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Abstract Oxysterol 7a-hydroxylase has broad substrate
specificity for sterol metabolites and may be involved in
many metabolic processes including bile acid synthesis and
neurosteroid metabolism. The cloned human oxysterol 7«-
hydroxylase (CYP7B1) cDNA encodes a polypeptide of 506
amino acid residues that shares 40% sequence identity to
human cholesterol 7a-hydroxylase (CYP7AL1), the rate-limit-
ing enzyme in the conversion of cholesterol to bile acids in
the liver. In contrast to the liver-specific expression of
CYP7A1, CYP7B1 mRNA transcripts were detected in human
tissues involved in steroid genesis (brain, testes, ovary, and
prostate) and in bile acid synthesis (liver) and reabsorption
(colon, kidney, and small intestine). The human oxysterol
7Ta-hydroxylase transiently expressed in 293/T cells was
able to catalyze 7a-hydroxylation of 27-hydroxycholesterol
and dehydroepiandrosterone (DHEA). The human CYP7AI
and CYP7BI both contain six exons and five introns. How-
ever, CYP7BI spans at least 65 kb of the genome and is
about 6-fold longer than CYP7AI. The transcription start
site (+1) was localized 204 bp upstream of the initiation
codon. No TATA box-like sequence was found near the
transcription start site. Transient transfection assays of
CYP7B1 promoter/luciferase reporter constructs in HepG2
cells revealed that the promoter was highly active. The 5’
upstream region from nt —83 to +189 is the core promoter
of the gene.—Wu, Z., K. O. Martin, N. B. Javitt, and J. Y. L.
Chiang. Structure and functions of human oxysterol 7a-
hydroxylase cDNAs and gene CYP7BI. J. Lipid Res. 1999. 40:
2195-2203.
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ylase « dehydroepiandrosterone (DHEA) « neurosteroids  cytochrome
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The recent discovery of a sterol 7a-hydroxylase that dif-
fers significantly in tissue distribution and substrate speci-
ficity from cholesterol 7a-hydroxylase has introduced new
concepts with respect to sterol metabolism and regulation
of bile acid biosynthesis in humans (1-9). This sterol 7a-
hydroxylase was initially cloned from a cDNA library of rat
hippocampus (10). It was later shown to have 7a-hydroxylase
activity for 27-hydroxycholesterol (11) and for dehydro-
epiandrosterone (DHEA) and pregnenolone in the brain
(12). Thus the sterol 7a-hydroxylase with broad substrate

specificity toward oxysterols is now referred as oxysterol
7a-hydroxylase.

The classic pathway of bile acid synthesis is initiated by
cholesterol 7a-hydroxylase in the liver and is tightly regu-
lated by bile acid feedback, hormones, and diurnal
rhythm (2). In contrast, the pathway initiated with sterol
27-hydroxylase is located mainly in extrahepatic tissues,
such as kidney, macrophage, and vascular endothelium.
The 27-hydroxycholesterol is then 7a-hydroxylated by
oxysterol 7a-hydroxylase and is finally converted to cheno-
deoxycholic and cholic acid in the liver. The absence of
7a-hydroxylation would lead to formation of monohydroxy
bile acids. Although in adults this alternative (or acidic)
pathway makes a quantitatively minor contribution to to-
tal bile acid synthesis, it may represent a significant mech-
anism for preventing the development of atherosclerosis
(13).

Oxysterol 7a-hydroxylase activity expressed after 18
days of life might be responsible for the synthesis of 7a-
hydroxylated bile acids in cyp7a (—/—) mice (14). The ac-
cumulation of a high level of monohydroxy bile acids in
newborn cyp7a (—/-) mice (5 to 10 days), the result of
absence of both cholesterol 7a-hydroxylase and oxysterol
Ta-hydroxylase activities, might cause severe neonatal
cholestasis (15). We previously identified a metabolic de-
fect in the 7a-hydroxylation of 3B-hydroxy-AS-choles-
tenoic acid in a child with neonatal cholestasis (16). This
has led us to isolate cDNA and the gene encoding human
oxysterol 7a-hydroxylase. Our study revealed the structure
of the human CYP7B1 and its functions in the metabolism
of neurosteroids and oxysterols and provided important
molecular tools for studying the mechanism of oxysterol
metabolism and the cause of cholestatic liver disease in
humans.

Abbreviations: CYP7B1, oxysterol 7a-hydroxylase gene; CYP7A1, cho-
lesterol 7a-hydroxylase gene; DHEA, dehydroepiandrosterone; DMEM,
Dubecco’s modified Eagle’s medium; Luc, luciferase; CMV, cytomegalo-
virus; PCR, polymerase chain reaction; RLU, random light units; kb, kilo-
bases; nt, nucleotide.
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EXPERIMENTAL PROCEDURES

cDNA library screening

Plasmid pcDNA3.1 (+)-mcyp7b (11) containing a mouse
cyp7bl1 cDNA was digested with Hind 111 and Bgl 11 to release a 477
bp fragment from the 5’ region of the coding sequence. A ran-
dom primer labeling kit (RadPrimer DNA Labeling System, Life
Technology, Gaithersburg, MD) was used to label the probe with
[«-32P]dCTP. A human hippocampus Agt10 cDNA library (Clon-
tech, Palo Alto, CA) and a human liver A\ZAP cDNA library (Strat-
agene, La Jolla, CA) were plated. About 106 plaque-forming units
of each library were screened in each study. Positive clones were
plaque-purified and phage DNAs were isolated using a Nucleo-
bond Lambda kit (Clontech). The cDNA inserts were released
with EcoR | and were subcloned into pBlueScript KS (I11+) vector.
The purified NZAP clones were excised in vivo from phage DNA
and circularized to form a phagemid by co-infection of a f1
helper phage with host E. coli strain XL1-Blue.

Cloning the human CYP7B1

A human placenta genomic AFIX Il library (Stratagene) was
screened for CYP7B1 genomic clones. The cloned phage DNAs
were cut with Xbal and run on a 1% agarose gel. The size of each
clone was estimated by adding up all Xbal fragments. A restric-
tion map of the gene was determined by analysis of number Xbal
fragments of each individual clone by Southern blot hybridiza-
tion using cDNA probes. Xbal fragments containing exons were
then subcloned into pBlueScript KS (I11+) vector, cut with Xbal,
and sequenced. The sizes of the introns were estimated by add-
ing up all Xbal fragments between two exons and were later con-
firmed by genomic PCR. Several rounds of screening obtained
clones that contained intron 1. The 5-Xbal fragment of a ge-
nomic clone (G17) containing exon 2 and closest to the 5 end
was identified and was then used as a probe to again screen the
genomic library for upstream clones. Those clones were analyzed
by restriction analysis to identify the Xbal fragment closest to the
5’ end. This screening was repeated to obtain a genomic clone
(G30), the 5" end of which overlaps the 3’ end of the genomic
clone (G43) that contains exon 1 and the 5'-flanking sequences.

Determining the CYP7BI structure

An Advantage Genomic PCR kit (Clontech) was used for poly-
merase chain reactions (PCR) to locate exons and to determine
the sizes of introns. Genomic clones that contained two adjacent
exons were used as templates for PCR. Pairs of primers approxi-
mately 30 nucleotides each were designed according to the do-
nor and acceptor exon sequences. The intron sequence was am-
plified and PCR products were analyzed on agarose gels. Intron/
exon junction sequences were determined by DNA sequencing.
Intron 1 was too big to be determined by PCR. The size of intron
1 was then estimated by restriction analysis of overlapping intron 1
clones obtained as described above.

DNA preparation and sequencing

All plasmids and phage DNA samples were prepared with Nu-
cleobond AX columns (Clontech). A Sequenase Version 2.0 DNA
sequencing kit (USB, Cleveland, OH) was used for nucleotide se-
quencing. Sequencing primers were designed from previously
determined sequences and were used for further sequencing of
both strands of DNA. Sequences in the GC-rich region were de-
termined using both dITP and dGTP.

Northern blot hybridization analysis

Two human multiple tissue MRNA blots MTN-I (#7760-1) and
Il (#7759-1)(Clontech) were used to detect CYP7B1 mRNA tran-
scripts in human tissues. The full-length human CYP7B1 cDNA
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was used as a probe and hybridization was carried out according
to manufacturer’s instructions. Radioactivity was detected by
scanning with a phosphorimager (Model 455si, Molecular Dy-
namic, Sunnyvale, CA). Radioactivity was then washed out and
the membrane was rehybridized with a CYP7A1 cDNA probe.
B-Actin was probed as an internal standard for normalization of
RNA levels in each tissue.

Expression vector construction

A full-length human CYP7B1 cDNA was isolated from a phage
clone NH107 and was subcloned into pBluescript KS (I1+). The
recombinant plasmid pH107 was digested with Smal and EcoRV
to release a 1.6 kb fragment, which contains all but the codons
for the first 20 amino acids. This fragment was then cloned into
pcDNA3.1/His A plasmid (Invitrogene, Portland, OR) cut with
EcoRV. Restriction analysis and DNA sequencing determined the
orientation of the insert in the plasmid. The clone containing
the insert in the forward direction was named pA20hCYP7B1 and
that with the sequence in the reverse direction was called
pA20hCYP7B1R. The DNA fragment containing the full-length
coding sequence was released from pH107 with Kpnl and Xbal
and was subsequently subcloned into pcDNA3 (Invitrogene, Port-
land, OR) cut with Kpnl and Xbal. The recombinant plasmid was
named phCYP7B1.

Determination of transcription start site

Oligonucleotide primer (5'-CTAGTCCAGGGCCGGAGAGGC
TGGCCTGC-3") corresponding to the complimentary sequence
of nt 105 to 77 was used for primer extension. Primers were la-
beled with [y-33P]dATP (NEN Life Science, Beverly, MA). Assays
were done using a Primer Extension kit from Promega (Madison,
WI). Ten pmol of radiolabeled primer was annealed to 1 pg of
human hippocampus poly A (+) RNA (Clontech) at 60°C for 1 h
in primer extension buffer (50 mm Tris, pH 8.3, 50 mm KCI, 10
mm MgCl,, 10 mm DTT, 1 mm each of dNTP, 0.5 mm spermidine).
Reverse transcription was carried out by avian myeloblastosis vi-
rus (AMV) reverse transcriptase (Promega) for 30 min at 42°C.
Loading dye was added into each reaction and the reverse tran-
scription products were analyzed on 8% polyacrylamide gel elec-
trophoresis in 8 m urea, along with sequencing reactions using
the same primer. The gel was run until bromophenol blue was
close to the bottom of the gel. The gel was dried and radioactivity
was scanned with phosphorimager.

Computer analysis

All the sequence alignment, restriction enzyme mapping, PCR
primer design, and amino acid translation studies were done
with MacVector software (Oxford Molecular Biology, Oxford, En-
gland). Binding sites for putative transcription factor were identi-
fied using the TRANSFAC program (http://transfac.gbf.de/
Transfac/Matlnspector).

Expression of hCYP7B1 and enzyme activity assay

Human kidney 293/T cells derived from ATCC293 were
grown and maintained in DMEM with 10% fetal bovine serum.
293/T cells were plated in 6-well plates 1 day before the transfec-
tion (11). For transfection, freshly prepared calcium phosphate
precipitate (1.25 g plasmid/well) was added to 293/T cells that
were 60-70% confluent and was allowed to remain in contact
with the cells for 24 h. The media containing the DNA were re-
moved. The cells were washed with phosphate-buffered saline,
2 ml of fresh media containing 15% D,O and 10% delipidated
fetal calf serum, and 5 mm 27-hydroxycholesterol, cholesterol, or
13.4 pm DHEA were added, and the mixture was incubated for
an additional 24 h. The media were then used for HPLC analysis.
The amounts of the substrate and product were calculated from
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the peak area in HPLC spectra. Activity was calculated in terms of
nmole product per mg protein per 24 h.

Construction of promoter/luciferase reporter genes and
transient transfection assay

The upstream sequence from Hindlll (nt — 1082) to Sacll
(+189) was released from pBluescript KS (I1+) with Kpnl and Sacl
and was subcloned into pGL3 Basic luciferase reporter plasmid
(Promega). The 5' deletion mutants (p-343/+189-Luc, p-291/
+189-Luc, and p-144/+189-Luc) were generated with the pBlue-
script 11 Exo/Mung DNA Sequencing System (Stratagene). Three
constructs (p1082/-84Luc, p-857/-84Luc, and p-291/-84-Luc) were
also made by deletion of a Smal fragment from the 3’ end of the
constructs. Transient transfection assays were performed as de-
scribed previously with some modification (17). HepG2 cells were
cultured in DMEM supplemented with 10% fetal bovine serum in
12-well plates. At 70% confluence, the cells were transfected with 2.5
g DNA together with 150 ng of pCMV}3, an expression plasmid for
B-galactosidase, as an internal control for transfection efficiency.
After incubation for 2 days, the cells were harvested and lysed with
lysate buffer. A 20-ul aliquot of lysate was used to assay luciferase ac-
tivity with Luciferase Assay System (Promega). Ten wl of each lysate
was also assayed for B-galactosidase activity by incubating with
o-nitrophenyl-3-d-galactopyranoside at 37°C for 30 min and measur-
ing absorbance at 405 nm. Luciferase reporter activity was expressed
as random light units (RLU) divided by B-galactosidase activity.

RESULTS

Cloning human CYP7B1 cDNAs

To clone human CYP7B1 cDNA, a 5’-fragment of mouse
cyp7bl cDNA was used as a hybridization probe to screen a
\gt 10 cDNA library of human hippocampus. Three full-
length cDNA clones H20 (5kb), H25 (1.7 kb), H107 (2.1
kb) were obtained and restriction maps were determined,
as well as the nucleotide sequence of clone H107 (Gen-
Bank Accession #AF127090). H107 contains an open read-
ing frame of 1521 bp, which encodes a peptide of 506
amino acids. The longest clone (H20) obtained is 5 kb in
length and contains more than 3 kb of the 3’ untranslated
region (UTR). Sequence analysis revealed that human
CYP7BL1 shared 64.6% amino acid sequence identity with
mouse cyp7bl (10) and 40.4% identity with human
CYP7A1 (18). The N-terminal membrane-binding domain
(amino acid residues 1 to 38) is highly hydrophobic. The
nucleotide coding sequences show 72.6% and 49.2% iden-
tity with the mouse cyp7bl and human CYP7A1, respec-
tively. The clones obtained from a cDNA library of human
hippocampus all lack a poly A (+) tail because the library
was constructed by a random priming method. Ten partial-
length CYP7B1 clones were also isolated from a cDNA li-
brary of human liver constructed by oligo dT-priming.
These clones lacked 5’-coding sequences and all contained
a poly (A+) tail. The nucleotide sequences of these liver
cDNA clones were identical to the corresponding se-
quences of the hippocampus cDNA clones.

Setchell et al. (19) reported cloning a human CYP7B1
cDNA. Comparison with the cDNA and amino acid se-
quences found by these investigators and those found in
our studies revealed one base-pair difference at codon 324,
which codes for His (CAT) and Arg (CGT), respectively.

The GC content of the 281-bp nucleotide sequences of
the 5’-region of human cDNA is 74.4%. This is well above
the average GC content of 56% for human genes around
the initiation codon (20). Two putative polyadenylation
signals were noticed in 3'UTR. One (AATAAA) was lo-
cated 19 bp and the other (AATAAA) 284 bp downstream
of the stop codon. Indeed, nucleotide sequences of the
cDNA clones obtained revealed that both polyadenylation
signals were utilized in poly A (+) mRNA synthesis. How-
ever, all liver clones lacked the GC-rich 5’ sequence. This
could be because the secondary structures of the 5’ GC-
rich region prevented the continuation of synthesis of the
full-length first-strand cDNA from mRNA templates by re-
verse transcriptase when oligo dT was used for priming.

Cloning the human CYP7B1

As the CYP7AL we had previously cloned were approxi-
mately 10 kb, we had expected that the CYP7B1 would be si-
milar in size. The same human placenta AFIXII genomic li-
brary was screened using a full-length human CYP7B1
cDNA. A total of 18 positive clones were obtained by screen-
ing approximately 2 million plague-forming units. Six over-
lapping genomic clones used to construct the gene struc-
ture are shown in Fig. 1. The Xbal fragments containing
exons were identified using cDNA fragments as hybridiza-
tion probes. The exon/intron junction sequences in these
fragments were then determined using primer pairs de-
signed according to the exon sequences. The exon/
intron junction sequences and the sizes of each exon and
intron are presented in Table 1. All donor and acceptor
sites of exon/intron junction sequences follow the GT/AG
rule. The sizes of introns were determined as described
above in Material and Methods. The size of intron 1 was es-
timated to be approximately 30 kb by adding up all Xbal
fragments between exon 1 and exon 2. The minimum size
of CYP7B1 was estimated to be 65 kb.

Multiple tissue Northern blot analysis

Human multiple tissue Northern blots were hybridized
with the full-length human CYP7B1 cDNA probe. A single
band approximately 9 kb long was seen in all tissues (Fig.
2A, MTN-I). The levels of CYP7B1 mRNA expression were
estimated after normalizing with B-actin signal and were in
the order of liver > brain = kidney = pancreas > heart >
lung > skeletal muscle > placenta. In another tissue blot
(Fig. 2B, MTN-II), 9 kb mRNA transcripts were detected
in ovary, testes, prostate, colon, small intestine, and thy-
mus. mMRNA species of approximately 2.5 kb in length
were also detected in human liver and testes. The human
CYP7B1 mRNA transcripts are much longer than those
found in mouse and rat, which were reported to be about
2kb (10, 21). The same blot was stripped of radioactivity
and was then re-probed with human CYP7A1 cDNA. A
band of approximately 4 kb was found only in liver.

Cloning the 5’ flanking upstream region of the human
CYP7BI1 and mapping the transcription start site

The genomic clone G43 contained 19 kb of the gene. A
10 kb Xbal fragment containing exon 1 was isolated and
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Fig. 1. Gene structure of human CYP7B1. The CYP7B

1 contains 6 exons (boxes) and 5 introns (lines be-

tween two exons), and spans about 65 kb. The intron sizes are drawn to scale, but the exons are not. Six ge-
nomic clones, which were used to determine gene structure, are shown below the gene. Xbal (X) restriction
fragments used to determine the exon/intron junction structure are indicated.

further mapped (Fig. 3A). Nucleotide sequences from
Hindlll to the initiation codon ATG are shown in Fig. 3B.
Using human hippocampus mRNA as a template, the
transcription start site was mapped to a G located 204 bp
upstream of the initiation codon (Fig. 4). A perfect GC
box sequence is located just upstream of the transcription
start site.

The clone G43 contained approximately 9 kb of the
5'upstream sequence. Analysis of the 1.3 kb sequence with
the Matlnspector program (http:/transfac.gbf.de/cgi-
bin/matSearch/matsearch.pl) (22) revealed several puta-
tive transcription factor-binding sites. No canonical TATA
box sequence was found in the region approximately 50
bp upstream of the transcription start site (+1), but CAAT
and GC box sequences were found at nt —105 and —26,
respectively. A typical TATAAAA sequence was found
between nt —709 and —703, which was far upstream of
the transcription start site we had determined. Two over-

lapping sterol response element (SRE)-like sequences
(CACCCCAC) were found to be located between nt —327
and —314 (23). Other putative transcription factor bind-
ing sequences such as NFAT (24), C/EBPB, NFkB (25),
GATA box (26), HNF3B (27), NF1 (28), and AP4 were
identified.

Alignment of the corresponding 5’-upstream regions of
the human CYP7B1 and CYP7Al showed a very low se-
quence identity, less than 30%. The CYP7B1 promoter was
found to have a GC content of 65% in the region of 500
bp upstream of the transcription start site, whereas that of
the CYP7A1 was only 45%.

Transient transfection assays of
CYP7B1/\uciferase constructs

To identify the promoter and map the cis-regulatory ele-
ments in the 5’-flanking region, eight deletion constructs of
CYP7B1 promoter/luciferase reporter genes were tran-

TABLE 1. Human CYP7BL1 structure
Codons at
the Junction

Exons 5’ Ends of the Introns Introns 3’ Ends of the Introns Sites
1 (>280bpa.a. 1-41) TTGTCCGGCGCACCAGgtaag tttttatctttttttttttccttgtagGAGAC R411
cgcctecggecgecacgacgeatgege ~30 kb CCGGTGAGCCTCCATT AGG

O

2 (137 bp a.a. 41-87) CTTTCACAGTTCTTCTTGGT tttttttttttctagGAAAGTACATA G87
Ggtaagaagcacttctataataccttatata 8 kb ACATTTATCCTGGA GGA

O

3 (591 bp a.a. 87-284) TGCACGAGGACCTTGAAAT ttaatcttccttttcacttattttctcccagC A284
AGGAGgtaagaacttctgaatgagcac 0.5 kb ACATCATTTAGGCTTTCT GEA
4 (207 bp a.a. 284-353) TTGGACAGCCTAATCTGCC ttaataagctatcgtttgtttttttccttcagA E353
TAGgtaatttatttttatctgttatgaagaaaa 11 kb AAGCAGCATTTTTGAA GAA
5 (176 bp a.a. 353-411) TTTGAAGCTCTCCAGAGgtaag aaatgttaattttaacactattccttccttac E411
taaacatcaagcctat 8 kb agGAGTTTAGATATGATC GAG

6 (>793 bp a.a. 412-506)
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siently transfected into HepG2 cells. Figure 5 shows that the
CYP7B1 promoter was very active, comparable with the SV40
promoter. Deletion of the 5'-flanking sequence from —1082
to —291 did not affect reporter activity. Deletion of the se-
quences between —291 and —87 decreased activity by about
45%, indicating that the deleted region may contain bind-
ing sites for the trans-activator. Deletion of the sequence
from —83 to +189 resulted in complete loss of transcrip-
tional activity for these reporter constructs, indicating that
the sequences from —84 to +189 are essential for promoter
activity. A perfect GC box is located in this region (Fig. 3).
The GC box binds SP-1, a ubiquitous transcription activator
involved in transcriptional regulation of many genes. These
results suggest that a TATA box sequence located at —719 is
not likely to play a functional role in initiation of transcrip-
tion by RNA polymerase Il. Nucleotide sequences from
—291 to —87 contain positive cis-regulatory elements. Puta-
tive binding sites for C/EBPB, CAAT box, NF-«B are located
in this region. These sequences are likely important for tran-
scriptional activity of the CYP7B1 promoter. Experiments
are in progress to further identify cis-regulatory elements in
the 5'-flanking region of the gene in different tissues.

Ht Br Pl Lu Li SmKd Pc

Fig. 2. Human multiple tissue northern blot hybridization. The
blots were hybridized with human CYP7B1 cDNA probe and then
rehybridized with CYP7A1 and human B-actin cDNA probes. A:
MTN-I, Ht: heart, Br: brain, PI: placenta, Lu: lung, Li: liver, Sm:
skeleton muscle, Kd: kidney, Pc: pancreas. B: MTN-II, Sp, spleen;
Th, thymus; Pr, prostate; Ts, testes; Ov, ovary; Si, small intestine; ClI,
colon; and Phl, peripheral blood lymphocyte.

Transfection assays of enzyme activities
expressed by CYP7B1 cDNA

To provide evidence that the human CYP7B1 cDNA
we cloned does express oxysterol 7a-hydroxylase activ-
ity, expression plasmids carrying a full-length (phCYP7B1)
and a truncated (pA20hCYP7B1) CYP7B1 cDNA were
transiently transfected into 293/T cells and enzyme ac-
tivities toward 27-hydroxycholesterol and DHEA were
measured in lysates of the transfected cells. With 27-
hydroxycholesterol as a substrate, the full-length and
truncated enzymes expressed in 293/T cells produced
0.6 and 0.8 nmol 7«, 27-dihydroxycholesterol per mg
protein per 24 h, respectively (Table 2). In contrast,
with DHEA as a substrate, the full-length and truncated
enzymes produced 85 and 89 nmol 7a-hydroxyDHEA/mg
protein/24 h, respectively, activities that were approximately
100-fold greater than those with 27-hydroxycholesterol. The
plasmid carrying a cDNA cloned in the reverse direction
(pAhCYP7B1R) did not express any enzyme activity at all.
Activities of the truncated and full-length enzymes were si-
milar toward both the above substrates, indicating that the
N-terminal membrane-binding domain may not be re-
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-1085 AAYGCTTGAGTATATATATG GAACC GTTCTGGCGAGGGGAGTTGTA CAATGAAGACAATTT
-1025 GTGCAGGGCTTCTCATTGC AGGTGGAGGATATGACTTCGTCACAAA GA CAACCATTAAGA
-965 GTTTTGAACAGAGTAAAAGCTGGAGAGGTCTGTGTTTTAGGGA GGTGGAAATGGGGATGA
905 TGGACTGGAAGGGTAAAAAACCAGAGATTGGTTTTGAAGCTGC TGTACC CATTCCAGAGA
-845 AGTGTTGCATTGACAGAGCACACAAGTCCTCGAATAGGACCGTGG TTAGAAC GGCCGATA
GATALI
-785 TTTATCAGTGGG AATGGTAAACAT TTATCAAGTGAG CAAC CAAGT TCAGTTACTTAATCT
-725 GAG TCTCATTATGTCTTCTATAAAATACACATTAAAAATAGAAAG TAAAAACGTG GGTAA
TATA like
665 AGTAC CCA GTGGATG GTCATTACTCAGAAAAAGGTATTTTAAAA GTTTC TCC CTTATTCT
-605 TTC TGAGTA CAACCTG TAGTACTTGAACCAC TTCTCTTTC GTCC CCTA CCAC GCTGTTCT
-545 GCAATCTCTTTTTAC CTGT CTCA C TCTCTTCCT GTAC TGT GTGCC TCATCG GGACTTCTA
-485 AAGGCTTACG GCCTAG GTCTTT GTATTCC GTGTCTCTGGCACGCGCCT CTG CACACAGCA
NF1
-425 GGCCTGAACCAAAACTTGTGAGCAAATAGGATGCAAGGGGGTGAAGGAGGTGGGCGCGAA
HNF-3B
-365 ACGGGTTCGAGGTCGC GCACTCC GCCGGTTTCTGC CGCCAGCCCAACCCGCTG GGTCGTA
SRE
-305 CCTAAGAGATCGCCGGTG TCAGAGCGCAGCGGGCACCTTCACAAGCATC TTGAG GGACAA
AP4
-245 GCAGAGTCGCTCCTCGCAGGGCGCGGGCTAAGAAGTGAGGAACCCAAGGGGCT CCCGTCC
-185 AACTAAGAAGCGAAATCCCCC ACCTCCAG GCCTTCAGGGCT GGTTCTTGGGAAATCCTAA
NF-kB CERPB
-125 CTCTTTCCCTTC TAACCCC TICCTTGGCCCTTC TTCC TGCCC GGGA GGATCAAGGGCGCT
CAATBOX
65 GTTTTCCAGAAGCTGCCGGGTCGGAAACGGTGGGGGAACGGGGCGGTACGCGTGGGTGGA
. NFAT GC BOX

5 GGATAGGCGGGGAGGGGGCAGTCCACGAACTTTTGTCATTCAGCCTGGGAGACCACGGTG
56  ACATTCCTGTCTGCGCTGCGGGCAGGCCAGCC TCTCCGGCCCTGGACTA GGGGGCGCCGE
116 CGAGAGAAGCCGCCGCAGGCTGCAGAGTCGCCGACCGCGCTGTTCGCAGGCAGACCCCGG
176  GCTGCCCACCGCGGCCTAGCGCGCGCCGGATG

Fig. 3. The nucleotide sequences of the 5’-upstream region of the human CYP7BL1. Top: Restriction map of
a 10 kb Xbal fragment which contains exon 1 and 9 kb upstream sequence was obtained from genomic clone
G43. The 1.3 kb Hindlll, Sacll fragment was further subcloned and sequenced. X: Xbal, E: EcoRI, H: Hind I,
S: Sacll. Bottom: The 5'-upstream sequences of human CYP7B1 gene. The transcription start site (+) G is lo-
cated 204 nucleotides upstream of ATG start codon. A reversed CAAT box and a GC box are located. Putative
binding sites for transcription factors were identified by computer analysis and are underlined and labeled.
Sterol response element (SRE)-like sequences are also identified. GenBank accession #127089.

quired for catalytic activity, similar to the finding for DISCUSSION

cholesterol 7a-hydroxylase (29). These data provided

further evidence that the human CYP7B1 clone we iso- It is rather surprising from our study that the CYP7B1
lated does encode oxysterol 7«-hydroxylase. mRNA and its gene are much larger than CYP7Al al-
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Fig. 4. Primer extension assay of the transcription start site. Hu-
man hippocampus poly A (+) RNA was used as a template for
primer extension assay as described under Experimental Proce-
dures. Sequencing reactions with the same primer used for primer
extension assay were run on the same gel and are shown. Lane 1,
primer extension reaction with 1 pg of human hippocampus poly A
(+) RNA. Lane 2, a positive control reaction with a 1.2 kb Kanamy-
cin mRNA and primer provided in primer extension Kit.

though the intron/exon structures of the two are very
similar. These two genes are in close proximity on human
chromosome 8 (19). It is likely that the more compact
CYP7A1 may be derived from the CYP7B1 by an ancient
gene duplication or gene conversion event, and choles-

terol 7a-hydroxylase was selectively expressed only in the
liver for bile acid synthesis. On the other hand, oxysterol
7a-hydroxylase mRNA transcripts are expressed in tissues
involved in steroidogenesis and neurosteroid metabolism
(testes, ovary, prostate, kidney, liver, and brain) and in tis-
sues involved in bile acid synthesis (liver) and absorption
(small intestine, kidney, and colon). This may imply that ox-
ysterol 7a-hydroxylase may have multiple functions, includ-
ing bile acid synthesis, neurosteroid metabolism, sex hor-
mone synthesis, and detoxification of oxysterols.

The size of oxysterol 7a-hydroxylase mRNAs in all tis-
sues is approximately 9 kb, which is much longer than
cholesterol 7a-hydroxylase. The coding sequences of both
hydroxylases are about the same. As the transcription start
site is located 204 bp upstream of the initiation codon, the
exon 6 of oxysterol 7«-hydroxylase could be as long as 7
kb. The longest cDNA we isolated was 5 kb. It would be ex-
tremely difficult to isolate a full-length cDNA clone of 9
kb long. The human CYP7B1 shows a 64.6% amino acid
sequence identity with the mouse cyp7bl. This is typical
for cytochrome P450 genes in the same subfamily (30).
The similarity in enzyme activity and substrate specificity
between human and mouse enzyme supports the concept
that the human CYP7B1 we cloned is the mouse homo-
logue. The presence of multiple oxysterol 7a-hydroxylase
activities has been suggested (31). However, all human
CYP7B1 clones we isolated from cDNA libraries of the
liver and hippocampus using mouse cyp7bl and human
CYP7B1 cDNA as probes are identical in nucleotide se-
quences. The human CYP7B1 cDNAs we cloned and that

Luciferase activity, RLU/B-gal/10°
L2 3 4
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Fig. 5. Transient transfection assays of CYP7B1 promoter/luciferase reporter gene constructs in HepG2
cells. CYP7B1 promoter/luciferase reporter gene constructs were cotransfected with pCMV into HepG2 cells.
The luciferase activity and B-galactosidase activity were measured 2 days later. Luciferase activity is expressed
as random light unit (RLU) divided by B-galactosidase activity. Error bar represents standard deviation of

triplicate samples.
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TABLE 2. Expression of oxysterol 7a-hydroxylase activity in 293/T cells

Activity

27-Hydroxycholesterol
(7a, 27-dihydroxycholesterol)

Plasmid Constructs

Dehydroepiandrosterone (DHEA)
(7a-hydroxyl DHEA)

nmol/mg of protein/24 h

pA20hCYP7B1R 0 0
pA20hCYP7B1 0.82 =0.12 89.1 = 13.6
phCYP7B1 0.62 = 0.01 845+ 440

were isolated by PCR are identical except for one nucle-
otide difference (19). It is unlikely that the human oxy-
sterol 7a-hydroxylase we isolated is a third isoform of the
CYP7 family. This does not rule out the presence of a third
form of oxysterol 7a-hydroxylase, however.

Setchell et al. (19) recently reported an inborn error of
bile acid metabolism caused by a point mutation in the
Arg 388 codon of oxysterol 7a-hydroxylase that resulted in
premature termination. This neonate had severe cholesta-
sis and cirrhosis. The defect in 7a-hydroxylation was re-
vealed by the absence of primary bile acid conjugates and
the presence of high levels of 3p-hydroxy-A5-cholenoic
and cholestenoic acids in the serum and urine, the metab-
olites formed via the acidic pathway of bile acid biosynthe-
sis. Cholesterol 7a-hydroxylase activity was also absent in
this patient. The probable cause of the liver injury was the
accumulation of high levels of hepatotoxic monohydroxy
bile acids, 24, 25, and 27-hydroxycholesterols. Thus a physi-
ological function of oxysterol 7a-hydroxylase is to protect
liver from cholestasis in neonatal life (16, 19).

Oxysterols are found in human serum, macrophages,
vascular endothelium, and atherosclerotic plaques (32)
and are potent inhibitors of expression of the genes en-
coding low density lipoprotein receptor, 3-hydroxy-3-
methylglutaryl-CoA reductase, and other enzymes in the
mevalonate pathway (33). Recently, oxysterols were identi-
fied as ligands for the liver orphan receptor (LXR), which
has been suggested to function in a signaling pathway for
regulating cholesterol and bile acid biosynthesis (34).
Thus, sterol hydroxylases in bile acid biosynthesis path-
ways play important roles in cholesterol homeostasis. As
oxysterol 7a-hydroxylase has broad substrate specificity, it
may metabolize cytotoxic oxysterols to dihydroxy metabo-
lites, which are more soluble and readily excreted from
extrahepatic tissues, diffused into circulation, transported
into liver, and converted to bile acids, presumably by
acidic bile acid biosynthesis pathway.

DHEA and pregnenolone are active neurosteroids that
play roles in neuronal development and activation of N-
methyl-d-aspartate receptor (35, 36). The 7a-hydroxylation
of DHEA is a quantitatively important metabolic step in
brain tissue and may contribute to the regulation of the
concentration and activity of neurosteroids in brain (37).

Although the recognition of a novel 7a-hydroxylase en-
zyme resulted from studies of pathways of bile acid synthe-
sis, it is unlikely that oxysterol 7a-hydroxylase functions as
a key regulatory enzyme like cholesterol 7a-hydroxylase.

2202 Journal of Lipid Research Volume 40, 1999

In contrast to cholesterol 7a-hydroxylase, oxysterol 7a-
hydroxylase does not initiate bile acid synthesis and its ac-
tivity is much higher than that of cholesterol 7a-hydroxylase
in human liver (4). It is not known whether oxysterol 7a-
hydroxylase activity is regulated by bile acids, oxysterols,
or other factors. Results from transient transfection assay
of the CYP7B1/luciferase reporters in HepG2 cells have
defined the nucleotide sequences essential for the tran-
scriptional activity of the promoter to a 272 bp fragment
in the 5’-upstream region. Recently, FXR has been identi-
fied as a bile acid receptor, which mediates the negative
feedback regulation of CYP7A1l gene transcription (38—
40). Preliminary study from this laboratory showed that
FXR and bile acids do not regulate the CYP7BL1 transcrip-
tion. This study provides us with important molecular
tools for studying the mechanism of regulation of the
acidic bile acid biosynthesis pathway in the liver, the patho-
genesis of cholestatic liver diseases, and the regulation of
steroid metabolisms in brain and other tissues. il
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