diseases (Gallagher, 2002; Reichrath et al., 2007). However, excessive RA is
detrimental to tissues, leading to inappropriate gene expression in the short term and overt
toxicity if high levels are prolonged. Therefore, mechanisms to control the concentration of
RA are essential for the proper functioning of cells, tissues and organs in vivo. Whereas the
production of RA from vitamin A (retinol) is regulated through dehydrogenases, its
oxidation is mediated by cytochrome P450 activities (Roberts et al., 1980). The cytochrome
P450 known as CYP26A1 (P450RA1) is a RA-4-hydroxylase that converts at-RA to polar
products including 4-OH-RA, 4-oxo-RA, and 18-OH-RA (Fujii et al., 1997; Ray et al.,
1997; White et al., 1997). CYP26A1 is considered to be the major enzyme catalyzing RA
oxidation in most tissues. The CYP26A1 gene is well conserved throughout vertebrate
species, and the protein is highly specific for the oxidation of at-RA (Lutz et al., 2009). At-
RA is not only the specific substrate for CYP26A1 but also a potent inducer of CYP26A1
gene expression, although the regulation is tissue specific (Ray et al., 1997). In the liver,
CYP26A1 is very highly regulated (Wang et al., 2002; Cifelli and Ross, 2006). We
previously reported that treatment of vitamin A-deficient rats with at-RA resulted dose-
dependently in a rapid and dynamic regulation of CYP26A1 mRNA levels, which reached
>2000-fold 6 hours after administration of RA, then returned towards basal by 48 hours
(Wang et al., 2002). In addition, CYP26A1 mRNA increased progressively with dietary
vitamin A intake (Yamamoto et al., 2000) and was highly correlated with liver retinol levels,
an indicator of whole-body vitamin A status (Ross, 2003). Almost the entire mRNA
induction was due to the activation of the transcriptional process in the liver of adult rats
(Zolfaghari et al., 2007; Zolfaghari and Ross, 2009). The liver plays a major role in clearing
RA from plasma and in its oxidation, conjugation and elimination (Kurlandsky et al., 1995;
Cifelli and Ross, 2006). Thus, understanding the regulation of CYP26A1 in the liver is
important for understanding the overall regulation of RA as a potent regulator of gene
expression in multiple organ systems.

At-RA functions as an endogenous ligand for nuclear retinoic acid receptors (RARα, β, and
γ) which dimerize with retinoid X receptors (RXRα, β, γ) and bind to specific DNA sites,
known as retinoic acid response elements (RARE), typically located in the promoters of
genes that are transcriptionally regulated by RA (Wei, 2003; Bastien and Rochette-Egly,
2004). The canonical RARE is comprised of a core of two hexameric motifs of PuG(G/
T)TCA(X)nPuG(G/T)TCA, generally oriented as a direct repeat (DR) spaced by 2 or 5
nucleotides (n) (Dilworth and Chambon, 2001; Bastien and Rochette-Egly, 2004). The
molecular basis of CYP26A1 mRNA induction by RA was first studied by Loudig et al.
(Loudig et al., 2000), who characterized the proximal promoter region of the mouse
CYP26A1 gene, which is well conserved among human, mouse, and zebrafish. This
proximal region contains a classical RARE (referred as RARE1) which cooperated with
nearby Sp1/Sp3 binding site, guanine-guanine-rich element, in response of CYP26A1
promoter activation. Later, a second putative RARE (RARE2) located about 2kb upstream
of the RARE1 has been identified. Both RARE1 and RARE2 contributed to optimal
induction by RA, as tested in mouse teratocarcinoma F19 cells and human breast
adenocarcinoma MCF-7 cells, which displayed about a 4 fold increase of reporter activity
after treatment with at-RA (Loudig et al., 2005).

The high level of response of CYP26A1 in the liver of RA-treated animals led us to
hypothesize that additional elements might exist within the gene’s promoter region that are
utilized to drive a high level of expression. Upon further inspection of the upstream of the
putative promoter of CYP26A1 we found additional putative elements that might be capable
of binding RAR-RXR heterodimers. Thus, in the present studies we have tested their
functionality in cell lines representative of human adult liver (HepG2 cells), compared to
human embryonic kidney cells (HEK293T cells), and tested the necessity for each element
in the liver’s response to RA. Collectively, the results of our studies indicate that liver cells
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utilize a set of up to 4 RAREs which are all necessary and sufficient for the high-level
response to RA in HepG2 liver cells. Moreover, the results suggest a model in which both
the proximal and distal regions of the CYP26A1 promoter interact with RNA polymerase II
(RNA Pol-II), indicating that the distal region may be looped to become positioned close to
the TSS, a process favored by retinoic acid receptors (Yasmin et al., 2004). Additionally, in
vivo, CYP26A1 chromatin is more highly associated with RARs and RNA Pol-II in vitamin
A-adequate compared to vitamin A-deficient rats. These results advance our understanding
of the regulation of RA catabolism in liver in response to conditions, such as drug therapy,
when RA concentrations are elevated.

2. Materials and Methods
2.1. Animals

Male Sprague-Dawley rats were fed a nutritional adequate diet deficient in vitamin A from
the time of weaning. When they were 45 days of age, they were divided into 2 groups of n=3
rats each, with equal weights, and one group continued to receive the same vitamin A-
deficient diet while the other group was fed for one additional week the same diet containing
4 mg retinol/kg of diet as described (Zolfaghari and Ross, 2000). At the end of the
experiment, the rats were euthanized by carbon dioxide inhalation and blood and liver
tissues were collected for analysis. The experimental protocols for our animal study were
approved by the Animal Use and Care Committee of the Pennsylvania State University.

2.2. Cell culture and reagents
HepG2 human hepatocarcinoma cells and HEK293T human embryonic kidney cells were
obtained from the American Type Culture Collection (Manassas, VA) and maintained in
Dulbecco’s modified eagle medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) and 0.5% penicillin-streptomycin at 37°C in a 5% CO2-air incubator. For most
experiments, the cells were plated at approximately 70% confluency. At-RA (Sigma-Aldrich
Chemical Company) was prepared as a concentrated stock in ethanol. Am580 (an RARα
agonist (Kagechika, 1994) was provided by Dr. H. Kagechika (Tokyo, Japan). A human
CYP26A1 genomic clone containing the extended 5′- and 3′-flanking regions in FOSMID
vector was obtained from Children’s Hospital Oakland-BACPAC Resources (Oakland, CA).
Purified antibodies specific to RARs, acetylated Histone H4, and RNA Pol-II were
purchased from Santa Cruz Biotechnology. For preparation of all other reagents in our
laboratory, we followed the protocols reported in the Molecular Cloning Manual (Sambrook
and Russell, 2001).

2.3. DNA plasmids
Promoter constructs were based on the human CYP26A1 sequence (from NCBI) and cloned
by PCR from CYP26A1 genomic clone in the FOSMID vector into pGL3 Basic Luciferase
reporter vector (Promega Corp., Madison, WI). The full length (FL) promoter DNA
construct was generated by PCR amplification (30 cycles) of the upstream region of the
translation start codon of human CYP26A1 gene, using 5′-
agcaagcttGTACAGATAGATTAAAACGT-3′ and
aataagcttCACGAAGGTGCAGAGCGC-3′ as the forward and reverse primers, respectively,
where lower case letters indicate a HindIII specific nucleotide sequence. Following
digestion of the PCR product with HindIII, the fragment was isolated in agarose gel by
electrophoresis and ligated into the promoterless pGL3 Basic Luciferase reporter vector. The
clone was digested with AscI and AleI and then re-ligated to form the pGL3-FL construct
with the FL promoter covering from −2139 to +11 (positions are in relation to TSS) (Ray et
al., 1997). For sequence confirmation, the pGL3-FL clone was submitted to sequencing at
the Nucleic Acid Facility of the Pennsylvania State University. The human promoter
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sequence was aligned and compared with those of mouse and rat retrieved from NCBI
(www.ncbi.nlm.nih.gov) using ClustalW2 program
(www.ebi.ac.uk/Tools/clustalw2/index.html). After amplification, the pGL3-FL was then
subjected to digestion by different restriction enzymes, including SmaI, BglII, EcoRI, ApaI
and PstI, in order to eliminate specific parts of the full length promoter, and then self
religated to generate the elimination constructs (designated E1 to E6). The mutant promoter
constructs for RARE nucleotide sequences (M1 to M4) were generated by PCR following
the protocol described previously (Zolfaghari and Ross, 2009). Primers used for mutant
constructs were: pair 1: 5′-TAGATATCTTTAAAATTGTCTGACCAAGGTAACG-3′
(forward), 5′-TAGATATCTAAAATTCTTTAATTGCGGATTGGGCC-3′ (reverse); pair 2:
5′-TAGATATCTT TATGGCCCGAGGATTGGGAATGG-3′ (forward), 5′-
TAGATATCAAAATCCTGCA GGCCGGACCGTG-3′ (reverse); pair 3: 5′-
TAGATATCTTAAACACGGTCCGGCCT GCAGG-3′ (forward), 5′-
TAGATATCTTAACTGCGGGGCCACCTCGCC-3′ (reverse); pair 4: 5′-
TTAGATATCCGTCCCCATTCGTCGGCT-3′ (forward), 5′-TTAGATAT
CGGGGCCCATTCCCAATCC-3′ (reverse). Mutated RARE1 was 5′-ATTTTAGAT
ATCTTTAA-3′, mutated RARE2 was 5′-GATTTTGATATCTTTAT-3′, mutated RARE3
was 5′-TTAAGATATCCTTAAACA-3′, and mutated RARE4 was 5′-GATATC-3′.

2.4. Transient transfection and luciferase assay
Twenty-four hours before transfection, HEK293T or HepG2 cells were subcultured and
5×105 cells were seeded in each well of 12-well plates in 1 ml of complete culture medium.
Two hours before transfection, the complete culture medium was replaced with 5% FBS
medium without antibiotics. Transfection was mediated by Lipofectamine™ 2000
(Invitrogen Corp., Carlsbad, CA). After 24 h of transfection, the cells were incubated with
full growth medium in the absence or presence of at-RA or Am580 added in a final
concentration of 0.1% ethanol. After treatment for 6 h or 24 h, the cells were collected and
assayed for luciferase activities using the DRL luciferase assay system (Promega Corp.,
Madison, WI). pRLTK Renilla luciferase plasmid (Promega) was used as an internal control
for transfection. The ratio of Firefly to Renilla luciferase activity was defined as the
promoter activity.

2.5. RNA analysis
HepG2 cells and HEK293T cells were cultured in 6-well plates (0.5~1 × 106 cells/well) for
various times and treatments, then total cellular RNA was isolated using Rneasy Mini Kit
from Qiagen (Valencia, CA). Total RNA was extracted from rat liver or kidney as described
(Zolfaghari and Ross, 2000). For Reverse Transcription, 1 μg of total RNA was subjected to
reverse transcription using Moloney murine leukemia virus reverse transcriptase (Promega).
The diluted reaction product (1/20th of the reaction products) was used for regular PCR or
real-time PCR analysis using 2× Real Time SYBR Green/Fluorescein PCR Master Mix
(SuperArray Bioscience, Frederick, MD) in a final volume of 20 μl. Glyeraldehyde-3-
phosphate dehydrogenase (GAPDH) mRNA was amplified at the same time as an internal
control. PCR conditions were optimized for denaturation at 94°C, 30 sec, annealing at 60°C,
30 sec, and extension at 72°C, 30 sec for 30 cycles. PCR products were run in 1% agarose
by electrophoresis. For regular PCR, the products were analyzed in ethidium bromide
containing agarose gel by electrophoresis. The CYP26A1 primers used for PCR were 5′-
GTGCCAGTGATTGCTGAAGA-3′ (forward) and 5′-GGAGGTGTCCTCT GGATGAA-3′
(reverse).

2.6. Nuclear extract preparation
Nuclear extracts from HepG2 cells were prepared as previously described (Chen et al.,
2002). Briefly, cell pellets was homogenized in a hypotonic buffer [10 mM HEPES, pH 7.9,
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1.5 mM MgCl2, 10 mM KCl, 0.2 mM PMSF, 0.5 mM DTT, 1 mM sodium orthovanadate,
0.5% Nonidet P-40] using a Dounce tissue homogenizer. After centrifugation at 2500 × g at
4°C for 10 min, the supernatant (cyptoplasmic fraction) was removed, and then pellets were
washed once with hypotonic buffer containing no detergent. Then a hypertonic buffer (20
mM HEPES, pH 7.9, 10% glycerol, 1.5 mM MgCl2, 400 mM KCl, 0.2 mM EDTA, 0.2 mM
PMSF, 0.5 mM DTT, 1 mM sodium orthovanadate) was added to extract nuclear protein.
After 30 min of incubation on ice, the mixture was centrifuged at 15,000 × g for 30 min. The
supernatant was collected as the nuclear extract, divided into aliquots and stored at −80°C.

2.7. Electrophoretic mobility shift assays (EMSA)
Double stranded nucleotide fragments containing putative CYP26A1-RAREs (wild type and
mutated fragments) were synthesized as probes. The wild type fragments were labeled with
[γ-32P]dATP and incubated with the nuclear protein extract at room temperature for 30 min.
For the supershift assay, nuclear proteins were incubated with specific antibodies for 15 min.
The reactions were separated on a 5% nondenatured polyacrylamide gel by electrophoresis.
After electrophoresis, the gel was dried and subjected to autoradiography.

2.8. Chromatin immunoprecipitation (ChIP) assay
Frozen liver tissue or cultured cells were homogenized in a glass Dounce homogenizer to
release nuclei (Zolfaghari et al., 2007), which were then subjected to ChIP assays as
described (Hollingshead et al., 2008). Purified antibodies specific to RARs, acetylated
Histone H4, and RNA Pol-II were used for immunoprecipitation. The pulled-down DNA
was subjected to real-time PCR with oligonucleotide primer pairs designed for different
regions of human and rat CYP26A1 promoter and using SYBR Green/Fluorescein PCR
Master Mix as described above.

2.9. Statistical analysis
In each experiment, three replicate samples were analyzed for each treatment or time point.
In addition, most experiments were further repeated. Statistical analysis was performed by
using SuperANOVA software (Abacus Concepts, Berkeley, CA) or GraphPad Prism 5
(GraphPad, LaJolla, CA) for Student’s t-test or one-way analysis of variance. P<0.05 was
considered significant.

3. Results
3.1. Three RAREs and a half site are highly conserved in the upstream region of CYP26A1

We first analyze the DNA sequence upstream of the ATG translation start codon of the
human CYP26A1 gene retrieved from NCBI (www.ncbi.nlm.nih.gov) and found that there
are at least three RAREs, each present as DR5 elements, and a half direct repeat site present
in the putative promoter region (Fig. 1). Whereas RARE1, reported previously (Loudig et
al., 2000), is positioned in reverse direction proximal to the transcription start site just
upstream of the putative TATA box sequence the other two elements together with the half
site, in a cluster, are located about 2 kbp upstream of the RARE1. All of these elements
including the half site are highly conserved among human, mouse and rat (Fig. 1).

3.2. Relative luciferase activity of the FL construct is correlated with the level of
endogenously expressed CYP26A1 mRNA

Since the CYP26A1 gene is active in the liver and highly induced by high vitamin A and at-
RA we examined HepG2 human hepatoma cells as a model hepatocyte to analyze the
function of these RARE elements including the half site. HepG2 cells expressed very little
CYP26A1 mRNA endogenously prior to retinoid treatment; however, upon treatment of the
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cells with 1 μM of at-RA, CYP26A1 mRNA level was increased by more than 30 times after
6 h and then reduced toward the control level after 24 h treatment (Fig. 2A). This induction
was dose-dependent between 1–1000 nM at-RA (Fig. 2B), which includes physiological and
pharmacological concentrations, similar to what has been observed in the liver of intact
animals (Wang et al., 2002). A similar response was observed when HepG2 cells were
treated with Am580, a specific ligand for RARα, although not to the same magnitude as
produced by at-RA (Fig. 2A and 2B), which may indicate the possible involvement of more
than one RAR subtype in regulation of the CYP26A1 gene.

Having shown that HepG2 cells could be an appropriate model for liver to analyze the
function of RARE elements present in the putative promoter of CYP26A1 gene, a FL DNA
fragment of 2,200 bp spanning the region upstream of the CYP26A1 translation start codon
was cloned by PCR from CYP26A1 gene into the promoterless pGL3-basic vector with
firefly luciferase reporter gene (Fig. 2C), and cotransfected into HepG2 cells with a pRLTK
vector containing Renilla luciferase as the control for transfection efficiency. Following
transfection, the cells were treated with either at-RA or Am580 for 6 or 24 h and then lysed
for measurement of luciferase activity (Fig. 2D). As expected, the CYP26A1 promoter was
very active in the cells and highly induced by at-RA dose-dependently (Fig. 2E) with
maximum induction after 24 h as compared to 6 h for the endogenous CYP26A1 mRNA,
likely due to the time it takes for the cells to express the active luciferase protein. Again,
Am580 was effective in induction of the promoter, but less so than at-RA (Fig. 2D and 2E).

3.3. CYP26A1 promoter activities show cell line specificity
To evaluate the functional contribution of the RARE regions in the activity of CYP26A1
promoter we used both HepG2 cells and HEK293T cells, as non-hepatic cells, for
comparison. CYP26A1 mRNA is expressed endogenously in HEK293T cells, however, it is
induced just a few fold by at-RA, much less as compared to HepG2 cells (Fig. 3). To assess
the active contributions of the RARE regions, first, we deleted different regions of the FL
construct by restriction enzymes and re-ligated in the promoterless pGL3-basic vector as
shown in Fig. 4A. The FL construct, and those with a series of deletions were transiently
transfected individually into HepG2 cells and HEK293T cells and tested for luciferase
activity after the cells were incubated with either vehicle or 1 μM at-RA for 24 h. Similar to
the expression of CYP26A1 mRNA, the activity of CYP26A1 FL promoter was relatively
higher in HEK293T cells than in HepG2 cells without at-RA treatment (data not shown)
although the activities were low in both cell types. Upon treatment of the cells with at-RA,
the activity of the FL construct increased by more than 20 times in HepG2 cells (Fig. 4B) as
compared to 4 fold in HEK293T cells (Fig. 4C). The orientation of the FL promoter
construct in the promoterless pGL3-basic vector seems to be essential for full luciferase
activity since the reverse position of the promoter resulted in partial activity in HepG2 cells
and completely eliminated activity in HEK293T cells both in the absence and presence of at-
RA (Fig. 4B and C). The promoter constructs containing the proximal RARE1 alone without
the distal ones including the half site were not responsive to at-RA in HepG2 cells but
partially responded to at-RA in HEK293T cells. In fact, elimination of the cluster of distal
RARE with the half site resulted in an increase in the basal activity in HepG2 cells but no
apparent change in HEK293T cells. Elimination of the DNA region between the proximal
and distal RARE cluster including the half site (E4), bringing both distal and proximal
RARE together in the promoter, completely eliminated the basal activity in HEK293T cells
and reduced partially the response of the promoter to at-RA in both cell types. Promoter
construct with deleted DNA region containing RARE2 together with half site in the distal
region (E5) showed no response to at-RA in HepG2 cells but partial response in HEK293T
cells. By deletion analysis, whereas the distal RARE cluster including the half site
contributed the major functional activity in the CYP26A1 promoter in response to at-RA in
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HepG2 cells, the DNA region between the proximal and distal RARE regions was important
for basal promoter activity in both cell types (Fig. 4B and 4C).

To further evaluate the role played by each specific RARE as well as the half site in the
activity of the CYP26A1 promoter, we mutated the individual sites (Fig. 4A) by nucleotide
substitution (Zolfaghari and Ross, 2009) in the FL construct and conducted transfection
assays in both HepG2 and HEK293T cells. Mutation in the individual RARE sites resulted
in a significant decrease in the promoter response to at-RA in HepG2 cells with almost no
activity in the FL construct containing the mutated RARE2 (Fig. 4D). The proximal RARE1
was more effective than the distal cluster in the promoter response to at-RA in HEK293T
cells (Fig. 4E). Indeed, no significant change was observed in the FL construct with a
mutated RARE3 in HEK293T cells. Interestingly, the half site contributed significantly to
the promoter response to at-RA in both cell lines since mutation in that site resulted in
significant reduction in activity of the promoter response to at-RA (Fig. 4D and 4E).

3.4. Cotransfection of each of the individual retinoic acid receptors (RARα, β, γ)
significantly increases promoter activities

Results from earlier experiments on the effect of Am580 on the expression of endogenous
CYP26A1 mRNA and promoter activity as compared to at-RA in HepG2 cells (see Fig. 2)
may suggest that not only RARα but also RARβ or RARγ, could be involved in the
induction of CYP26A1 promoter activity by at-RA. To test such an involvement, we
performed cotransfection of the FL constructs including both WT and mutated ones with
each of the RAR subtypes, together with RXRα into HepG2 cells and measured the
luciferase activity. Cotransfection of wild type FL promoter with any of the three RAR
subtypes in the presence of at-RA greatly increased the activity of the wild type FL
promoter, about 50 times (for RARγ) to 60 times (for RARα and RARβ) (Fig. 5).
Cotransfection of the RAR subtypes with either of the mutated FL constructs had much less
effect on the activity of the mutated than the WT promoter. Whereas the lowest activity was
observed in the FL construct with mutated RARE2, the highest activity was found in the FL
construct with mutated half site (Fig. 5).

3.5. RAREs from CYP26A1 promoter exhibit similar nuclear protein binding patterns and
at-RA increases DNA-binding activities

In order to find any complex formed between nuclear proteins and those DNA RARE
binding sites identified above we prepared DNA polynucleotide fragments including one
wild type and a corresponding one with a mutation in the core RARE region, and use them
as a probe or competitor in EMSA assays (Fig. 6A). In this analysis, we focused our
attention on the RARE cluster present in the distal region of the CYP26A1 promoter since
this region is apparently more involved in the activity of the promoter response to at-RA in
HepG2 cells. Specific complexes were formed between nuclear proteins from HepG2 cells
and each of the individual distal RAREs (RARE 2, 3 and 4) used as probes, and competed
out when the respective unlabeled polynucleotides in excess were used as competitors.
Nuclear proteins, from either control or at-RA-treated cells formed more intense binding
complexes with RARE2 (the upper bands) than with either RARE3 or RARE4 (Fig. 6B).
Nuclear proteins from the cells treated with at-RA formed more intense complexes than
those from control cells with all three RARE probes.

To examine further whether the individual RAR subtypes may interact in the formation of
complexes in the RARE region present in the CYP26A1 promoter, separate EMSA
supershift assays were performed using nuclear extract from either vehicle or at-RA-treated
HepG2 cells and antibodies for either individual RAR subtypes alone or in combination with
RXRα antibody. Since RARE2 formed stronger complexes with nuclear protein from
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HepG2 cells (Fig. 6B), this polynucleotide fragment was used as the [32P]-labeled probe for
further experiments. Again, nuclear proteins from the cells treated with at-RA formed more
intense complexes than those from control-treated cells (lane 2 vs lane 3 in Fig. 6C). The
complexes formed seem to be specific since they were competed out by excess cold wild
type RARE2 and DR5 polynucleotides, but not by the mutated polynucleotides (lane 3 to 7
in Fig. 6C). Similarly, other cis-acting RAREs, including the proximal one, were
competitive as well although not as effectively as wild type RARE2 (lane 8 to 11 in Fig.
6C). Although DR5 might be involved in complex formation as shown by competition
results (lane 6 vs lane 3 in Fig. 6C), none of the individual RAR antibodies alone or in
combination with the anti-RXRα caused any super-shift retardation. This may be due to the
increase in the size of the complexes, which could not passed through the gel. However, the
antibodies did show competition with receptor-bound [32P]-labeled RARE2, since the
intensities of the complexes were reduced in the presence of the antibodies (lane 12
compared to lane 17 in Fig. 6C). Apparently, anti-RARα antibody produced a stronger
competition than the other antibodies both in the absence and presence of anti-RXRα (lane
12 in Fig. 6C). In addition, treatment of the HepG2 cells with at-RA prior to preparation of
the nuclear extract markedly increased the DNA-protein binding (lane 2 compared to lane 3
in Fig. 6B and 6C), indicating more of the bound factors were present in at-RA-treated cells
compared to control cells.

3.6. Vitamin A status affects the binding of nuclear proteins to the intact CYP26A1
chromatin of the liver of adult rats

Previously, we showed that increase in steady state CYP26A1 mRNA levels by at-RA is
mostly, if not entirely, due to increase in the transcription process in the liver of adult rats
(Zolfaghari et al., 2007). In this study, we found that at-RA induced the CYP26A1 promoter
activity similar to the level of endogenous mRNA, again, indicating that induction of
CYP26A1 gene expression by at-RA may, solely, be due to the transcription process. In
order to confirm that the RAR receptors are directly involved in the transcriptional
activation of CYP26A1 gene, a ChIP assay was employed to evaluate the extent of In vivo
binding of the RAR nuclear receptors to the DNA promoter region of CYP26A1 gene. For
this, liver tissue samples of vitamin A-deficient and vitamin A-adequate rats were used for
analysis of RNA by real-time RT-PCR, and also homogenized to release the nuclei, which
were subjected to ChIP assays using different RAR antibodies for immunoprecipitation. The
relative expression of CYP26A1 mRNA level was about 5 times lower (P<0.01) in the liver
samples of vitamin A-deficient rats as compared to vitamin A-adequate animals (Fig. 7A).
For ChIP assays, primer pairs from different regions of the rat promoter of CYP26A1 gene
(Fig. 7B) were designed to measure by real-time PCR the DNA samples immunoprecipitated
by either anti-RARs antibodies relative to those in the original input DNA prior to pull-
down by antibodies. The relative DNA levels were significantly lower (P<0.05) in liver of
vitamin A-deficient than vitamin A-adequate control rats when the primer pairs covering the
proximal and distal regions of the CYP26A1 promoter were used (Fig. 7B). This may
indicate that fewer RAR receptors were bound to those regions in vitamin A-deficient than
in vitamin A adequate rats. Since the CYP26A1 promoter was analyzed in HEK293T human
embryonic kidney cells, in a separate experiment, to further test the tissue specificity of
CYP26A1 inducibility, we studied the effect of vitamin A and at-RA on the mRNA
expression levels in the kidney of adult rats, compared to those in the liver. The gene
expression level of CYP26A1 was low in both kidney and liver, however, upon treatment of
rats with at-RA the expression level was increased by less than 10 times in kidney as
compared to about 200 times in the liver (Fig. 7D).
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3.7. At-RA increases the binding of basic transcription factors in the promoter region of
CYP26A1 gene in intact chromatin

To further investigate whether the binding status of the basic transcriptional components in
the promoter region of the CYP26A1 gene is significantly affected by at-RA, both HepG2
cells and HEK293T cells were incubated with either ethanol as the vehicle control or at-RA
for 1 h and then lysed for ChIP assay using purified anti-acetylated histone H4 and anti-
RNA RNA Pol-II antibodies for immunoprecipitation. Primer pairs from different regions of
the promoter of CYP26A1 gene (Fig. 8A) were designed to measure by real-time PCR the
DNA samples immunoprecipitated by either anti-acetylated histone H4 or anti-RNA Pol-II
antibodies relative to those in the original input DNA prior to pull-down by antibodies.
Whereas at-RA treatment increased significantly (P<0.05) the binding of both acetylated
histone H4 and RNA Pol-II at least in both the proximal and distal regions of the promoter
of CYP26A1 gene in HepG2 cells (Fig. 8B and 8C), it induced significantly (P<0.05) only
the binding of the RNA Pol-II in the DNA proximal region in HEK293T cells (Fig. 8D and
8E). In fact, the binding of the acetylated histone H4 decreased in the distal region in
HEK293T cells (P<0.05).

4. Discussion
CYP26A1, believed to be the major cytochrome P450 that catalyzes the oxidation of at-RA,
belongs to a group of a few genes of which their expression is directly controlled by at-RA,
the pan-agonist ligand for RARα, RARβ, and RARγ. Upon sequence analysis of the 5′
upstream region of CYP26A1 gene we found that there are at least 3 RAREs, present as
DR5 elements, together with a half direct repeat present in the promoter of CYP26A1 gene.
The proximal RARE1 together with RARE2 at the more distal location in the promoter of
mouse gene have been analyzed and shown to be active in response to at-RA in HeLa,
COS-1, F19, and MCF-7 cell lines (Loudig et al., 2000; Loudig et al., 2005), but the RARE3
and the half site were not identified and investigated previously. RARE1, oriented in reverse
direction, is located proximally to the transcription start site whereas RARE2 and RARE3
together with the half site are located in a cluster present in the distal region about 2 kbp
away from the proximal one (Fig. 1). Since the CYP26A1 gene is highly responsive to
vitamin A and RA status in the intact liver but not in other tissues including intestine, lung,
and kidney (Wang et al, 2002; Ray et al., 1997; Xi and Yang, 2008) in vivo, and moreover,
those two RARE (RARE1 and RARE2), alone, are not apparently sufficient to drive
CYP26A1 gene at least in the liver, we initiated this study to analyze all those 3 RAREs
together with the half site in response to at-RA in a cell model of liver and compared the
results to the non-hepatic embryonic cell model. To support our results we also investigated
the status of the RAR binding at the 5′ upstream region of the CYP26A1 gene in intact
chromatin in the liver of adult rats.

HepG2, a well differentiated human hepatoma cell line (Knowles et al., 1980), appears to be
an appropriate model for liver to study the promoter of CYP26A1 gene for 2 reasons. First,
the CYP26A1 gene is active in these cells and highly responsive to at-RA, similar to
CYP26A1 in the intact liver, and second, the FL promoter of CYP26A1 gene containing
both the proximal and distal RAREs including the half site is as active as the endogenously-
expressed gene when the cells are treated with retinoids (Fig. 2 and Fig. 3). The strong
responses to retinoids appear to be specific to certain cell types since HEK293T cells, a
human embryonic kidney cell line, expresses CYP26A1 but the responses to retinoids was
an order of magnitude lower than for HepG2 cells. Similarly, relatively low responses to at-
RA were observed after the transfection of CYP26A1 promoter into HEK293T cells.
Comparatively, the FL promoter responded to at-RA by about 20 to 30 times in HepG2 cells
but not more than 4 to 5 times in HEK293T cells.
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With mutation either by nucleotide elimination or substitution we demonstrated that the 2.2
kbp DNA promoter is essential and sufficient to drive CYP26A1 gene expression in
response to at-RA (Fig. 4). The combination of both proximal and distal RARE regions
including the half site contributed significantly to the promoter activity in response to at-RA
in HepG2 cells, as mutation of any individual RARE including the half site resulted in a
drastic reduction in response of the promoter to at-RA. As a comparison, the proximal
RARE region, but not the distal region, seems to be the most significant factor in the
relatively lower response to at-RA in HEK293T cells. It is important to note that RARE2
present in the distal region appears to be the most significant contributing factor in the
promoter activity of the CYP26A1 gene in response to at-RA in HepG2 cells (Fig. 4C and
4E). Non-RARE regions located between proximal and distal RAREs, which contain several
SP1 and SP3 sites appear to play an important role in the basal promoter activity in
HEK293T cells only, but in response to at-RA in both cell types. These transcriptional
factors have been shown to interact with RARs in driving the expression of several genes in
response to RA (Wolf et al., 2005;Khan et al., 2007;Laliotis et al., 2007;Islam et al.,
2008;Zolfaghari and Ross, 2009).

Among the retinoic acid receptors, RARα and RXRα are expressed at relatively high levels
in the liver of adult rats (Haq et al., 1991; Zolfaghari and Ross, 1995). Whereas RARβ is
expressed at low level and its expression is regulated by vitamin A and RA, RARγ is barely
detectable in the liver (Zolfaghari and Ross, 1995). We showed here that all of the individual
RARs, each in combination with RXRα, were highly active in driving the promoter of
CYP26A1 gene in response to at-RA in HepG2 cells, although RARγ was less inducing as
compared to either RARα or RARβ (Fig. 5). In contrast, RARγ in combination with RXRα
has been reported to be highly active, as compared to the other receptors, in driving the
CYP26A1 promoter in P19 cells, a mouse teratocarcinoma cell line (Loudig et al., 2005).
Very recently, Tay et al (2010) reported that mRNA expression of the CYP26A1 gene as
well as the RARβ gene is highly inducible by specific agonist of RARα but not at all by an
RARβ agonist in HepG2 cells. They concluded that endogenous CYP26A1 expression is
regulated by RARα but not by RARβ. In our study both RARα and RARβ receptors were
equally active on the CYP26A1 promoter in the absence or presence of at-RA, indicating
that when RARβ is present in sufficient quantity it is capable of regulating CYP26A1
expression.

The individual receptors were comparatively less inducing in driving the FL promoter
containing mutations in any individual RAREs including the half site (Fig. 5). Again,
RARE2 was shown to be the most significant element in driving the CYP26A1 promoter in
response to at-RA since mutation in this element resulted in the complete lack of response of
the FL promoter to all the retinoid receptors in response to at-RA. Since all RAR subtypes
individually, when in combination with RXRα, were able to induce the promoter activity of
the CYP26A1 gene in response to at-RA, the limiting factor in tissue expression of
CYP26A1 gene may not be the RAR types but rather other nuclear transcription factors,
since elimination of the non-RARE region of the CYP26A1 promoter resulted in
signification reduction in promoter activity. We have shown that Am580, a specific ligand
for RARα, was less effective than at-RA in both the induction of the endogenous CYP26A1
gene as well as the FL promoter of CYP26A1 gene in HepG2 cells. This suggests that more
than one RAR receptor is involved in driving the expression of the CYP26A1 gene in the
liver. Since in the presence of at-RA both RARα and RARβ together with RXRα are
expressed at significant levels in liver (Kato et al., 1992;Zolfaghari and Ross, 1995), it is
conceivable that they may all cooperate together in the induction of CYP26A1 gene in this
organ.
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Results from our EMSA study indicated that retinoid receptors in the nuclear protein extract
prepared from HepG2 cells did form specific complexes with all of the individual RAREs
present in the CYP26A1 promoter, with RARE2 forming a higher intensity complex than
with other elements (Fig. 6). Formation of tighter complexes may indicate that RARE2 is
contributing more into the overall activity of CYP26A1 promoter in response to at-RA in
liver cells. In fact, we showed that mutation of RARE2 alone in the FL promoter of the
CYP26A1 gene resulted into the complete lack of the promoter response to at-RA. In ChIP
assays, however, more RAR proteins were bound to both the proximal and distal regions of
the CYP26A1 promoter present in the intact chromatin of the liver of control vitamin A-
adequate as compared to vitamin A-deficient animals (Fig. 7C). Although the distal region is
far away from the transcription start site, binding of RNA Pol-II was increased significantly
in both the proximal and distal regions of the promoter of the CYP26A1 gene in intact
chromatin of HepG2 cells treated with at-RA as compared to the control cells (Fig. 8A).
This may indicate that in response to at-RA the distal region is bent over to position the
distal RARE cluster closer to the transcription start site in the vicinity of the proximal
RARE1. Retinoid receptors have been shown to favor the bending in the promoter of several
genes (Yasmin et al., 2004). The results from ChIP experiments are in agreement with those
of the transfection study, which showed that both proximal and distal regions contribute
significantly in the activity of the promoter of the CYP26A1 gene in HepG2 cells in
response to at-RA. On the other hand, the binding of RNA Pol-II was increased in only the
proximal, but not the distal region of the promoter, in HEK293T cells in response to at-RA
(Fig. 8C). Again, these results agree with those from transfection studies, which showed that
the only the proximal region but not the distal may play a significant role in the activity of
the RA inducibility of the promoter in HEK293T cells. This may indicate that the bending
may not occur significantly in HEK293T cells, probably due to the inactivation of chromatin
in the area as indicated by the data on histone4 acetylation by ChIP assay (Fig. 8).

In summary, the results of this study have confirmed the importance of CYP26A1 RARE1
and RARE2 as essential regulatory elements and extended previous work by demonstrating
that, for liver cells, each one of three distinct DR5 elements -- RARE1, RARE2, RARE3 --
and in addition the half site located near RARE2 and RARE3, is required for the high-level
response of CYP26A1 to at-RA that is observed in liver cells. The interaction of both the
proximal and distal regions of the CYP26A1 promoter with RNA Pol-II, detected by the
results of our ChIP assays, suggests that looping of DNA between these promoter regions
might occur in liver cells as part of the rapid and high-level induction of CYP26A1
expression by at-RA. The high-level response of CYP26A1 in liver may be an adaptive
physiological response that serves to lessen the risk of RA toxicity when the concentration
of RA rises. However, the highly inducible nature of CYP26A1 in the liver may also limit
the pharmacological activity of RA when it is used clinically, due to the rapid oxidation of
RA in the liver and the subsequent elimination of polar retinoid metabolites.
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ChIP chromatin immunoprecipitation

EMSA electrophoretic mobility shift assay

RNA Pol-II RNA polymerase II
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RA retinoic acid

RAR retinoic acid receptor

RARE retinoic acid response element

RXR retinoid X receptor

TSS transcription start site

VA vitamin A
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Fig. 1. The RARE regions present in the promoter of CYP26A1 gene are highly conserved
among human, mouse and rat
Sequence data from upstream of the coding region of CYP26A1 genes from human, mouse
and rat were retrieved from NCBI (www.ncbi.nlm.nih.gov) and aligned using ClustalW2
program (www.ebi.ac.uk/Tools/clustalw2/index.html).

Zhang et al. Page 15

Gene. Author manuscript; available in PMC 2011 September 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2. Endogenous mRNA levels as well as the promoter activity of the CYP26A1 gene are
highly regulated by at-RA and Am580 in HepG2 cells
Total RNA samples from HepG2 cells treated with either at-RA or Am580 at different time
points (A) and concentrations (B) were first reverse-transcribed and then analyzed by real
time PCR using specific primers for human CYP26A1 mRNA, and GADPH as a internal
control. HepG2 cells transfected with full-length human promoter of CYP26A1 gene (C)
pGL3-Basic vector were treated with either at-RA or Am580 at different time points (D) and
concentrations (E) and then lysed to measure the luciferase activity as described in the
Methods section.
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Fig. 3. CYP26A1 gene is active but less regulated by at-RA in HEK293T cells
PCR products of the total RNA samples from HepG2 cells (A) and HEK293 cells (B) treated
with at-RA at different concentrations for 6 h were analyzed in ethidium bromide containing
agarose gel by electrophoresis. GADPH was analyzed as an internal control.
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Fig. 4. The full-length promoter of the CYP26A1 gene is sufficient and essential to drive the gene
in both HepG2 cells and HEK293T cells in response to at-RA
Cells transfected with either the full-length promoter construct of CYP26A1 gene (FL) or
with the constructs mutated by polynucleotide elimination or substitutions (A) were treated
with 1 μM at-RA for 24 h and then lysed to measure luciferase activities for HepG2 cells (B
and D) and HEK293T cells (C and E).

Zhang et al. Page 18

Gene. Author manuscript; available in PMC 2011 September 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5. Retinoic acid receptor subtypes all induced the full length promoter of the CYP26A1 gene
in HepG2 cells in response to at-RA
HepG2 cells cotransfected with either wild type or mutated full-length (FL) promoter with
RAR subtypes together with RXRα were treated with at-RA for 24 h and then lysed to
measure luciferase activities.
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Fig. 6. Individual RA response elements form complexes with the proteins in nuclear extract
from HepG2 cells
Nuclear protein extracts from either vehicle or at-RA-treated HepG2 cells were incubated
with [32P]-labeled distal RARE (A) as probe and then run on polyacrylamide gel by
electrophoresis. The gels were dried and then exposed to X-ray film as described in the
Methods section.
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Fig. 7. The bound RARs to the promoter of CYP26A1 gene in intact chromatin were
significantly less in the liver of vitamin A deficient- than that in vitamin A adequate adult rats
Total RNA was isolated from the liver and used to measure the abundance of CYP26A1
mRNA and ribosomal RNA by real-time RT-PCR (A). ChIP assays were performed for
RAR subtypes and real-time PCR was employed to assess the binding in different regions of
the promoter of the rat CYP26A1 gene (B and C). Data are the mean ± SD of n=3 rats/
group, analyzed by Student’s t-test. *P<0.05, **P<0.01. Total RNA was isolated from the
liver and kidney and used to measure the abundance of CYP26A1 mRNA and ribosomal
RNA by real-time RT-PCR (D).
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Fig. 8. At-RA affects the accessibility of transcription factors in the promoter region of
CYP26A1 gene in the intact chromatin
ChIP assay was performed for RNA pol-II and acetylated histone H4. Primer sets were
designed (A) to assess by real time PCR the binding in different regions of the promoter of
CYP26A1 gene in HepG2 cells (B and C) and HEK293T cells (D and E). Data are the mean
± SD of n=4 replicates, analyzed by Student’s t-test. *P<0.05.
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