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Promoter Activity and Regulation of the Corneal
CYP4B1 Gene by Hypoxia

Vladimir Mastyugin, Alexandre Mezentsev, Wen-Xiang Zhang, Silvia Ashkar, Michael W. Dunn,
and Michal Laniado-Schwartzman*

Department of Pharmacology, New York Medical College, Valhalla, New York

Abstract Hypoxic injury to the ocular surface provokes an inflammatory response that is mediated, in part, by
corneal epithelial-derived 12-hydroxyeicosanoids. Recent studies indicate that a cytochrome P450 (CYP) monoox-
ygenase, identified as CYP4B1, is involved in the production of these eicosanoids which exhibit potent inflammatory and
angiogenic properties.Wehave isolated and cloned a corneal epithelial CYP4B1 full-length cDNAanddemonstrated that
the CYP4B1 mRNA is induced by hypoxia in vitro and in vivo. To further understand the molecular regulation that
underlies the synthesis of these potent inflammatory eicosanoids in response to hypoxic injury, we isolated and cloned the
CYP4B1promoter region.GenomeWalker libraries constructed from rabbit corneal epithelial genomicDNAwere used as
templates for primary and nested PCR amplificationswith gene- and adaptor-specific primers. A 3.41-kbDNA fragment of
the 50-flanking region of the CYP4B1 promoter was isolated, cloned, sequenced, and analyzed by computer software for
the presence of known cis-acting elements. Analysis of the promoter sequence revealed the presence of consensus DNA
binding sequences for factors known to activate gene transcription in response to hypoxia including HIF-1, NFkB, and
AP-1. Transient transfection of luciferase reporter (pGL3-Basic) vectors containing different lengths of the CYP4B1
promoter fragment demonstrated hypoxia-induced transcription in rabbit corneal epithelial (RCE) cells. Electrophoretic
mobility shift assay (EMSA) revealed a marked induction of nuclear binding activity for the labeled HIF-1 probe from the
CYP4B1 promoter in nuclear extracts of cells exposed to hypoxia. This binding activity was due to sequence-specific
binding to the HIF-1 oligonucleotide probe as shown by competition with excess unlabeled probe for the HIF-1 but not
with unlabeled NFkB probe. The nuclear binding activity of AP-1 and NFkB probes from the CYP4B1 promoter was also
enhanced in response to hypoxia suggesting that these transcription factors contribute to the hypoxic induction of CYP4B1
expression. The results of this study provide the first molecular mechanistic explanation for the induction of CYP4B1 and,
thereby, the production of inflammatory eicosanoids in response to hypoxic injury. Further studies are needed to fully
evaluate the molecular regulation of this gene during inflammation. J. Cell. Biochem. 91: 1218–1238, 2004.
� 2004 Wiley-Liss, Inc.
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Injury to the cornea provokes an inflamma-
tory response with the degree of inflammation
correlating to the severity of the injury. Nu-
merous mediators are involved in the develop-
ment and progression of corneal inflammation,
among them are the arachidonic acid-derived

eicosanoids produced by the cyclooxygenases,
lipoxygenases, and cytochrome P450 (CYP)
monooxygenases, i.e., prostaglandins, leuko-
trienes, andHETEs,whichhavebeen implicated
in the initiation, development, and progression
of an inflammatory response. Studies in our
laboratory have identified CYP-dependent
arachidonic acid metabolism in the corneal
epithelium and established it as a primary
inflammatory pathway in rabbit models of
ocular surface inflammation. Corneal epithelial
CYP metabolizes arachidonic acid to 12(R)-
hydroxy-5,8,10,14-eicosatetraenoic acid [12(R)-
HETE], a potent Na,K-ATPase inhibitor and
12(R)-hydroxy-5,8,14-eicosatrienoic acid [12(R)-
HETrE], a vasodilator, chemotactic, and angio-
genic factor [Laniado Schwartzman, 1997].
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Several lines of evidence provide strong
support for the involvement of the CYP-derived
metabolites, in particular 12(R)-HETrE, in the
inflammatory response: (1) Following hypoxic
or chemical injury to the surface of the cornea,
the corneal epithelial capacity to synthesize 12-
HETE and 12-HETrE is greatly enhanced and
significantly correlated with the appearance
and course of the inflammatory response, there-
by, indicating a potential cause–effect relation-
ship between these events [Conners et al.,
1995a, 1997]; (2) depletion of CYP proteins
inhibited 12-HETE and 12-HETrE synthesis
and markedly attenuated the inflammatory
response to hypoxic injury, further providing
strong pharmacological evidence for the role of
CYP-derived arachidonic acid metabolites in
these models of ocular surface inflammation
[Conners et al., 1995b; Laniado Schwartzman,
1997]. (3) Human corneal epithelium exhibits
CYP-dependent arachidonic acid metabolism
and 12-HETE and 12-HETrE are present in
normal open eye human tears in very low con-
centrations. Moreover, the level of the proin-
flammatory angiogenic metabolite, 12-HETrE,
is several fold higher in tears from subjects with
ocular surface inflammation, further support-
ing a role for these eicosanoids in human ocular
pathophysiology [Mieyal et al., 2001].
Recent studies led to the isolation of a 0.67-kb

corneal epithelial cDNA with a 98.8% sequence
homology to the rabbit lung CYP4B1 isoform
[Mastyugin et al., 1999]. Its expression in
corneal organ cultures was induced by hypoxia
and by chemical inducers of the CYP4 gene
family such as clofibrate and phenobarbital;
its increased expression was associated with
increased production of 12-HETE/12-HETrE
[Mastyugin et al., 1999]. Further studies
demonstrating that antibodies against CYP4B1
inhibited hypoxia-induced 12-HETE and 12-
HETrE synthesis [Mastyugin et al., 1999]
provided substantial evidence that in the
corneal epithelium CYP4B1 is involved in
hypoxia-induced 12-HETE and 12-HETrE syn-
thesis and ocular surface inflammation. Indeed,
in a recent study we documented the increased
expression of CYP4B1 mRNA in the corneal
epithelium during hypoxic injury in vivo. The
pattern of expression of CYP4B1 corresponded
well with the progression of the anterior surface
inflammatory response including corneal thick-
ness and inflammatory score as well as with
the rate of synthesis of the inflammatory and

angiogenic eicosanoid 12-HETrE [Mastyugin
et al., 2001].

To start elucidating the molecular mechan-
isms responsible for the regulation of this gene,
particularly in response to hypoxia, studies
were carried out to isolate, clone, and analyze
the corneal epithelialCYP4B1 full-length cDNA
and its promoter region. The findings of se-
quences on the promoter region of the corneal
CYP4B1 gene that are recognized by transcrip-
tion factors whose activity is regulated by
hypoxia provides a molecular mechanistic ex-
planation for the induction of CYP4B1 and,
thus, the production of inflammatory eicosa-
noids in response to hypoxic injury.

MATERIALS AND METHODS

Materials

Rabbit eyes from 8–12-week-old male and
female New Zealand White or California White
rabbits (1.6–2.5 kg) were obtained from Pel-
Freez Biologicals (Rogers, AK). All chemicals
were molecular biology grade and purchased
from Sigma (St. Louis, MO). Cell culture
reagents were obtained from Invitrogen (Carls-
bad, CA). Restriction endonucleases were pur-
chased from New England Biolabs, Inc.
(Beverly,MA). pBluescript IIKSþwas obtained
fromStratagene (La Jolla, CA). The pGL3-Basic
firefly luciferase receptor vector pGL3-B was
obtained from Promega (Carlsbad, CA). Oligo-
nucleotide primers were synthesized by Gene
Link, Inc. (Thornwood, NY).

Corneal Organ Culture

Fresh eyes were shipped overnight on ice in
Hanks balanced salt solution (HBSS) contain-
ing 100 mg/ml penicillin G, 100-U/ml strepto-
mycin sulfate, and 0.25 mg/ml amphotericin B
(Fungizone, Invitrogen, Carlsbad, CA). Eyes
were washed in Dulbecco’s modified eagles
medium (DMEM)with 2� penicillin/streptomy-
cin/Amphotericin B; corneas were dissected
with the scleral rim intact. The corneas were
washed five times with the same medium and
each cornea was transferred to a well in a 12-
well plate containing 1 ml of DMEM with 0.2%
lactalbumin enzymatic hydrolysate (LH) and
1� penicillin/streptomycin/Amphotericin. Cul-
ture plates were placed in a 378C incubator
supplied with 5% CO2/95% air (normoxia); or in
a modular tissue culture chamber (Billups-Rot-
henburg, DelMar, CA) supplied continuously
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with 5% CO2/2% O2/93% N2 (hypoxia), bubbled
through deionizedH2O into the chamberwithin
a 378C incubator. Cultures were incubated for
2–24 h without change of medium.

Cloning of CYP4B1 Full-Length cDNA

Gene-specific primers (GSPs) were designed
based on the defined sequence of the hypoxia-
induced corneal CYP4B1 0.67-kb cDNA frag-
ment [Mastyugin et al., 1999] (GenBank acces-
sion no.: AF176914) and are listed in Table I.
Isolated rabbit corneas were placed under hy-
poxic conditions as described above. Two hours
later, corneal epithelium was scraped and total
RNA was extracted using TRIzol reagent (Invi-
trogen). The first strand cDNA synthesis reac-
tion was catalyzed by SuperScriptTM II RNase
H� reverse transcriptase (RT), supplied by 30-
and 50-RACE kits (Invitrogen). Amplification of
RACE products was carried out in a final
volume of 100 ml consisting of 20 mM Tris-HCl
(pH 8.8), 10 mM potassium chloride, 10 mM
ammoniumsulfate, 2.0mMmagnesium sulfate,
1% Triton X-100, 1 mg/ml nuclease-free bovine
serum albumin, 200 mM of each deoxyribonu-
cleoside triphosphate, 5 ml of the DNA template
(first-strand cDNAproduct or diluted 1:100 first
round PCR mix), 0.2 mM of each forward and
reverse primer, and 2.5 U of the PfuTurbo DNA
polymerase (Stratagene, La Jolla, CA). The
reactions were heated to 978C for 1 min and
cycled 30 times through a 1min denaturing step
at 978C, a 1.5 min annealing step at 558C, and a

2.0-min extension step at 728C.After the cycling
procedure, a final 10-min elongation step at
728C was performed.

30-RACE and 50-RACE products were
digested using one of the restriction endonu-
clease sites designed into the AUAP (Not I site).
Wealso designed aunique restriction site (Acc I)
within the gene-specific primers. The RACE
productwas treatedwithT4DNApolymerase in
the presence of dATP and dTTP to create de-
fined cohesive ends. The resulting RACE pro-
duct was ligated into a nondephospharylated
Not I–Acc I-cut pBluescript II KSþ vector
(Stratagene) using T4 DNA ligase. MAX Effi-
ciency DH5a Cells (Invitrogen) were then
transformed with the vector-ligated DNA. Posi-
tive clones were amplified and plasmid DNA
purified using aQIAprepMiniprep Kit (Qiagen,
Valencia, CA). Plasmid DNA was analyzed by
PCRwith standard pBluescript II KSþ primers
RP and T7 to assess insert size. PCR products
were resolved on 1.2% agarose gels stainedwith
ethidium bromide, visualized under UV light,
and the image was captured on Polaroid film.

The primary structure of the RACE products
was established by sequencing using the dye
terminator cycle sequencing method with stan-
dard pBluescript II KSþ T3 and T7 primers.
Primary RACE products were also directly
sequenced with gene-specific primers, GSP-1F
and GSP-2. Nucleotide sequencing was per-
formed by Davis Sequencing (San Diego, CA).
Primary RACE products were also directly

TABLE I. Primer Sequences

Name Sequence, 50-

30-RACE adapter primer (3AP) GGCCACGCGTCGACTAGTACTTTTTTTTTTTTTTTTT
30-RACE abridged universal amplification primer (3AUAP), homologous

to the adapter sequence
GGCCACGCGTCGACTAGTACTT

30-RACE gene-specific primer (GSP-2F) CGATTCTCTTGGATGTCCGCGGT
30-RACE nested primer (GSP-1F) CGATTTCCTCTACTGCATGGCCTT
50-RACE abridged anchor primer (5AAP) GGCCACGCGTCGACTAGTACGIIGGGIIGGGIIG
50-RACE abridged universal amplification primer (5AUAP), homologous

to the adapter sequence
GGCCACGCGTCGACTAGTAC

50-RACE gene-specific primer GSP-1, anneals to mRNA TGTCTCCTTTGCCAAACGTACAC
50-RACE gene-specific primer GSP-2, amplification of the dC-tailed

cDNA using the 5AUAP
CGATGTGGCCCACGTCAGAGAAG

50-RACE nested gene-specific primer GSP-3 (re-amplification of the
primary PCR product)

CGATGTCGAAGCTCTTACCCTCAC

Standard pBluescript II KSþ primer RP GGAAACAGCTATGACCATGATT
Standard pBluescript II KSþ primer T7 GTAATACGACTCACTATAGGGC
Standard pBluescript II KSþ primer T3 ATTAACCCTCACTAAAGGGA
Gene-specific primer 4B1-FP CCTCTCCTGAGCGTCGCTGTCT
Gene-specific primer 4B1-RP GTGAGTTCTGTTTATTCAGCATCGTG
Adapter-specific 50-primer (AS5P) GTAATACGACTCACTATAGGGC
Gene-specific 30-primer-1 (GS3P1) (CAACCTCTGCCTTCGAAGCAGCAGGCGGAGGA)
Nested 50-primer (N5P1) ACTATAGGGCACGCGTGGT
Nested 30-primer (N3P1) GAGGAAGCCTAGGATCAAGATCAGTCCGGAAGCC
Gene-specific 30-primer-2 (GS3P2) ACCCATTTAACCGGGACAACAGGAGAT
Nested 30-primers (N3P2) GCCAGCCTCATGAAGTTCTGATTCCTT
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sequenced with the gene-specific primers, 4B1-
FP and 4B1-RP. Nucleotide sequences corre-
sponding to the RACE product were aligned to
all available GenBank sequences and compared
against the known sequence of rabbit lung
CYP4B1.

Isolation of the Rabbit CYP4B1
Promoter Region

Rabbit corneal genomic DNA was extracted
using the DNeasy Tissue Kit (Qiagen, Valencia,
CA). The GenomeWalker kit (Clontech, Palo
Alto, CA) was used for the isolation of the 50-
flanking region of the rabbit CYP4B1 gene.
Briefly, samples of rabbit cornea genomic DNA
were separately digested with five different
restriction enzymes. Digested DNA fragments
were then adapter-ligated to produce five sets of
DNA fragments with adapters at their ends.
Each set of DNA fragments was amplified using
an adapter-specific 50-primer and a rabbit
CYP4B1 gene-specific 30-primer, GS3P1. The
second PCR reaction was done using nested
primers, N5P1 and N3P1. The PCR products
from each set were analyzed on a 1.2% agarose
gel. Two different sets showed major PCR pro-
ducts corresponding to 1.8 and 0.65 kb, respec-
tively. These products were digested with Sal I
(incorporated within the nested 50-primer) and
cloned into the pBluescript II KSþ vector
digested with Sal I and Sma I. Nucleotide
sequences were determined by the dye termi-
nator cycle sequencing method (Davis Sequen-
cing). Based on the sequencing data, the
primers GS3P2 and N3P2 were designed for
further genomic walking using the same Geno-
meWalker kit. For Southern blot analysis,
rabbit genomic DNA was digested with either
EcoRV, DraI, PvuII, or HindIII, fractionated on
a 0.7% agarose gel, transferred to Hybond-Nþ,
and hybridized with a 32P-labeled fragment
(�2535 to �1755) of the isolated CYP4B1
promoter.

Construction of Luciferase Reporter Plasmids

The Luciferase reporter constructs contain-
ing various deletions of the CYP4B1 promoter
were prepared bydirect cloning ofPCRproducts
and subsequent deletion using restriction
enzyme digestion. The pGL3-Basic firefly luci-
ferase receptor vector (pGL3-B) (Promega),
whichdoesnothaveanypromoter andenhancer
elements, served as a negative control. The
deletion constructs (�3435/þ22, �1787/þ22,

�955/þ22, �640/þ22, �194/þ22) were sub-
cloned upstream of the firefly luciferase repor-
ter gene of pGL3-B employingKpnI andHindIII
sites. The 30-end of each luciferase reporter
construct is locatedþ22 relative to the CYP4B1
transcriptional start site, whereas the 50-ends
map to various position of the promoter as
indicated above. All constructs were sequenced
and/or restriction enzyme digested to confirm
their authenticity.

Cell Transfection and Luciferase Assay

The rabbit corneal epithelial cell line was
obtained from Dr. Kaoru Araki-Sasake, Osaka
University [Araki et al., 1993]. RCE cells were
grown in medium containing a mixture of
DMEM/F12 1:1, 10% FBS, and 1% antibiotic/
antimycotic mixture. For transfection, cells
were seeded at 2� 105 cells/well in 12-well
plates and grown to 80% confluency at 378C in
a 5% CO2 incubator. Cells were washed with
PBS and 0.8 ml of Opti-MEM (Invitrogen) was
added into each well together with a mixture
containing 0.3 mg of either empty vector (pGL3-
B) or promoter deletion constructs and 1.5 ml of
LipofectAMINE 2000 (Invitrogen) in 0.2 ml of
Opti-MEM. Renilla luciferase reporter vector
phRL-TK (25 ng) was co-transfected in all
experiments as an internal standard for trans-
fection efficiency. Five hours after transfection,
medium was replaced with 1 ml of DMEM
containing 0.1% FBS and cells were incubated
overnight at 378C in a 5% CO2 incubator.
Twenty-four hours later, cells were placed
under normoxia (5% CO2, balanced with air) or
hypoxia (2%O2, balancedwith 5%CO2, 95%N2)
for additional 24 h. In some experiments,
transfected cells were incubated in the presence
of 3-MC (2 mM) under normoxia or hypoxia
for additional 24 h as previously described
[Mastyugin et al., 1999]. Control cells were
transfected in parallel and cultivated under
normal oxygen tension. A dual luciferase repor-
ter assay system (Promega) and a luminometer
(Turner Designs, Sunnyvale, CA) were used for
luciferase activity assay. Cells were lysed and
assayed for luciferase activity according to
manufacturer’s protocol.

Electrophoretic Mobility Shift Assay (EMSA)

Nuclear extracts of RCE cells exposed to
normoxia andhypoxia for 1 or 4 hwere prepared
as previously described [Laniado-Schwartzman
et al., 1994]. EMSA was performed with 32P-
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labeled double stranded oligonucleotides con-
taining consensus DNA binding sequences
within the CYP4B1 promoter for the following
transcription factors: HIF-1 (�871 to �852; 50-
aggaaaCACGTGgggtgaat-30 and �78 to �64;
gcaggGCGTGgcgag), NFkB (�1136 to �1112;
50-ggaTGGGAGACTCCagcaagagatt-30) and
AP-1 (�1290 to �1272; 50-atgtctgTGAGTCAg-
cacc-30). Oligonucleotides were labeled using
[g-32P]ATP and T4 polynucleotide kinase or
[a-32P]dCTP and Klenow large fragment of
DNA polymerase I according to manufacturer
protocols (Invitrogen). Labeled oligonucleotides
were purified with QIAquick Nucleotide
Removal Kit (Qiagen). Nuclear extracts (10 mg)
were preincubated in 20 ml reaction mixtures
containing 10 mM Tris-HCl, pH 7.5, 1 mM
EDTA, 1 mM dithiothreitol, 10% glycerol, and
1 mg of salmon testis DNA (Sigma-Aldrich, St.
Louis, MO) at room temperature for 5 min. 32P-
labeled double stranded oligonucleotide probe
(10,000 cpm)was added, and the incubationwas
continued for another 20 min. For oligonucleo-
tide competition, unlabeled oligonucleotide
probe (100-fold molar excess) was added during
the preincubation period. Reaction products
were then fractionated on a 5% polyacrylamide
gel in 1� Tris-Gly-EDTA buffer, pH 8.3 at 70 V
for 30 min followed by 3 h at 170 V. Gels were
dried, autoradiographed, and quantified by
densitometry analysis. Supershift assays were
performed using the following antibodies
(Santa Cruz Biotechnology, Inc., Santa Cruz,
CA): rabbit anti c-fos (H-206) polyclonal anti-
body, goat anti HIF-1a (C-19) polyclonal anti-
body, goat anti NFkB p50 (C-19) polyclonal
antibody, and rabbit anti NFkB p65 (A) poly-
clonal antibody.

RESULTS

Isolation, Cloning, and Sequencing
of Full-Length cDNA

The reconstructed sequence of the rabbit
corneal cDNA is shown in Figure 1. Two slightly
dissimilar sequences were obtained from differ-
ent batches of rabbit corneal epithelium. The
first sequencewas identical to the lungCYP4B1
isoform (GenBank accession no.: M29852),
while the second sequencewas slightly different
from the lung isoform (Fig. 1). Thus, substi-
tution of G (Lung) with A (Cornea) yields
isoleucine instead of valine and substitution of
C (Lung) with A (Cornea) yields methionine

instead of leucine. These changes are for similar
hydrophobic amino acids and may or may not
confer functional differences.

The 50-RACE product had an overlapping
nucleotide sequencewith the previously defined
rabbit corneal CYP4B1 cDNA fragment (Fig. 1).
Computer alignment of the 50-RACE product to
all available GenBank database sequences
showed a high degree of sequence homology to
the rabbit lung CYP4B1. Assuming the same
position of the open reading frame for the
corneal CYP4B1 as for the lung CYP4B1 iso-
form [Gasser and Philpot, 1989], the nucleotide
sequences corresponding to the amplified por-
tion of the coding region of the lung and corneal
isoforms were identical. However, the 50-
untranslated region of the corneal CYP4B1
cDNA demonstrated some sequence differences
as compared to the lung isoform. Corneal
CYP4B1 cDNA was nine nucleotides longer in
size and there were two mismatches: T10, cor-
neal CYP4B1-G1, lung CYP4B1; C11, corneal
CYP4B1-G2, lungCYP4B1. The observed differ-
ences in the nucleotide sequencemay reflect the
two different approaches used to clone and
sequence the 50-end region of the lung and the
corneal CYP4B1 cDNA. Alternatively, the pri-
mary structures of the CYP4B1 transcripts in
the lung and in the cornea may be different and
tissue-specific. Thus, in the corneal epithelium,
RNA polymerase II may utilize a different
transcription initiation site, resulting in a
longer 50-untranslated region, which occurs in
the corneal transcript.

The 30-RACE product (Fig. 1) had the over-
lapping nucleotide sequence with the pre-
viously defined rabbit corneal CYP4B1 cDNA
sequence. Computer alignment of the 30-RACE
sequence to all available GenBank database
sequences showed a high degree of sequence
homology to the rabbit lungCYP4B1. Therewas
onemismatch in the region close to the putative
heme-binding domain of the CYP (T1440, 30-
RACE product, C1431, rabbit lung CYP4B1).
Based on the position of the open reading frame
in the rabbit lung CYP4B1 gene [Gasser and
Philpot, 1989], this mismatch did not confer an
amino acid change (Phe (F) toPhe (F)), implying
no alterations in protein structure and function.
The nucleotide sequence 50-CCTGAGGTCT-
TTGACCCCCTGCGC encoded the meander
region polypeptide sequence PEVFD422PLR,
critical for heme binding to CYP4B1 [Zheng
et al., 1998]. Assuming the same position of the
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open reading frame for the corneal CYP4B1,
the stop codon TAG was identical for lung and
corneal isoforms. The nucleotide sequence 50-
TTCTCTGCCGGGCCCAGGAACTGCATCGG-
GCAGCAGTTC encodes the putative heme-
bindingregionFSAGPRNCIGQQF.Thepresence
of these conserved regions crucial for heme
binding suggests that the corneal CYP4B1
isozyme is competent for heme binding, a key
requirement of any functional P-450 enzyme.
The 30-untranslated region was shorter than

that of the lung CYP4B1, according to the
position of the stop codon in the rabbit lung
CYP4B1 isoform [Gasser and Philpot, 1989].
The poly-(A) signal followed immediately after
the last nucleotide of the 30-RACE product. This
was confirmed by sequencing both the cloned 30-
RACEproductwith the standard vector-specific
primers and the primary RACE product with
the gene-specific primer. Occasionally, trun-
cated cDNA 30-ends are produced because of
annealing of the modified oligo-(dT) primer to
an A-rich region in the transcript upstream of
the poly-(A). Alternatively, this poly-(A) signal
could be a poly-(A) tail of the corneal CYP4B1
transcript that is not present in the rabbit lung
CYP4B1 mRNA [Gasser and Philpot, 1989]. To
further explore this possibility, a RT-PCR
experiment was performed with the gene-
specific primer used in the 30-RACE (forward
primer) and the primer derived from the 30-
terminal cDNA sequence of the rabbit lung
CYP4B1 (reverse primer); the amplified PCR
product exhibited the predicted size and the
nucleotide sequence identical to the rabbit lung
CYP4B1 (Fig. 1, long form). No ‘‘internal’’ poly-
(A) sequence was detected. These results sug-
gest that there might be several mRNA forms
present in the rabbit corneal epithelium. The
‘‘truncated’’ corneal CYP4B1 transcript has a
shortened non-coding region, which could have
an important regulatory function. The presence
of multiple transcripts may reflect a compli-
cated mechanism responsible for the differen-
tial regulation of the CYP4B1 gene in the
corneal epithelium in response to hypoxia and
chemical injury.

The nucleotide sequences of two identified
corneal CYP4B1 transcripts were submitted to
the GenBank database. A shorter transcript
was determined as a ‘‘short form’’ and assigned
the accession number AF176914. The longer
transcriptwas introduced as a ‘‘long form’’ of the
rabbit corneal CYP4B1 and assigned the acces-
sionnumberAF332576.Both forms showed 98–
99% sequence identity with the rabbit lung
CYP4B1 cDNA [Gasser and Philpot, 1989] and
72–77% sequence identity with the rat, human,
and mouse CYP4B1 cDNAs [Gasser and Phil-
pot, 1989;Nhamburoetal., 1989;Yokotanietal.,
1990; Imaoka et al., 1995].

Isolation of the Rabbit Corneal CYP4B1
Promoter Region

A 3.41-kb DNA promoter region of the
CYP4B1 gene (GenBank accession no.:
AY227450) was isolated from the rabbit corneas
using the PCR-basedGenomeWalker approach.
Multiple 50-RACE studies identified the start
site of the rabbit corneal CYP4B1 cDNA as a
guanosine residue located 33 bpupstreamof the
ATG start codon (Figs. 1 and 2), while the
predicted transcription start site (http://
www.fruitfly.org/seq_tools/promoter.html) was
identified as a cytidine residue located 36bp
upstream of the ATG start codon (Fig. 2).
However, primer extension analysis indicated
that the major transcription start site co-
incided with that of the guanosine residue
(data not shown). A putative TATA box
sequence (TATAA)was found at�30 bp relative
to the beginning of the cDNA (transcription
start site þ1 (G)). Interestingly, the 50-UTR
of the rabbit corneal CYP4B1 mRNA is rela-
tively short, indicating a unique feature for
this gene.

The isolated 50-flanking region of the rabbit
corneal CYP4B1 was aligned to correspond-
ing sequences in the human andmouse genome
databases using DNASTAR computer soft-
ware (Madison, WI). The results showed that
the isolated corneal CYP4B1 promoter frag-
ment exhibited 22% and 65% homology with
the mouse and human 50-flanking regions

Fig. 1. (Overleaf ) Reconstructed cDNA sequence encoding
the corneal CYP4B1 isoform and alignment to the known
sequence of the rabbit lung CYP4B1. Lowercase text represents
the nucleotide sequence of the previously defined rabbit corneal
cDNA fragment [Mastyugin et al., 1999]. ATG is a start codon
encoding the Methionine (M). TAG is a STOP codon. Codons
TTT (cornea) and TTC (lung) encode the same amino acid

phenylalanine (F). The nucleotide sequence 50-CCTGAGGTCT-
TTGACCCCCTGCGC encodes the meander region polypeptide
sequence PEVFD422PLR, critical for heme binding to CYP4B1.
The nucleotide sequence 50-TTCTCTGCCGGGCCCAGGAACT-
GCATCGGGCAGCAGTTC encodes the putative heme-binding
region FSAGPRNCIGQQF.
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Fig. 1.
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Fig. 1. (Continued )
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(immediately upstream of the start site of the
CYP4B1 cDNA), respectively.

Computer analysis of the promoter sequence
revealed the presence of cis-acting elements
including putative regulatory elements, which
have been reported to be functionally related to
induction of CYP proteins and to hypoxia
responses. As seen in Figure 2, several DNA
binding sequences were predicted for transcrip-
tion factors that have been implicated in the
induction of CYP4 proteins. These include
preoxisomal proliferators activated receptors
(PPAR/RXR heterodimer), barbiturate re-
sponse factor, hepatic nuclear factor (HNF)
and Ah receptor (ARNT heterodimer). With
regard to hypoxia responsive elements, the
CYP4B1 contains two putative HIF-1 binding
sequences with 100% homology to the core
consensus sequence of the HIF-1 binding site,
i.e., 50-BACGTGSB-30 [Mazure et al., 2002].One
HIF-1 binding site is located at�865 to�858 on
the sense strandand the secondone is located on
the antisense strand at�2195 to�2187 (Fig. 2).

Another putative site with 80% of the core
consensus sequence of HIF-1 binding site is
located at �73 to �67, 50-gCGTGgc-30. Figure 2
also indicates the presence of DNAbinding sites
having the core consensus sequence for various
transcription factors that have been implicated
in the induction of numerous genes in response
tohypoxia;most notablyare sequences forAP-1,
NFkB, Sp1, and C/EBP. The presence of these
sequences could explain, at least in part, the
increased mRNA levels of CYP4B1 following
hypoxic injury in vitro and in vivo.

Effect of Hypoxia on CYP4B1
Promoter Activity

Five different luciferase reporter constructs
containing various deletions of the isolated
3.41 kb fragment of the 50-untranslated region
of the CYP4B1 gene were made to start
elucidating the molecular mechanisms under-
lying CYP4B1 transcriptional activation in
response to injury. We used the rabbit corneal
epithelial cells for transient transfection and

Fig. 1. (Continued )
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Fig. 2. Putative regulatory elements in the rabbit CYP4B1 gene
promoter. The predicted transcription start site is indicated in
large font (C) and an arrow. Underlined sequences represent
possible cis-regulatory elements: HIF-1, hypoxia-inducible
factor 1; AP-1, activator protein 1; NFkB, nuclear factor p50/

p65; SP1, stimulating protein 1; HNF-1, hepatic nuclear factor;
PPAR, peroxisomal proliferator activated receptor; RXR, retinoic
acid receptor; VDR, vitamin D receptor; C/EBP, CAAT box
enhancer protein.
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promoter activity analysis. Transfection with
the �640/þ22, �955/þ22, �1787/þ22, and
�3435/þ22 constructs resulted in a significant
induction of CYP4B1 transcriptional activity
in response to hypoxia (Fig. 3). The highest
increase (2-fold) in transcriptional activity was
detected with the �640/þ22 construct and may
reflect the presence of an NFkB binding site
that is not present in the �194/þ22 construct.
The �194/þ22 luciferase construct produced
high levels of transcriptional activity in RCE
cells under hypoxic conditions, but was not
significantly different compared to normoxic
conditions (Fig. 3). The �194/þ22 construct
contains an HIF-1-like (XRE) binding site
located close to the putative TATA-box element.
Itmay not be sufficient for a significant increase
in induction of the CYP4B1 gene in response to
hypoxia.
The xenobiotic compound 3-MC activates the

transcription of certain P-450 genes via the
transcription factor aryl hydrocarbon receptor
(AhR). Upon activation, AhR forms a hetero-
dimer with another transcription factor ARNT
[Pollenz et al., 1999]. The activation of AhR-
ARNT may constitute a mechanism for the
induction of CYP4B1 since 3-MC also stimu-
lates the formation of 12(R)-HETE and 12(R)-
HETrE in the corneal epithelium [Mastyugin
et al., 1999]. CYP4B1 promoter activity in RCE
cells transfected with the luciferase constructs
�194/þ22, �955/þ22, and �3435/þ22 in-
creased by 2–3-fold following exposure to 3-
MC. The activity of these constructs to both,
hypoxia and 3-MC, was not different from the
response to 3-MC alone. Conversely, promoter
activity of the �1787/þ22 construct decreased
in response to 3-MC but exposure to hypoxia
reversed the 3-MC effect on the �1787/þ22
construct-derived activity (Fig. 4). The presence
of a certain combination of cis-elements in
�1787/þ22 construct and absence of such a set
in the �955/þ22 construct might produce
transcriptional inhibitory complex, while expo-
sure to hypoxia might produce rearrangement
of transcriptional complex due to activation of
two NFkB-like sites and AP-1 site in the�1787/
þ22 construct. On the other hand, the �194/
þ22 construct, which did not respond to hypoxia
(Fig. 3), showed a twofold increase in transcrip-
tional activity in respond to 3-MC (Fig. 4),
suggesting that this HIF-1-like (XRE) binding
site exhibits higher affinity to xenobiotics, AhR
ligands.

Involvement of HIF-1, AP-1,
and NFkB in the Hypoxia-Induced

Transcription of CYP4B1

As indicated above, the isolated CYP4B1
promoter fragment contains three putative
binding sites for the HIF-1 transcription factor.
We performed EMSA on nuclear extracts from
RCE cells exposed to hypoxia using the HIF-1
putativeDNAbinding sequences of theCYP4B1
to further evaluate the contribution of HIF-1 to
hypoxia-induced CYP4B1 expression. As seen
in Figure 5, nuclear binding activity for the 32P-
labeledHIF-1 probe from theCYP4B1 promoter
(�871 to �852) showed a strong 5- and 6-fold
increase in cells exposed to 1 and 4 h of hypoxia,
respectively. This binding activity was due to
sequence-specific binding to the HIF-1 oligonu-
cleotide probe as shown by competition with
excess unlabeled probe for the HIF-1 (Fig. 6).
Nuclear binding activity was also detected
using a 32P-labeled oligonucleotide that codes
for the putative site having 80% of the core
consensus sequence ofHIF-1binding site at�73
to�67. Binding activity to this site was evident
albeit much weaker. Supershift assay using
antibodies against HIF-1a clearly indicated
that the binding activity detected with both
probes consisted of HIF-1a (Fig. 5).

We also examined the possible involvement of
AP-1 and NFkB binding sites in the hypoxia
induction of CYP4B1 expression. Nuclear bind-
ing activity for the 32P-labeled AP-1 probe from
the CYP4B1 promoter (�1290 to �1272) was
present in RCE cells under normoxia and was
significantly increased following 4 h exposure to
hypoxia (Fig. 6). This bindingactivitywasdue to
sequence-specific binding to the AP-1 oligonu-
cleotide probe as shown by competition with a
100 molar excess unlabeled AP-1 probe but not
with an excess of unlabeledNFkBprobe. Super-
shift assay indicated that the binding activity
was composed of c-fos protein (Fig. 6).

EMSA of RCE nuclear extracts using the 32P-
labeledNFkBprobe from theCYP4B1 promoter
(�1136 to �1112) showed a marked increase in
binding activity following exposure to hypoxia
for 1 and 4 h of about fourfold over the control
normoxic condition (Fig. 7). This binding activ-
ity was due to sequence-specific binding to the
NFkB oligonucleotide probe as evidenced by
competition with excess unlabeled probe for the
NFkB but not with unlabeled probe for AP-1.
Supershift assay using antibodies against p50
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Fig. 3. Effect of hypoxia on CYP4B1 promoter activity in RCE cells. Transfected cells were cultured in
normoxia or hypoxia for 24 h. Firefly luciferase activity is expressed relative to the Renilla luciferase activity.
The results are the mean� SE; n¼5; *P< 0.05 from corresponding normoxia. The putative binding sites for
HIF-1, NFkB, and AP-1 are represented by open, gray, and hatched bars, respectively.



Fig. 4. Effect of 3-MC and hypoxia on CYP4B1 promoter activity in RCE cells. Transfected cells were
cultured in normoxia or hypoxia in the presence and absence of 3-MC (2 mM) for 24 h. Firefly luciferase
activity is expressed relative to the Renilla luciferase activity. The results are themean� SE; n¼4; *P<0.05
from corresponding control. The putative binding sites for HIF-1, NFkB, and AP-1 are represented by open,
gray, and hatched bars, respectively.



Fig. 5. Hypoxia-mediated increase of nuclear binding activity
for HIF-1 in RCE cells. A: EMSA with CYP4B1-HIF-1 binding
sequence (�871 to �852; 50-aggaaaCACGTGGGgtgaat-30) and
nuclear extracts from cells incubated under normoxia (lanes 1
and 2) or hypoxic conditions for 1 h (lanes 3 and 4) and 4 h (lanes
5 and 6) in the absence (lanes 1, 3, and5) andpresence (lanes 2, 4
and 6) of an excess of unlabeled HIF-1 probe; lane 7, free probe,
no nuclear extract. B: Supershift assay. EMSA was performed

using nuclear extracts from cells incubated under hypoxic
(lanes 3–6) conditions and 32P-labeled double stranded oligo-
nucleotides for the binding sites of HIF-1 at�871 to�851 (lanes
3 and 5) and at�73 to�69 (lanes 4 and 6) in the absence (lanes 3
and 4) and presence (lanes 5 and 6) of antibody against HIF-1a.
*supershift; lanes 1 and 2, free probe. C: Densitometry analysis
(mean� SE, n¼4, *P<0.05).
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Fig. 6. Hypoxia-mediated enhancement of nuclear binding
activity of AP-1 in RCE cells. A: EMSAwith a 32P-labeled double
strandedoligonucleotide containing the consensusDNAbinding
sequence within the CYP4B1 promoter for AP-1 (�1290 to
�1272; 50-atgtctgTGAGTCAgcacc-30), and nuclear extracts
from cells incubated under normoxic and hypoxic conditions
for 1 and 4 h. S, specific competitor-unlabeled AP-1 probe; NS,

non-specific competitor-unlabeled NFkB probe. B: Supershift
assay. EMSA was performed with nuclear extracts from cells
incubated under hypoxic conditions and in the absence (lane 2)
and presence (lane 3) of antibody against c-fos. Lane 1, free
probe; *supershift. C: Densitometry analysis (mean� SE, n¼5,
*P<0.05).
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Fig. 7. Hypoxia-mediated enhancement of nuclear binding
activity of NFkB in RCE cells. A: EMSA was performed with 32P-
labeled double-stranded oligonucleotides containing consensus
DNA binding sequences within the CYP4B1 promoter for NFkB
(�1136 to �1112; 50-ggaTGGGAGACTCCagcaagagatt-30) and
nuclear extracts from the cells incubated under normoxic and
hypoxic conditions for 1 and 4 h. Free probe, no nuclear extracts;

S, specific competitor-unlabeled NFkB probe; NS, non-specific
competitor-unlabeled AP-1 probe. B: Supershift assay. EMSA
of nuclear extracts from hypoxia-treated cells in the absence
(lane 4) and presence of antibodies against p65 (lane 2) or p50
(lane 3). Lane 1, free probe; *supershift.C: Densitometry analysis
(mean� SE, n¼3, *P<0.05).
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and p65 indicated that the binding activity was
composed of these proteins (Fig. 7).

DISCUSSION

The present study describes the isolation and
initial analysis of the 50-untranslated region of
the corneal epithelial CYP4B1 gene; mRNA
expression of this gene is induced following
hypoxic injury and the activity of its protein
product is involved in the production of potent
inflammatory eicosanoids. The initial analysis
of the isolated 3.4 kb fragment of the CYP4B1
promoter indicated the presence of binding
sequences for hypoxia-sensitive transcription
factors including HIF-1, AP-1, and NFkB
suggesting that binding of these factors to the
CYP4B1 promoter sequences involves, at least
in part, the mechanism by which hypoxia
increasedCYP4B1mRNA in the corneal epithe-
lium. Promoter activity of luciferase reporter
constructs as well as EMSA with the CYP4B1
binding sequences of these factors in RCE cells
subjected to hypoxia further supports this
notion.
Increased transcription of various genes by

hypoxia is primarily attributed to activation of
the hypoxia-inducible transcription factor HIF
and its binding to corresponding cis-elements
(HREs) on the promoter region. HIF-1 was the
first hypoxia-inducible transcription factor to be
identified [Semenza et al., 1997]. Its activation
leads in most chronic responses to hypoxic
conditions to increased transcription of genes
encoding erythropoietin, glucose transporters,
glycolytic enzymes, vascular endothelial gro-
wth factor (VEGF), VEGF receptors, and other
genes whose expression facilitate delivery of
oxygen and/or produce metabolic adaptation to
hypoxia [Semenza, 2000]. HIF-1 is a hetero-
dimer composed of hypoxia-inducible HIF-1a
and the constitutively expressed HIF-1b, which
is also known as aryl hydrocarbon nuclear
translocator (ARNT). Computer analysis of the
CYP4B1 promoter predicted two putative DNA
binding sites for HIF-1 having the consensus
sequence 50-BACGTGSB-30 [Semenza et al.,
1997] and one upstream close to the TATA box
that display 80% sequence similarity. These
HIF binding sites may confer, at least in part,
the molecular mechanisms by which CYP4B1
expression is increased following hypoxic injury
in vitro and in vivo. Our results with the
luciferase reporter genes suggested the involve-

ment of these sites. ThatHIF-1may constitute a
mechanism for hypoxia induction of CYP4B1
expression is further suggested from the de-
monstration of a strong nuclear binding activity
with the 32P-labeled HIF-1 probes from the
CYP4B1 promoter in response to hypoxia that
was composed of HIF-1a as demonstrated by
supershift assays. To our knowledge, this is the
first demonstration of functional HIF-1 binding
sites on a CYP gene. The effect of hypoxia on
CYP expression and activity was primarily
studied with hepatic CYP proteins. Hypoxia
has been shown to downregulate hepatic CYP
proteins by mechanisms that are thought to be
mediated through increased cytokine levels
[Morgan, 1993] and to an activated HIF-1
(HIF-1a/ARNT) leading to a decrease in the
AhR/ARNT heterodimer for the expression of
some CYP proteins [Park, 1999]. A study by
Fradette et al. [2002] demonstrated increased
expression of CYP3A6 in response to hypoxia in
vivo in rabbit hepatocytes and suggested that
hypoxia facilitates HIF-1 cooperation with
nuclear factors such as GR, HNF-4, and RXR
[Bunn et al., 1998; Kambe et al., 2000], which
then contribute to transcriptional activation of
the CYP3A6. This scenario may be operational
in the case of the corneal CYP4B1 induction
following hypoxic injury. However, the demon-
stration of a functional HIF-1 binding site
provides an additional mechanistic explanation
for hypoxia-induced expression of CYP4B1. The
corneal CYP4B1 gene may be under distinct
molecular control that is tissue-specific and is
driven by unique molecular mechanisms that
include HIF-1 that is readily activated by hypo-
xic injury.However, additional experiments are
needed to substantiate the role of HIF-1 in the
hypoxia-induced expression of CYP4B1.

It is interesting to note that ARNT (HIF-1b)
forms aheterodimerwith theAhR transcription
factor that is readily induced by aryl hydro-
carbon compounds; this heterodimer activates
transcription of numerous CYP genes. Thus,
the mechanisms underlining the induction of
CYP isoforms by xenobiotics and hypoxia may
be linked via ARNT (HIF-1b). We and others
have previously showed that 3-MC and b-NF,
exogenous ligands of AhR, stimulates the
formation of 12(R)-HETE and 12(R)-HETrE
[Asakura and Shichi, 1992; Asakura et al.,
1994; Mastyugin et al., 1999]. In this study, we
further demonstrated that 3-MC caused activa-
tion of CYP4B1 gene transcription. However,
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exposure of 3-MC-treated cells to hypoxia did
not yield a further increase in CYP4B1 promo-
ter activity. This suggests that hypoxia and
AhR ligands share a common mechanism for
induction of corneal CYP4B1 expression. It also
further corroborates our previous data that the
enzymatic activity ascribed to CYP4B1 is not
increased when hypoxia-treated corneas are
exposed to the AhR ligands, 3-MC and b-NF
[Mastyugin et al., 1999]. Numerous studies
have demonstrated that hypoxia and the AhR
ligand compete for the recruitment of the ARNT
transcription factor [Gradin et al., 1996; Kim
and Sheen, 2000]. Moreover, AhR ligands have
been shown to suppress AP-1 and NFkB activa-
tion [Tian et al., 1999; Suh et al., 2002]. In as
much as activation of NFkB and AP-1 may
contribute to hypoxia induction of CYP4B1
expression, addition of AhR ligands may dimin-
ish the response to hypoxia.

The induction of CYP4B1 by hypoxia may
involve other oxygen-sensitive transcription
factors either directly by facilitating/augment-
ingHIF-1-activated transcription. Factors such
as NFkB, AP-1 [Koong et al., 1994; Mukho-
padhyay et al., 1995], and NF-IL-6 [Yan et al.,
1997] have been implicated in the hypoxia-
induced expression of various genes. A recent
study by Teng et al. [2002] demonstrated that
the transcription factor C/EBP-b mediates
induction of the inducible nitric oxide synthase
(iNOS) by hypoxia in pulmonary microvascular
smooth muscle cells. Green et al. [2001] showed
a central role for the metal transcription factor-
1 (MRF-1) in the hypoxia induction of placenta
growth factor in fibroblasts. Xu et al. [2000]
described how Sp1 synergistically enhanced
cyclooxygenase-2 (COX-2) promoter activity
with hypoxia in the vascular endothelium. The
transcription factor Egr-1 has been shown to
mediate hypoxia-induced transcription of IGF-
II [Bae et al., 1999]. As indicated inFigure 4, the
computer analysis of the CYP4B1 promoter
contains consensus sequences for some of these
factors. Their contribution to CYP4B1 gene
induction needs to be explored. Our studies
using nuclear extracts isolated from RCE cells
and labeled probes containing the putative
CYP4B1 binding sequences for AP-1 and NFkB
demonstrated a marked increase in binding
activity of these probes to nuclear extracts from
RCE cells exposed to hypoxia. These results
support a role for these transcription factors in
the hypoxia induction of CYP4B1 expression.

Interestingly, a recent study indicated the
presence of AP-1 and Sp1 binding sites on the
mouse CYP4B1 promoter [Isern and Meseguer,
2003]. However, it is unknown if the mouse
CYP4B1 is regulated by hypoxia. To this end,
computer analysis showed little homology (22%)
between themouse promoter fragment and that
of the rabbit cornea described here.

Another possible mechanism that may
account for induction or amplification of
CYP4B1 expression in the corneal epithelium
following injurymay include the involvement of
peroxisomal proliferator-activated receptors
(PPARs). The transcription of many of the
CYP4 genes is activated by PPARs. These endo-
genous nuclear receptors are activated upon
bindings of exogenous ligands such as clofibrate
or endogenous ligands including eicosanoids
such as prostaglandins, HETEs and o-alcohol
EETs [Kliewer et al., 1997]. Yu et al. [1995]
showed that cyclooxygenase-derived prosta-
glandins includingPGD2,PGA2, andPGJ2, bind
to PPAR subtypes (a, d, g) with different
specificities. On the other hand, lipoxygenase-
derivedhydroxyacids including 8(S)-HETEand
leukotriene B4 (LTB4) have been shown to be
potent ligands for PPARa [Devchand et al.,
1996]. Cowart et al. [2002] demonstrated that
the o-alcohol of EETs activated human and
mouse PPARa in transient transfection assays
suggesting these metabolites as endogenous
ligands of this nuclear receptor. Hypoxia as
well as inflammatory conditions may rapidly
induce enzymes involved in the synthesis of
these eicosanoids which in turn initiates a
cascade of cellular processes leading to induc-
tion of CYP4B1 via activation of PPARs. The
activation of PPARs may contribute to the
expression of CYP4B1 since the exogenous
ligands for this nuclear receptor, for example,
clofibrate, also stimulates the formation of
12(R)-HETE and 12(R)-HETrE in the corneal
epithelium and increases the levels of CYP4B1
in RCE cells [Mastyugin et al., 1999]. We have
demonstrated that RCE cells do express tran-
scripts forPPARaandPPARbbutnot forPPARg
[Bonazzi et al., 2000]. Computer analysis of the
CYP4B1 promoter suggested the presence of a
PPAR/RXR heterodimer binding site located at
�1027 to�1007 as well as a PPARg binding site
at �1922 to �1906. Preliminary data indicate
that clofibrate also increases CYPP4B1 promo-
ter activity in transient transfection experi-
ments, further suggesting the contribution of
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PPAR ligands to the transcriptional activation
of CYP4B1.
In summary, the present study reports the

isolation, characterization, and initial analysis
of the corneal CYP4B1 full-length cDNA and
3.4 kb of the promoter region. The results
substantiate previous data that the corneal
CYP4B1 is a hypoxia-inducible gene whose
expression is rapidly increased following
hypoxic injury in vitro and in vivo. This hypoxia
inducibility may be a distinctive feature of the
corneal CYP4B1. The corneal epithelium is
routinely challenged by prolonged period of
hypoxia during eyelid closure while asleep,
something that the lung never experiences.
Hypoxia caused by eye closure creates an
inflammatory response as well [Sack et al.,
1992]; it is also a condition where the levels of
CYP-derived eicosanoids are significantly ele-
vated [Conners et al., 1995b;Vafeas et al., 1998].
The unique sequences on the promoter of the
CYP4B1 allow rapid response to changes in
oxygen tension.
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