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The purpose of this study was to clarify the mecha-
ism(s) responsible for the transcriptional regulation
f the human CYP3A5 gene. It was found that a region
rom nucleotides 290 to 240 was involved in the tran-
criptional activity of the CYP3A5 gene by transfec-
ion of a series of 5*-truncated promoter–luciferase
himeric genes into human hepatoma HepG2 cells. A
el shift assay using nuclear extracts prepared from
epG2 cells showed that nuclear factor-Y (NF-Y) and

pecificity protein (Sp) 1 and Sp3 bound to CCAAT box
278/268) and a basic transcription element (BTE)
267/246) in the CYP3A5 gene. Furthermore, introduc-
ion of mutations in the CCAAT box, the BTE, or both
lements decreased the transcriptional activity to 10,
1, or 4% of that seen with the intact gene. Thus, we
onclude that the transcription of the CYP3A5 gene is
ooperatively regulated by NF-Y, Sp1, and Sp3 in
epG2 cells. © 2001 Academic Press

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

Cytochrome P450 (CYP) is a heme-containing en-
yme that catalyzes the oxidation of a wide variety of
ndogenous and exogenous compounds, including
rugs, carcinogens, and other xenobiotic chemicals (1).
YP3A is the most abundant CYP expressed in the
uman liver and is responsible for the metabolism of
ore than 50% of clinically used drugs, such as dihy-

Abbreviations used: BTE, basic transcription element; C/EBP,
CAAT/enhancer-binding protein; CYP, cytochrome P450; EGTA,
thleneglycol bis(2-aminoethyl ether) tetraacetic acid; ER6, everted
epeat 6; Hepes, N-2-hydroxyethylpiperazine-N9-2-ethanesulfonic
cid; HNF-3, hepatocyte nuclear factor-3; NF-1, nuclear factor-1;
F-Y, nuclear factor-Y; Sp, specificity protein; TBE, Tris borate/
DTA.

1 To whom correspondence should be addressed at Laboratory of
rug Metabolism, Graduate School of Pharmaceutical Sciences,
okkaido University, N12W6, Kita-ku, Sapporo, Hokkaido 060-
812, Japan. Fax: 181-11-706-4978. E-mail: kamataki@pharm.
okudai.ac.jp.
55
ates (2). This family of CYP is also involved in the
ioactivation of carcinogens including aflatoxin B1 (3).
The human CYP3A subfamily consists of at least

our members: CYP3A4 (4, 5), CYP3A5 (6, 7), CYP3A7
8, 9), and CYP3A43 (10, 11). CYP3A4 is expressed in
uman adult liver (5) and intestine (12). CYP3A7 is a
YP3A isoform detected in human fetal liver (8, 9) and
idney (13). CYP3A43 is a new member of CYP3A
soform highly expressed in human prostate (11). In
omparison with other CYP3A, CYP3A5 is expressed in
arious tissues such as human adult liver, kidney, lung
nd peripheral blood (6, 7, 14, 15). Therefore, the ex-
ression mechanism of the CYP3A5 gene appears to be
ifferent from that of other CYP3A genes. However,
he molecular mechanism controlling the constitutive
xpression of the CYP3A5 gene has been poorly under-
tood. The 59-flanking region of the CYP3A5 gene was
solated and sequenced by Jounaidi et al. (16). Subse-
uent study by Jounaidi et al. (16) demonstrated that
he CYP3A5 promoter did not show any transcriptional
ctivity in human hepatoma HepG2 cells, although
YP3A5 mRNA was constitutively expressed in
epG2 cells (17). However, a recent study on the se-
uencing of the entire human CYP3A locus revealed
hat the 59-flanking region of the CYP3A5 gene isolated
y Jounaidi et al. was that of the CYP3A5 pseudo gene
11).

In the present study, we isolated and characterized
he proximal promoter of the CYP3A5 gene. We found
hat the expression of CYP3A5 gene was cooperatively
egulated through the CCAAT box and the BTE in
epG2 cells, and that NF-Y, Sp1 and Sp3 were respon-

ible for the cooperative regulation.

ATERIALS AND METHODS

Cell culture. Human hepatoma HepG2 cells were purchased from
IKEN (Tsukuba, Japan). HepG2 cells were maintained in Dulbec-
o’s modified Eagle medium (Nissui Pharmacy, Tokyo, Japan) sup-
lemented with 10% fetal bovine serum (BioWhittaker, Walkersville,
0006-291X/01 $35.00
Copyright © 2001 by Academic Press
All rights of reproduction in any form reserved.
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D), nonessential amino acids (ICN, Aurora, OH) and 1 mM sodium
yruvate (Gibco BRL, Rockville, MD) in 5% CO2 at 37°C.

Cloning of the 59-flanking region of CYP3A5 gene. The 59-flanking
egion of the CYP3A5 gene was isolated by GenomeWalker kits
Clontech, Palo Alto, CA) following the protocol of the manufacturer.
he human genomic DNA was purchased from Clontech. The prim-
rs used were as follows: 3A5GSP1, 59-GCCAAATTTGGGATGAG-
TCCATCGCC-39; 3A5GSP2, 59-GTGTTCTGTGAGTCTTCCTTT-
AGCTGAG-39. The PCR product was subcloned into the EcoRV site
f the pBluescriptII KS vector (pBS-3A5) and sequenced by an Ap-
lied Biosystems Model 377A (Applied Biosystems, Foster City, CA).

Determination of transcriptional initiation site. The transcrip-
ional initiation site in the CYP3A5 gene was determined by using
ap site cDNA dT/human liver kits (Nippon Gene, Tokyo, Japan)

ollowing the method of the manufacturer. The first PCR was carried
ut with a primer specific for the CYP3A5 gene, 59-TTTAG-
AACTTCTTAGTGCTC-39, and a primer corresponding to a se-
uence of an oligo-DNA ligated to the 59-end of cDNAs, 59-
ATGCTAGCTGCGAGTCAAGTC-39. The PCR product thus ob-

ained was then used as a template for the second PCR with a nested
rimer specific for the CYP3A5 gene, 59-GGAGTTGACCTTCATACG-
TC-39 and a nested primer corresponding to an oligo-DNA sequence

igated to the 59-end of cDNAs, 59-CGAGTCAAGTCGACGAGTGC-
9. The PCR product was inserted into a pGEM-T easy vector (Pro-
ega, Madison, WI) and sequenced with an Applied Biosystems
odel 377A (Applied Biosystems, Foster City, CA).

Construction of reporter plasmids. The 59-flanking regions of the
YP3A5 gene from 2960 to 171, from 2710 to 171, from 2460 to
71, from 2340 to 171, from 2200 to 171, from 290 to 171 and

rom 240 to 171 relative to the transcriptional initiation site were
btained by PCR with respective sense primers 3A5-BglII-S, 3A5-
10 BglII, 3A5-460 BglII, 3A5-340 BglII, 3A5-200 BglII, 3A5-90
glII and 3A5-40 BglII, and an antisense primer 3A5-BglII-AS, and

FIG. 1. Nucleotide sequence from 2960 to 171 of the CYP3A5 g
ene determined by the cap site hunting method. Underlines indica
56
BS-3A5 as a template. The oligonucleotide primers used for
he synthesis of DNA fragments were as follows: 3A5-BglII-S,
9-CCGGAGATCTAAAATACATCATGAATGC-39; 3A5-710 BglII,
9-AAGCAGATCTTAGTCTATTGCTATCACC-39; 3A5-460 BglII,
9-GATAAGATCTACCCAGAGGAGGAAATGG-39; 3A5-340 BglII,
9-ACAGAGATCTTCCAGGCAGAGGG-39; 3A5-200 BglII, 59-TGG-
AGATCTTGAGTTTCTGAATAAGAAC-39; 3A5-90 BglII, 59-GCA-
AGATCTGTGTGCGATTCTTTGC-39; 3A5-40 BglII, 59-TTCTAG-
TCTCATAAATCTTTCAGCAGC-39; 3A5-BglII-AS, 59-TAAGAGAT-
TGTGTTCTGTGAGTCTTCC-39. The respective DNA fragments

hus synthesized were digested with BglII and then inserted into the
glII site of a luciferase reporter plasmid, Basic Vector 2 (Toyoinki,
okyo, Japan), to construct reporter plasmids p3A5/-960, p3A5/-710,
3A5/-460, p3A5/-340, p3A5/-200, p3A5/-90 and p3A5/-40.
Mutations in the CCAAT box, the BTE and both of the elements in

3A5/-960 were generated by a PCR-based site-directed mutagenesis
18) using sense primers 3A5CCAAT-S, 3A5BTE-S and 3A5C/B-S,
nd antisense primers 3A5CCAAT-AS, 3A5BTE-AS and 3A5C/B-AS
o obtain reporter plasmids, p3A5CCAATmutant, p3A5BTEmutant
nd p3A5C/Bmutant, respectively. The oligonucleotide primers used
or site-directed mutagenesis were as follows: 3A5CCAAT-S, 59-
CGATTCTTTGCTATGAGCTGCAGCTA-39; 3A5BTE-S, 59-CTA-
AGCGAGGCCTCCTTCT-39; 3A5C/B-S, 59-GCGATTCTTTGCTA-
GAGCTGCAGCTATAGCGAGGCCTCCTTCT-39; 3A5CCAAT-AS,
9-TAGCTGCAGCTCATAGCAAAGAATCGC-39; 3A5BTE-AS, 59-
GAAGGAGGCCTCGCTATAG; 3A5C/B-AS, 59-AGAAGGAGGC-
TCGCTATAGCTGCAGCTCATAGCAAAGAATCGC-39.

Transient transfection and dual-luciferase assay. HepG2 cells
2 3 106 cells) were plated onto 60-mm dishes, and the cells were
hen transfected with a reporter plasmid (5 mg) and the pRL-SV40
0.1 mg) (Promega, Madison, WI) as an internal control by using the

ethods of calcium phosphate coprecipitation (19). Four hours after
he DNA transfection, cells were treated with 20% glycerol for 1.5

. Arrows indicate the transcriptional initiation site of the CYP3A5
R6, CCAAT box, BTE, and TATA-box.
ene
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in. After 36 h, the cells were washed with phosphate-buffered
aline, followed by a dual-luciferase assay according to the manufac-
urer’s instructions (Promega, Madison, WI).

Gel shift assay. Nuclear extracts were prepared from HepG2 cells
ccording to the method of Dignam et al. (20). The gel shift assay was
erformed with double-stranded synthetic oligonucleotides labeled
ith [g-32P]ATP (Amersham Pharmacia Biotech, Uppsala, Sweden)
nd T4 polynucleotide kinase (Takara, Tokyo, Japan). The binding
eaction was carried out with a reaction mixture (10 ml) containing
5 mM Hepes (pH 7.9), 4% Ficoll, 40 mM KCl, 0.5 mM dithiothreitol,
.1 mM EGTA, 1 mM MgCl2, 5% glycerol, poly(dI–dC) (0.5 mg),
uclear extracts (10 mg) and a 32P-labeled probe DNA (5 fmol). The
ixture was incubated at 24°C for 30 min. The DNA-protein com-

lexes formed in the mixture were resolved on a 4% non-denaturing
olyacrylamide gel in 0.53 TBE at 100 V at room temperature, and
isualized by autoradiography. Antibodies to Sp1 and Sp3 were
urchased from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-
odies to NF-YA and NF-YB were kindly provided by Dr. Roberto
antovani (Universita di Milano, Milan, Italy). Antibodies to NF-YC
ere a kind gift from Dr. Hiroyoshi Ariga and Dr. Takahiro Taira

Hokkaido University, Sapporo, Japan). The super-shift assay was
erformed using these antibodies according to the method described
elow. After the incubation of probe DNAs with nuclear extracts,
ntibodies were added to the reaction mixture and incubated at
4°C for 1 h. The products were then analyzed by a gel shift
ssay. Oligonucleotides used as probes were as follows: 3A5CAT,
9-GCGATTCTTTGCTATTGGCTGCAGCTA-39; 3A5BTE, 59-CTAT-
GCCCTGCCTCCTTCT-39; 3A5CATmut., 59-GCGATTCTTTGCTA-
GAGCTGCAGCTA-39; 3A5BTEmut., 59-CTATAGCGAGGCCTC-
TTCT-39; HNF-3, 59-TCTGATTATTGACTTAGTCAAG-39; NF-Y,
9-AAATATTTTTCTGATTGGCCAAAGAGTAAT-39; NF1, 59-TAT-
TTGGATTGAAGCCAATATGATA-39; C/EBP, 59-TGCAGATTGCG-
AATCTGCA-39; Sp1, 59-ATTCGATCGGGGCGGGGCGAGC-39.

ESULTS AND DISCUSSION

The 59-flanking region from 2960 to 171 of the
YP3A5 gene was isolated by a genomic walking

FIG. 2. Transcriptional activity of the 59-flanking region of th
escribed under Materials and Methods. HepG2 cells (2 3 106 cell
alcium phosphate coprecipitation method. Cells were harvested 36 h
umbers given to deletion mutants indicate the 59-ends of the 59-
ranscriptional initiation site. The values represent the mean 6 SD of
3A5/-960 was defined as 100%.
57
ethod. The nucleotide sequence of the clone was
00% identical to that of the CYP3A5 gene reported
reviously (11). The transcriptional initiation site lo-
ated at 131 bp downstream of the TATA-box was
etermined by a cap site hunting method using mRNA
repared from human adult livers (Fig. 1).
To examine whether or not a possible element(s)

esponsible for the transcriptional regulation of the
YP3A5 gene existed in the region from nucleotides
960 to 171 of the CYP3A5 gene, human hepatoma
epG2 cells were transiently transfected with a p3A5/-
60 plasmid carrying a region from 2960 to 171 of the
YP3A5 gene (Fig. 2). Luciferase activity seen with the
3A5/-960 was 25-fold higher than that seen with a
ontrol plasmid (Fig. 2), indicating that a possible cis-
cting element(s) may be present in the region from
960 to 171 of the CYP3A5 gene. To further identify a

egion responsible for the transcriptional regulation of
he CYP3A5 gene, the 59-flanking sequence of the
YP3A5 gene was successively deleted. The deletion

rom 290 to 240 resulted in the decrease of the lucif-
rase activity to 11% of that seen with p3A5/-960,
uggesting that a positive regulatory element(s) ex-
sted in the region from 290 to 240 of the CYP3A5
ene.
We found that the region from 290 to 240 of the

YP3A5 gene contained the inverted CCAAT box and
he BTE (Fig. 1). To identify a nuclear factor(s) binding
o the CCAAT box and the BTE of the CYP3A5 gene, a
el shift assay was performed by using nuclear extracts
repared from HepG2 cells. A shifted band A (complex
) appeared with the CCAAT box of the CYP3A5 gene

YP3A5 gene. The methods to construct the deletion mutants are
ere transiently transfected with a reporter plasmid (1 mg) by the

ter the DNA transfection, and luciferase activity was measured. The
king sequence of the CYP3A5 gene counted negatively from the

least three independent experiments. The mean value obtained with
e C
s) w
af

flan
at
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s a probe (defined this probe as CCAAT) (Fig. 3).
omplex A disappeared by the addition of the 100-
olar excess amount of the CCAAT, while the forma-

ion of complex A was not affected by the addition of
he 100-molar excess amount of CCAATmut, which
ad two mutations within the CCAAT core sequence.
his indicates that the CCAAT box is required for the

ormation of complex A. The CCAAT box is known to be
ecognized by several transcription factors such as
F-Y, NF-1 and C/EBP (21–23). Therefore, the NF-Y,
F-1, C/EBP or HNF-3 consensus site was added to a

eaction mixture as a competitor. The results showed
hat only the NF-Y consensus site inhibited the forma-
ion of complex A, suggesting that NF-Y or a related

FIG. 3. Nuclear factors binding to the CCAAT box and BTE of
he CYP3A5 gene. (A) The alignment of the CCAAT box and the BTE
f the CYP3A5 gene. The sequence of the CCAAT box in the CYP3A5
ene contains 12-base-pair domain KCYSAATTGGYGG, which is a
onsensus binding motif for NF-Y (from TFSEARCH). The sequence
f the BTE in the CYP3A5 gene is aligned with 10-base-pair domain
CCCYGCCYC, which is a consensus binding motif for Sp1 (from

FSEARCH). Mutations in CCAAT box and BTE are underlined. (B)
dentification of a factor(s) binding to CCAAT or BTE. 32P-labeled
CAAT and BTE were incubated with nuclear extracts (10 mg)
repared from HepG2 cells in the presence or absence of various
ompetitors. The DNA complexes are shown by arrows. N.S., non-
pecific band.
58
ene.
Using the BTE of the CYP3A5 gene as a probe (this

robe defined as BTE), three shifted bands B, C and D
ere detectable (Fig. 3). In previous studies, we clari-
ed that the BTE of the CYP3A4 or CYP3A7 gene was
ecognized by Sp family members (unpublished data).
ccordingly, we hypothesized that the BTE of the
YP3A5 gene might also be recognized by the Sp fam-

ly members. Therefore, the Sp1 consensus site was
dded as a competitor. As was expected, three shifted
ands, B, C, and D, formed in the presence of the BTE
f the CYP3A5 gene disappeared by the addition of the
p1 consensus sequence. On the other hand, the BTE-
ut, possessing three mutations within the putative
p1 recognition site in the BTE, did not abolish the

ormation of the complexes, B, C, and D. The NF-Y
onsensus site did not eliminate the formation of the
omplexes, B, C, and D, indicating that members of the
p family interact with the BTE of the CYP3A5 gene.
To confirm the possibility of whether the nuclear

actors bound to the CCAAT box or the BTE of the
YP3A5 gene were NF-Y or members of the Sp family,
super-shift assay was performed by using antibodies

aised against the three subunits of NF-Y complex,
F-YA, NF-YB and NF-YC, and the two isoforms of the
p family, Sp1 and Sp3 (Fig. 4). The shifted band A
hat appeared with the CCAAT was supershifted by
he addition of each antibody to NF-YA, NF-YB or
F-YC (Fig. 4), suggesting that the nuclear factor
ound to the CCAAT box of the CYP3A5 gene was

FIG. 4. A super shift assay using antibodies specific to the three
ubunits of NF-Y complex, Sp1, and Sp3. To identify a factor(s)
inding to CCAAT or BTE, 32P-labeled CCAAT or BTE was incubated
ith nuclear extracts (10 mg) from HepG2 cells in the presence or
bsence of various antibodies. The DNA–protein complexes are
hown by arrows. Bracket indicates the supershifted band. N.S.,
onspecific band.
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F-Y complex. When BTE was used as a probe, the
ddition of antibodies to Sp1 or Sp3 resulted in the
uper-shift of the complex B or the complexes C and D
Fig. 4), demonstrating that Sp1 and Sp3 interacted
ith the BTE of the CYP3A5 gene in HepG2 cells.
Finally, to further confirm that the CCAAT box and
TE played important roles for the transcriptional ac-

ivity of the CYP3A5 gene, mutations shown in Fig. 3
ere introduced into the CCAAT box, the BTE or both
lements of the 59-flanking region of CYP3A5 gene in
he p3A5/-960 reporter plasmid (Fig. 5). The respective
lasmids p3A5CCAATmut, p3A5BTEmut. and p3A5C/
mut were then transfected into HepG2 cells. The

ntroduction of mutations in the CCAAT box or the
TE caused 90 or 79% decrease in the transcriptional
ctivity of the CYP3A5 gene relative to that of the
ntact CYP3A5 gene. Moreover, introduction of muta-
ions in both the CCAAT box and the BTE further
owered the transcriptional activity by 96% compared
o that seen with the intact CYP3A5 gene. The results
uggest that the transcription of the CYP3A5 gene in
epG2 cells is cooperatively regulated through the
CAAT box and the BTE.
Thus, we conclude that the expression of the
YP3A5 gene in HepG2 cells is cooperatively regulated
y the CCAAT box and the BTE present in the proxi-
al promoter, and that NF-Y and the Sp family mem-

ers are involved in this cooperative regulation.
In the present study, we also isolated the 59-flanking

egion of the CYP3A5 pseudo gene. The nucleotide
equence of the 59-flanking region of the CYP3A5
seudo gene cloned by us was identical to that reported

FIG. 5. Effects of mutations in CCAAT and BTE on the transcrip
utant plasmids are described under Materials and Methods. Hep

eporter plasmid (1 mg) by the calcium phosphate coprecipitation met
xperiments. The mean value obtained with p3A5/-960 was defined
59
y Gellner et al. (11). In accordance with the previous
tudy by Shuetz et al. (17), the transcriptional activity
f the 59-flanking region of the CYP3A5 pseudo gene
as not observed in HepG2 cells (data not shown).
omparing the sequences of the CCAAT box and the
TE of the CYP3A5 gene with those of the correspond-

ng region of the CYP3A5 pseudo genes, mutations
ere found in both the CCAAT box and the BTE of the
YP3A5 pseudo genes. Thus, it may be possible that

he binding affinity of the CCAAT box and the BTE of
he CYP3A5 pseudo genes for NF-Y, Sp family mem-
ers or both factors is lower than that of CYP3A5 gene,
esulting in the low transcriptional activity of CYP3A5
seudo genes.
It has been reported that transcription of several

enes, such as the major histocompatibility complex
lass II-associated invariant chain (Ii) and the thymi-
ine kinase genes (24, 25), is cooperatively regulated
y NF-Y and the Sp family members. A recent study
as demonstrated that the direct protein–protein in-
eraction between the NF-YA subunit and Sp1 is re-
ponsible for the cooperativity (24). Thus, the same
echanism may be involved in the transcriptional reg-

lation of the CYP3A5 gene.
As mentioned in the introduction, CYP3A5 is ex-

ressed in various tissues. The expression of CYP3A5
n various tissues may be accounted for by the follow-
ng facts: (1) Both of the NF-Y and the Sp family

embers are ubiquitous transcriptional factors and (2)
he NF-Y consensus site exists only in the CYP3A5
romoter.

nal activity of the CYP3A5 promoter. The methods to construct the
cells (2 3 106 cells) were transiently transfected with respective
. The values represent the mean 6 SD of at least three independent

100%.
tio
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