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The purpose of this study was to clarify the mecha-
nism(s) responsible for the transcriptional regulation
of the human CYP3A5 gene. It was found that a region
from nucleotides —90 to —40 was involved in the tran-
scriptional activity of the CYP3A5 gene by transfec-
tion of a series of 5'-truncated promoter-luciferase
chimeric genes into human hepatoma HepG2 cells. A
gel shift assay using nuclear extracts prepared from
HepG2 cells showed that nuclear factor-Y (NF-Y) and
specificity protein (Sp) 1 and Sp3 bound to CCAAT box
(—=78/-68) and a basic transcription element (BTE)
(—67/—-46) in the CYP3A5 gene. Furthermore, introduc-
tion of mutations in the CCAAT box, the BTE, or both
elements decreased the transcriptional activity to 10,
21, or 4% of that seen with the intact gene. Thus, we
conclude that the transcription of the CYP3A5 gene is
cooperatively regulated by NF-Y, Spl, and Sp3 in
HepG2 cells. © 2001 Academic Press

Key Words: cis-acting element; CCAAT box; BTE;
transcriptional initiation site; luciferase assay; gel
shift assay; cap site hunting method.

Cytochrome P450 (CYP) is a heme-containing en-
zyme that catalyzes the oxidation of a wide variety of
endogenous and exogenous compounds, including
drugs, carcinogens, and other xenobiotic chemicals (1).
CYP3A is the most abundant CYP expressed in the
human liver and is responsible for the metabolism of
more than 50% of clinically used drugs, such as dihy-
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ethleneglycol bis(2-aminoethyl ether) tetraacetic acid; ER6, everted
repeat 6; Hepes, N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic
acid; HNF-3, hepatocyte nuclear factor-3; NF-1, nuclear factor-1;
NF-Y, nuclear factor-Y; Sp, specificity protein; TBE, Tris borate/
EDTA.
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dropyridines, cyclosporine, erythtomycin and barbitu-
rates (2). This family of CYP is also involved in the
bioactivation of carcinogens including aflatoxin B1 (3).

The human CYP3A subfamily consists of at least
four members: CYP3A4 (4, 5), CYP3AS5 (6, 7), CYP3AY
(8, 9), and CYP3A43 (10, 11). CYP3A4 is expressed in
human adult liver (5) and intestine (12). CYP3A7 is a
CYP3A isoform detected in human fetal liver (8, 9) and
kidney (13). CYP3A43 is a new member of CYP3A
isoform highly expressed in human prostate (11). In
comparison with other CYP3A, CYP3A5 is expressed in
various tissues such as human adult liver, kidney, lung
and peripheral blood (6, 7, 14, 15). Therefore, the ex-
pression mechanism of the CYP3A5 gene appears to be
different from that of other CYP3A genes. However,
the molecular mechanism controlling the constitutive
expression of the CYP3A5 gene has been poorly under-
stood. The 5'-flanking region of the CYP3A5 gene was
isolated and sequenced by Jounaidi et al. (16). Subse-
quent study by Jounaidi et al. (16) demonstrated that
the CYP3A5 promoter did not show any transcriptional
activity in human hepatoma HepG2 cells, although
CYP3A5 mRNA was constitutively expressed in
HepG2 cells (17). However, a recent study on the se-
quencing of the entire human CYP3A locus revealed
that the 5'-flanking region of the CYP3A5 gene isolated
by Jounaidi et al. was that of the CYP3A5 pseudo gene
(11).

In the present study, we isolated and characterized
the proximal promoter of the CYP3A5 gene. We found
that the expression of CYP3A5 gene was cooperatively
regulated through the CCAAT box and the BTE in
HepG2 cells, and that NF-Y, Sp1 and Sp3 were respon-
sible for the cooperative regulation.

MATERIALS AND METHODS

Cell culture. Human hepatoma HepG2 cells were purchased from
RIKEN (Tsukuba, Japan). HepG2 cells were maintained in Dulbec-
co's modified Eagle medium (Nissui Pharmacy, Tokyo, Japan) sup-
plemented with 10% fetal bovine serum (BioWhittaker, Walkersville,
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AAATACATCATGAATGCTTTAATACAGGAATGAATAGATGAGAGGCACA
AACTGGTTGGGTGTTCTTCTGATACACAGTATCTTCCTTGACAGATTCA
GTACAACTCTCAACAGGTAAGTCTCTTCATGTTATGTTACCTTATGAGG
AATTAAGTGGCAGAACATGATTTCTATTATTTTCCTTTGCAGAACAAGA
CCAACTTTATTAGTTGGGACACAGTGTGGCTGCATTTGAGTCCCAAGCA
ACCATTAGTCTATTGCTATCACCACAGAGTCAGAGGGGATGAGACGCCC
AGCAATCTCACCCARGACAACTCCACCAACATTCCTGGTTACCCACCAT
GTGTACAGTACCCTGCTAGGAACCAGGGTCATGAAAGTAAATAATACCA
GACTGTGCCCTTGAGGAGCTCACCTCTGCTAAGGGAAACAGGCATAGAA
ACTTACAATGGTGGTAGAGAGAAAAGAGGACAATAGGACTGTGTGAGGG
GGATAGGAGGCACCCAGAGGAGGAAATGGTTACATTTGTGTGAGGAGGT
TGGTAAGGAAAAATTTTAGCAGAAGGGGTCTGTCTGGCTGGGCTTGGAA
GGATACGTAGGAGTCATCTAGAGGGCACAGGTACACTCCAGGCAGAGGG
AATTTCGTGGGTAAAGATGTGTAGGTGTGGCTTGTGAGGATGGATTTCA
ATTATTCTAGAATGAAGGCAGCCATGGAGGGGCAGGTGAGAGGAGGGTT
AATAGATTTCATGCCAATGGCTCCACTTGAGTTTCTGATAAGAACCCAG
AACCCTTGGACTCCCCGATAACACTGATTAAGCTTTTCATGATTCCTCA
TAGAACATGAACTCAAAAGAGGTCAGCAAAGGGGTGTGTGCGATTCTTT
ER6

GCTATTGGCTGCAGCTATAGCCCTGCCTCCTTCTCCAGCACATAAATCT
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+69 CAC

FIG. 1.

BTE

TATA-box
+1

TTCAGCAGCTTGGCTGAAGACTGCTGTGCAGGGCAGGGAAGCTCCAGGC
AAACAGCCCAGCAAACAGCAGCACTCAGCTAAAAGGAAGACTCACAGAA

Nucleotide sequence from —960 to +71 of the CYP3A5 gene. Arrows indicate the transcriptional initiation site of the CYP3A5

gene determined by the cap site hunting method. Underlines indicate ER6, CCAAT box, BTE, and TATA-box.

MD), nonessential amino acids (ICN, Aurora, OH) and 1 mM sodium
pyruvate (Gibco BRL, Rockville, MD) in 5% CO, at 37°C.

Cloning of the 5'-flanking region of CYP3A5 gene. The 5'-flanking
region of the CYP3A5 gene was isolated by GenomeWalker Kits
(Clontech, Palo Alto, CA) following the protocol of the manufacturer.
The human genomic DNA was purchased from Clontech. The prim-
ers used were as follows: 3A5GSP1, 5'-GCCAAATTTGGGATGAG-
GTCCATCGCC-3'; 3A5GSP2, 5'-GTGTTCTGTGAGTCTTCCTTT-
TAGCTGAG-3'. The PCR product was subcloned into the EcoRV site
of the pBluescriptll KS vector (pBS-3A5) and sequenced by an Ap-
plied Biosystems Model 377A (Applied Biosystems, Foster City, CA).

Determination of transcriptional initiation site. The transcrip-
tional initiation site in the CYP3A5 gene was determined by using
Cap site cDNA dT/human liver kits (Nippon Gene, Tokyo, Japan)
following the method of the manufacturer. The first PCR was carried
out with a primer specific for the CYP3A5 gene, 5'-TTTAG-
GAACTTCTTAGTGCTC-3’, and a primer corresponding to a se-
quence of an oligo-DNA ligated to the 5’-end of cDNAs, 5'-
GATGCTAGCTGCGAGTCAAGTC-3'. The PCR product thus ob-
tained was then used as a template for the second PCR with a nested
primer specific for the CYP3A5 gene, 5'-GGAGTTGACCTTCATACG-
TTC-3' and a nested primer corresponding to an oligo-DNA sequence
ligated to the 5’-end of cDNAs, 5'-CGAGTCAAGTCGACGAGTGC-
3’. The PCR product was inserted into a pGEM-T easy vector (Pro-
mega, Madison, WI) and sequenced with an Applied Biosystems
Model 377A (Applied Biosystems, Foster City, CA).

Construction of reporter plasmids. The 5'-flanking regions of the
CYP3AS5 gene from —960 to +71, from —710 to +71, from —460 to
+71, from —340 to +71, from —200 to +71, from —90 to +71 and
from —40 to +71 relative to the transcriptional initiation site were
obtained by PCR with respective sense primers 3A5-Bglll-S, 3A5-
710 Bglll, 3A5-460 Bglll, 3A5-340 Bglll, 3A5-200 Bglll, 3A5-90
Bglll and 3A5-40 Bglll, and an antisense primer 3A5-BgllI-AS, and
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pBS-3A5 as a template. The oligonucleotide primers used for
the synthesis of DNA fragments were as follows: 3A5-Bglll-S,
5'-CCGGAGATCTAAAATACATCATGAATGC-3'; 3A5-710 Bglll,
5’-AAGCAGATCTTAGTCTATTGCTATCACC-3'; 3A5-460 Bglll,
5'-GATAAGATCTACCCAGAGGAGGAAATGG-3'; 3A5-340 Bglll,
5'-ACAGAGATCTTCCAGGCAGAGGG-3'; 3A5-200 Bglll, 5'-TGG-
CAGATCTTGAGTTTCTGAATAAGAAC-3'; 3A5-90 Bglll, 5'-GCA-
AAGATCTGTGTGCGATTCTTTGC-3'; 3A5-40 Bglll, 5'-TTCTAG-
ATCTCATAAATCTTTCAGCAGC-3’; 3A5-BgllI-AS, 5'-TAAGAGAT-
CTGTGTTCTGTGAGTCTTCC-3'. The respective DNA fragments
thus synthesized were digested with Bglll and then inserted into the
Bglll site of a luciferase reporter plasmid, Basic Vector 2 (Toyoinki,
Tokyo, Japan), to construct reporter plasmids p3A5/-960, p3A5/-710,
p3A5/-460, p3A5/-340, p3A5/-200, p3A5/-90 and p3A5/-40.
Mutations in the CCAAT box, the BTE and both of the elements in
p3A5/-960 were generated by a PCR-based site-directed mutagenesis
(18) using sense primers 3A5CCAAT-S, 3A5BTE-S and 3A5C/B-S,
and antisense primers 3A5CCAAT-AS, 3A5BTE-AS and 3A5C/B-AS
to obtain reporter plasmids, p3AS5CCAATmutant, p3A5BTEmutant
and p3A5C/Bmutant, respectively. The oligonucleotide primers used
for site-directed mutagenesis were as follows: 3A5CCAAT-S, 5'-
GCGATTCTTTGCTATGAGCTGCAGCTA-3'; 3A5BTE-S, 5'-CTA-
TAGCGAGGCCTCCTTCT-3’; 3A5C/B-S, 5'-GCGATTCTTTGCTA-
TGAGCTGCAGCTATAGCGAGGCCTCCTTCT-3'; 3A5CCAAT-AS,
5-TAGCTGCAGCTCATAGCAAAGAATCGC-3'; 3A5BTE-AS, 5'-
AGAAGGAGGCCTCGCTATAG,; 3A5C/B-AS, 5'-AGAAGGAGGC-
CTCGCTATAGCTGCAGCTCATAGCAAAGAATCGC-3'.

Transient transfection and dual-luciferase assay. HepG2 cells
(2 x 10° cells) were plated onto 60-mm dishes, and the cells were
then transfected with a reporter plasmid (5 pg) and the pRL-SV40
(0.1 ng) (Promega, Madison, WI) as an internal control by using the
methods of calcium phosphate coprecipitation (19). Four hours after
the DNA transfection, cells were treated with 20% glycerol for 1.5
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FIG. 2. Transcriptional activity of the 5'-flanking region of the CYP3A5 gene. The methods to construct the deletion mutants are
described under Materials and Methods. HepG2 cells (2 x 10° cells) were transiently transfected with a reporter plasmid (1 ng) by the
calcium phosphate coprecipitation method. Cells were harvested 36 h after the DNA transfection, and luciferase activity was measured. The
numbers given to deletion mutants indicate the 5'-ends of the 5'-flanking sequence of the CYP3A5 gene counted negatively from the
transcriptional initiation site. The values represent the mean = SD of at least three independent experiments. The mean value obtained with

p3A5/-960 was defined as 100%.

min. After 36 h, the cells were washed with phosphate-buffered
saline, followed by a dual-luciferase assay according to the manufac-
turer’s instructions (Promega, Madison, WI1).

Gel shiftassay. Nuclear extracts were prepared from HepG2 cells
according to the method of Dignam et al. (20). The gel shift assay was
performed with double-stranded synthetic oligonucleotides labeled
with [y-**P]JATP (Amersham Pharmacia Biotech, Uppsala, Sweden)
and T4 polynucleotide kinase (Takara, Tokyo, Japan). The binding
reaction was carried out with a reaction mixture (10 ul) containing
25 mM Hepes (pH 7.9), 4% Ficoll, 40 mM KCI, 0.5 mM dithiothreitol,
0.1 mM EGTA, 1 mM MgCl,, 5% glycerol, poly(dl-dC) (0.5 ng),
nuclear extracts (10 pg) and a *P-labeled probe DNA (5 fmol). The
mixture was incubated at 24°C for 30 min. The DNA-protein com-
plexes formed in the mixture were resolved on a 4% non-denaturing
polyacrylamide gel in 0.5X TBE at 100 V at room temperature, and
visualized by autoradiography. Antibodies to Spl and Sp3 were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-
bodies to NF-YA and NF-YB were kindly provided by Dr. Roberto
Mantovani (Universita di Milano, Milan, Italy). Antibodies to NF-YC
were a kind gift from Dr. Hiroyoshi Ariga and Dr. Takahiro Taira
(Hokkaido University, Sapporo, Japan). The super-shift assay was
performed using these antibodies according to the method described
below. After the incubation of probe DNAs with nuclear extracts,
antibodies were added to the reaction mixture and incubated at
24°C for 1 h. The products were then analyzed by a gel shift
assay. Oligonucleotides used as probes were as follows: 3A5CAT,
5'-GCGATTCTTTGCTATTGGCTGCAGCTA-3'; 3A5BTE, 5'-CTAT-
AGCCCTGCCTCCTTCT-3’; BA5CATmut., 5'-GCGATTCTTTGCTA-
TGAGCTGCAGCTA-3'; 3A5BTEmut., 5'-CTATAGCGAGGCCTC-
CTTCT-3'; HNF-3, 5'-TCTGATTATTGACTTAGTCAAG-3’; NF-Y,
5-AAATATTTTTCTGATTGGCCAAAGAGTAAT-3'; NF1, 5'-TAT-
TTTGGATTGAAGCCAATATGATA-3'; C/IEBP, 5'-TGCAGATTGCG-
CAATCTGCA-3’; Spl, 5'-ATTCGATCGGGGCGGGGCGAGC-3'.

RESULTS AND DISCUSSION

The 5'-flanking region from —960 to +71 of the
CYP3A5 gene was isolated by a genomic walking
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method. The nucleotide sequence of the clone was
100% identical to that of the CYP3A5 gene reported
previously (11). The transcriptional initiation site lo-
cated at +31 bp downstream of the TATA-box was
determined by a cap site hunting method using mRNA
prepared from human adult livers (Fig. 1).

To examine whether or not a possible element(s)
responsible for the transcriptional regulation of the
CYP3A5 gene existed in the region from nucleotides
—960 to +71 of the CYP3A5 gene, human hepatoma
HepG2 cells were transiently transfected with a p3A5/-
960 plasmid carrying a region from —960 to +71 of the
CYP3AG5 gene (Fig. 2). Luciferase activity seen with the
p3A5/-960 was 25-fold higher than that seen with a
control plasmid (Fig. 2), indicating that a possible cis-
acting element(s) may be present in the region from
—960 to +71 of the CYP3AS5 gene. To further identify a
region responsible for the transcriptional regulation of
the CYP3A5 gene, the 5'-flanking sequence of the
CYP3A5 gene was successively deleted. The deletion
from —90 to —40 resulted in the decrease of the lucif-
erase activity to 11% of that seen with p3A5/-960,
suggesting that a positive regulatory element(s) ex-
isted in the region from —90 to —40 of the CYP3A5
gene.

We found that the region from —90 to —40 of the
CYP3AS5 gene contained the inverted CCAAT box and
the BTE (Fig. 1). To identify a nuclear factor(s) binding
to the CCAAT box and the BTE of the CYP3A5 gene, a
gel shift assay was performed by using nuclear extracts
prepared from HepG2 cells. A shifted band A (complex
A) appeared with the CCAAT box of the CYP3A5 gene
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FIG. 3. Nuclear factors binding to the CCAAT box and BTE of
the CYP3AS5 gene. (A) The alignment of the CCAAT box and the BTE
of the CYP3A5 gene. The sequence of the CCAAT box in the CYP3A5
gene contains 12-base-pair domain KCYSAATTGGYGG, which is a
consensus binding motif for NF-Y (from TFSEARCH). The sequence
of the BTE in the CYP3A5 gene is aligned with 10-base-pair domain
WCCCYGCCYC, which is a consensus binding motif for Sp1 (from
TFSEARCH). Mutations in CCAAT box and BTE are underlined. (B)
Identification of a factor(s) binding to CCAAT or BTE. *P-labeled
CCAAT and BTE were incubated with nuclear extracts (10 ng)
prepared from HepG2 cells in the presence or absence of various
competitors. The DNA complexes are shown by arrows. N.S., non-
specific band.

as a probe (defined this probe as CCAAT) (Fig. 3).
Complex A disappeared by the addition of the 100-
molar excess amount of the CCAAT, while the forma-
tion of complex A was not affected by the addition of
the 100-molar excess amount of CCAATmut, which
had two mutations within the CCAAT core sequence.
This indicates that the CCAAT box is required for the
formation of complex A. The CCAAT box is known to be
recognized by several transcription factors such as
NF-Y, NF-1 and C/EBP (21-23). Therefore, the NF-Y,
NF-1, C/EBP or HNF-3 consensus site was added to a
reaction mixture as a competitor. The results showed
that only the NF-Y consensus site inhibited the forma-
tion of complex A, suggesting that NF-Y or a related
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factor(s) is bound to the CCAAT box of the CYP3A5
gene.

Using the BTE of the CYP3A5 gene as a probe (this
probe defined as BTE), three shifted bands B, C and D
were detectable (Fig. 3). In previous studies, we clari-
fied that the BTE of the CYP3A4 or CYP3A7 gene was
recognized by Sp family members (unpublished data).
Accordingly, we hypothesized that the BTE of the
CYP3A5 gene might also be recognized by the Sp fam-
ily members. Therefore, the Spl consensus site was
added as a competitor. As was expected, three shifted
bands, B, C, and D, formed in the presence of the BTE
of the CYP3A5 gene disappeared by the addition of the
Sp1l consensus sequence. On the other hand, the BTE-
mut, possessing three mutations within the putative
Spl recognition site in the BTE, did not abolish the
formation of the complexes, B, C, and D. The NF-Y
consensus site did not eliminate the formation of the
complexes, B, C, and D, indicating that members of the
Sp family interact with the BTE of the CYP3A5 gene.

To confirm the possibility of whether the nuclear
factors bound to the CCAAT box or the BTE of the
CYP3A5 gene were NF-Y or members of the Sp family,
a super-shift assay was performed by using antibodies
raised against the three subunits of NF-Y complex,
NF-YA, NF-YB and NF-YC, and the two isoforms of the
Sp family, Spl and Sp3 (Fig. 4). The shifted band A
that appeared with the CCAAT was supershifted by
the addition of each antibody to NF-YA, NF-YB or
NF-YC (Fig. 4), suggesting that the nuclear factor
bound to the CCAAT box of the CYP3A5 gene was

CCAAT

Probe

Probe BTE

FIG. 4. A super shift assay using antibodies specific to the three
subunits of NF-Y complex, Spl, and Sp3. To identify a factor(s)
binding to CCAAT or BTE, **P-labeled CCAAT or BTE was incubated
with nuclear extracts (10 ng) from HepG2 cells in the presence or
absence of various antibodies. The DNA-protein complexes are
shown by arrows. Bracket indicates the supershifted band. N.S.,
nonspecific band.
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FIG. 5. Effects of mutations in CCAAT and BTE on the transcriptional activity of the CYP3A5 promoter. The methods to construct the
mutant plasmids are described under Materials and Methods. HepG2 cells (2 X 10° cells) were transiently transfected with respective
reporter plasmid (1 ng) by the calcium phosphate coprecipitation method. The values represent the mean = SD of at least three independent
experiments. The mean value obtained with p3A5/-960 was defined as 100%.

NF-Y complex. When BTE was used as a probe, the
addition of antibodies to Spl or Sp3 resulted in the
super-shift of the complex B or the complexes C and D
(Fig. 4), demonstrating that Spl and Sp3 interacted
with the BTE of the CYP3A5 gene in HepG2 cells.

Finally, to further confirm that the CCAAT box and
BTE played important roles for the transcriptional ac-
tivity of the CYP3A5 gene, mutations shown in Fig. 3
were introduced into the CCAAT box, the BTE or both
elements of the 5’-flanking region of CYP3A5 gene in
the p3A5/-960 reporter plasmid (Fig. 5). The respective
plasmids p3A5CCAATmut, p3A5BTEmut. and p3A5C/
Bmut were then transfected into HepG2 cells. The
introduction of mutations in the CCAAT box or the
BTE caused 90 or 79% decrease in the transcriptional
activity of the CYP3A5 gene relative to that of the
intact CYP3A5 gene. Moreover, introduction of muta-
tions in both the CCAAT box and the BTE further
lowered the transcriptional activity by 96% compared
to that seen with the intact CYP3A5 gene. The results
suggest that the transcription of the CYP3A5 gene in
HepG2 cells is cooperatively regulated through the
CCAAT box and the BTE.

Thus, we conclude that the expression of the
CYP3A5 gene in HepG2 cells is cooperatively regulated
by the CCAAT box and the BTE present in the proxi-
mal promoter, and that NF-Y and the Sp family mem-
bers are involved in this cooperative regulation.

In the present study, we also isolated the 5'-flanking
region of the CYP3A5 pseudo gene. The nucleotide
sequence of the 5’-flanking region of the CYP3A5
pseudo gene cloned by us was identical to that reported
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by Gellner et al. (11). In accordance with the previous
study by Shuetz et al. (17), the transcriptional activity
of the 5'-flanking region of the CYP3A5 pseudo gene
was not observed in HepG2 cells (data not shown).
Comparing the sequences of the CCAAT box and the
BTE of the CYP3A5 gene with those of the correspond-
ing region of the CYP3A5 pseudo genes, mutations
were found in both the CCAAT box and the BTE of the
CYP3AS5 pseudo genes. Thus, it may be possible that
the binding affinity of the CCAAT box and the BTE of
the CYP3A5 pseudo genes for NF-Y, Sp family mem-
bers or both factors is lower than that of CYP3A5 gene,
resulting in the low transcriptional activity of CYP3A5
pseudo genes.

It has been reported that transcription of several
genes, such as the major histocompatibility complex
class ll-associated invariant chain (li) and the thymi-
dine kinase genes (24, 25), is cooperatively regulated
by NF-Y and the Sp family members. A recent study
has demonstrated that the direct protein—protein in-
teraction between the NF-YA subunit and Spl is re-
sponsible for the cooperativity (24). Thus, the same
mechanism may be involved in the transcriptional reg-
ulation of the CYP3A5 gene.

As mentioned in the introduction, CYP3A5 is ex-
pressed in various tissues. The expression of CYP3A5
in various tissues may be accounted for by the follow-
ing facts: (1) Both of the NF-Y and the Sp family
members are ubiquitous transcriptional factors and (2)
The NF-Y consensus site exists only in the CYP3A5
promoter.
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