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SUMMARY Prostaglandin H synthase (PGHS) is the rate-limiting enzyme in the conversion of
arachidonic acid to prostanoids. The human PGHS has two isoforms. PGHS-1 is a house keeping
gene whereas PGHS-2 is an inducible gene. We reported here the isolation of the entire PGHS-2
gene and its 5-flanking region from a human bacteriophage P1 genomic library. The gene
containing 10 exons is 7.5 kb in length and located at chromosome 1. The transcriptional start site
was mapped at 134 bases upstream from the ATG start codon. Nucleotide sequence of 1.8 kb
promoter region contains a TATA box and a number of potential regulatory elements including
CRE, NF-«B, Spl and AP2 sites. Studies of the promoter activity showed that the first 460
nucleotides of 5’-flanking region efficiently drove transcription of the luciferase reporter gene in
human umbilical vein endothelial cells upon stimulation with phorbor ester. & 1994 Academic

Press, Inc.

Prostaglandin H synthase (PGHS) catalyzes the first step of prostanoid biosynthesis (1-3). PGHS
is a homodimer which exhibits two enzymatic activities; a cyclooxygenase activity that converts
arachidonic acid to prostaglandin G, (PGG,) and a peroxidase activity that transforms PGG, to
PGH, (4). PGH, is the precursor of biologically important prostanoids such as thromboxane A,
prostacyclin and PGE,. Therefore, PGHS occupies a pivotal position in prostanoid biosynthesis and
is also a target for non-steroidal anti-inflammatory drugs (5).

Recent studies showed the existence of two isoforms of PGHS. Type 1 (PGHS-1) is expressed

constitutively in most tissues whereas type 2 (PGHS-2) is expressed only following cell activation
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Abbreviations used: PGHS, prostaglandin H synthase; PGH,, prostaglandin H,; HUVEC, human
umbilical vein endothelial cell.
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by growth factors, cytokines and mitogens. PGHS-1 was initially purified from ovine and bovine
seminal vesicles (6-8). The isolation and sequence analyses of cDNAs encoding ovine, murine and
human PGHS-1 showed a high degree of similarity (90%) in amino acid sequences among those
species (9-13). The genomic DNAs for murine and human PGHS-1 have been shown to comprise
11 exons and 10 introns and are approximately of 22 kb in length (14, 15).

Although PGHS-2 has approximately 60% sequence identity with PGHS-1 and contains all the
structural features important for PGHS enzymatic activity (16-21), this isoform is encoded by a
distinct gene. The mRNA transcript of the PGHS-2 gene is about 4.0-4.5 kb in length compared to
2.8 kb for PGHS-1. In addition, the genomic DNAs of mouse, rat and chicken PGHS-2 have been
isolated and the genes are distinct from those of PGHS-1 (22-24). It has been proposed that
PGHS-1 is associated with production of prostaglandins involved in cellular "housekeeping” functions
whereas PGHS-2 is in various biological events such as injury, inflammation and proliferation.

To understand the regulation of human PGHS-2 gene transcription, we have obtained from a
human bacteriophage P1 genomic library a PGHS-2 gene with a 1.B-kb of 5’-flanking region. Here

we reported characterization of structure of human PGHS-2 gene and its promoter activity.

MATERIALS AND METHODS

Tissue culture--Human umbilical vein endothelial cells (HUVECs) were prepared from freshly
isolated umbilical veins as previously described (25, 26). The cells were grown in medium 199
supplemented with 20% heat-inactivated fetal calf serum, 50 pg/ml endothelial cell growth factor,
100 units/ml heparin, 100 pg/ml streptomycin, and 100 units/ml penicillin. Cells within three passages
were used for the experiments.

Isolation of human PGHS-2 genomic DNA-- The high degree of similarity in genomic structures
of murine PGHS-1 and PGHS-2 genes led us to assume that human PGHS-2 gene had genomic
structure similar to PGHS-1 gene. Two primers, X30, 5-AGCCTCGGCCAGATGGC-3’ (1490- 1506
bp downstream from the ATG start codon; coding strand) and X31, 5~ AGGGACAGCCCTTCACG
-3’ (1671- 1687 bp downstream from the ATG start codon; complementary strand) were synthesized.
The sequences of X30 and X31, as predicted, are in the last exon of PGHS-2 gene. PCR detection
of a 198-bp fragment using primers X30 and X31 was carried out to screen a human genomic library
constructed in bacteriophage P1 vector (Genome Systems, St. Louis, MO) (27). The conditions for
PCR are: 3 cycles of 94 °C for 2 min, 52 °C for 1 min and 72 °C for 1 min followed by 27 cycles
of 94 °C for 1 min, 52 °C for 1 min and 72 °C for 1 min. One positive clone, named #261 (or the
company’s official name DMPC-HFF#1-1415B), was isolated.

Exon-intron structure of PGHS-2 gene-- Twenty oligonucleotides corresponding to sequences
throughout the human PGHS-2 cDNA were used to sequence the exon-intron regions of the
PGHS-2 genomic gene. The P1 clone #261 was sequenced by dsDNA cycle sequencing using 1 g
of the P1 DNA and 1 pmol of *P end-labeled primer following the manufacture’s protocol (BRL
Life Technologies; Gaithersberg, MD). The sizes of introns were determined by PCR amplification
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using primers from adjacent exons and followed by gel electrophoresis of the PCR products. PCR
was performed at 95 °C for 1 min, 55 °C for 2 min and 70 °C for 2 min for 30 cycles.

Construction of cosmid library of the P1 clone #261-- The insert of the P1 clone #261 is
approximately 60 kb in length. To facilitate the restriction mapping, a cosmid library of the P1 clone
#261 was constructed. Five |tg of P1 DNA were equally distributed to five tubes and treated with
10, 30, 50, 70 and 100 wU of Sau3A in 25 pl of digestion solution at 37 °C for 10 min. The solution
was then extracted with phenol-chloroform. The DNAs in five tubes were combined, precipitated
with ethanol and dissolved in 10 pi of TE buffer. Ligation and packaging were carried out according
to manufature’s protocol (Strategene; La Jolla, CA) using 2 pl of the partially-digested P1 DNA
and 1 pg of BamHI-digested pWE15 vector. Cosmids containing the human PGHS-2 gene were
isolated by hybridization with the human PGHS-2 ¢cDNA (kindly provided by Dr. T. Hla).
Restriction enzyme map of the inserts was determined using a cosmid mapping kit (Takara
Biochemicals; Berkeley, CA) (28).

Primer extension analysis and DNA sequencing of the human PGHS-2 gene promoter--
Oligonuceotide X143 (5-AGACGCCCTCAGACAGCAAAGCCTA-3’) complementary to bases 55
to 81 upstream from the ATG start codon of human PGHS-2 gene was end-labelled with
[1-*P]JATP by T4 polynucleotide kinase. Forty g of total RNA from human foreskin fibroblasts
were incubated with end-labelled X143 (1 x 10° cpm) in 20 pl of 40 mM PIPES (pH 4.6) containing
1 mM EDTA, 0.4 M NaCl and 80% formamide. The mixture was heated at 85 °C for 10 min and
then 30 °C for 12 h. The resultant X143:RNA hybrid was precipitated with ethanol and resuspended
in 15 pl of 50 mM Tris (pH 7.6), 60 mM KCl, 10 mM MgCl,, 1 mM each of dNTP, 1 mM DTT,
and 15 units of RNase inhibitor. Murine reverse transcriptase (25 units) was added and the mixture
was incubated at 37 °C for 2 h. Following the digestion with RNase, the products were precipitated
with ethanol and analyzed by electrophoresis on a 6% polyacrylamide sequencing gel to identify the
transcriptional start site.

To sequence the promoter region, the 4-kb EcoRI fragment containing the 5’-flanking region of
the PGHS-2 gene was subcloned into pGEM7ZS to generate pPGS4. The resulting plasmid was
linearlized by Kpnl and Sacl, followed by digestion with exonuclease III to generate a series of 5'-
deletion mutants for sequencing.

Construction of PGHS-2 reporter vector-- The deletion mutants of 5’-flanking region of PGHS-2
gene obtained as described above were used as templates in PCR amplification to construct the
PGHS-2 reporter vector. Primers used were; XBT7, 5-CGGGATCCTAATACGACTCACTATAG-
GGCGA-3’, T7 promoter sequence (BamHI site is underlined), and X70, 5’-CCAAGCTTGACAAT-
TGGTCGCTAACCGAG-3’, complimentary strand of the region -13 to +9 relative to the PGHS-2
transcriptional start site (HindIII site is underlined). The amplified DNA fragments containing the
regions -891/+9 and -459/+9 were subcloned into the BamHI/HindIII site of firefly luciferase
reporter vector pXP1 (29), resulting in the construct pPGS891LUC and pPGS459LUC, respectively.

Transfection and luciferase assay-- Two days prior to transfection, HUVECs were seeded at 30-40%
confluence in 10-cm tissue culture dishes. Plasmid DNAs were isolated using a Quiagen DNA
purification kit (Chatsworth, CA) and introduced into the cells by lipofectin method as previously
described (30). Briefly, HUVECs were washed twice with serum free medium Opti-MEM (GIBCO),
and then incubated with a lipofectin-DNA mixture containing 20 pig of plasmid DNA and 30 g of
lipofectin (BRL Life Technologies) for 5 h. Subsequently, the transfected cells were grown in the
culture medium for 40 h and then treated with 50 nM phorbol 12-myristate 13-acetate (PMA) for
8 h.
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For luciferase assay, the transfected cells were harvested, resuspended in 0.6 ml lysing buffer
containing 25 mM Tris-phosphate, pH 7.8, 2 mM DTT, 2 mM 1,2-diaminocyclohexane-N,N,N’,N’-
tetraacetic acid, 10 % glycerol and 1 % Triton X-100 and subjected to brief sonication. Cell pellets
were centrifuged and 100 pl of supernatant were used to determine the luciferase activities using
a Monolight model 2010 luminometer (Analytical Luminescence laboratories).

Chromosomal localization of the human PGHS-2 gene by somatic cell hybrid panel--DNA isolated
from a pre-defined panel of human/Chinese hamster somatic cell hybrids (BIOS Corporation, New
Haven, CT) was screened for chromosomal determination of PGHS-2 gene by PCR detection of
a 198-bp DNA fragment. Primers used were X30 and X31 as described above. PCR was performed
using 50 ng of somatic cell hybrid DNA, 10 pmol each of primer and 2.5 units of Taq polymerase
in 100 pl buffer. The PCR products were then analyzed on a 2% agarose gel.

RESULTS AND DISCUSSION

The bacteriophage P1 clone #261 was isolated by the PCR screening of a human genomic library
using a pair of primers, X30 and X31, which were predicted to be located in the last exon of human
PGHS-2 gene based on the genomic structures of the murine PGHS-1 and PGHS-2 genes. The
clone #261 was subjected to double-stranded DNA cycle sequencing using the human PGHS-2-
specific primers. The exon sequences thus determined matched the reported cDNA sequence (20).
The sequences of exon-intron junctions were determined by comparing the cDNA sequence and
genomic sequence. The human PGHS-2 gene is composed of 10 exons (Table I). All the exon-intron
junctions follow GT-AG rule and agree with consensus sequences for the donor and acceptor sites
(31). Furthermore, the polypyrimidine tracts which favor the RNA splicing were found within the

30 bases upstream from the 3’ acceptor sites of the human PGHS-2 gene (data not shown) (32).

Table 1. Exon-intron junctions of the human PGHS-2 gene. Capital letters in the DNA sequences
represent nucleotides present in exons. Lowercase letters represent nucleotides present in introns.
The numbers in the splice position correspond to the nucleotide sequences downstream from the
ATG start codon in the human PGHS-2 cDNA as reported previously (20).

Intron Size Splice Exon Intron Intron Excn
No. (kb) position donor acceptor
1 0.78 52/53 ..TACAG gtgagtacct..... ttaattgcag CAAAT..
2 0.12 163/170 . .AACAC gtaagtttgt..... cgtcttgcag CGGAA. .
3 0.65 313/314 . .GACAT gtaagtacaa..... aaaatttcag CCAGA..
4 0.42 457,458 . .CAAAG gtgagtaaga..... catttttcag GTAAA..
5 0.73 639/640 . .ATGGG gtaagataga..... cattttctag GTGGA. .
5 0.13 723/724 . .ATCAG gtatgcttcc..... atttttttag ATAAT..
7 6.29 970/971 . .GATAG gtaaacaaga..... gtgcaaatag GAGAG..
8 0.52 1257/1258 ..GCAGG graagcatta..... ctttceccacag GTTGC..
9 0.49 1405/1406 ..TACAG gtaagaaaca..... gccttcacag GAGAA. .
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Fig. 1. Genomic structure of the human PGHS-2 gene. (A) Restriction enzyme map of PGHS-2
gene. Overlapping cosmid clones, HP12 and HP15, used to construct the restriction enzyme map
are indicated at the top of the panel. Restriction enzymes shown are E, EcoRI; and B, BamHI. The
exons are shown as open boxes at the bottom of the panel. (B) Comparison of the sizes of exons
in human PGHS-1, human PGHS-2 and mouse PGHS-2 genes. The sizes of exons of human PGHS-
1 (14) and those of mouse PGHS-2 (22) were compared with human PGHS-2 gene. The vertical
lines dividing the first exons correspond to the ATG start codons whereas the lines within the last
exons correpond to the translational stop codons.

The insert of clone #261 was estimated to be 60-70 kb in length which was too long for
restriction enzyme mapping. A cosmid library of the P1 clone #261 was therefore constructed and
screened using PGHS-2 cDNA as a probe. Two cosmid clones, HP12 and HP15, were isolated and
confirmed by cycle sequencing for their authenticities. Restriction enzyme mapping revealed that
both clones were overlapping and represented a contiguous genomic DNA of more than 40 kb. The
sizes of introns were determined by PCR using the clone HP15 as a template. The maps constructed
by these procedures are shown in Fig. 1 and summarized in Table 1. Those results also show that

the murine and human PGHS-2 genes have a similar structure in genomic organization.
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Southern blot analysis of the clone #261 showed that the human PGHS-2 cDNA hybridized with
two EcoRI fragments (4 and 8 kb) and one BamHI fragment (15 kb). High-stringency southern blot
of human genomic DNA with the PGHS-2 cDNA probe identified bands identical to all of the
restriction enzyme-digested clone #261 (data not shown), indicating a single copy of PGHS-2 gene
is present in the human genome. The chromosomal localization of PGHS-2 gene was assigned by
PCR screening for 198-bp DNA fragment in a panel of human/Chinese hamster somatic cell hybrid
DNAs. The 198-bp amplified fragment was present in a human genomic DNA and in hybrid clones
867, 937 and 1099, and was absent in the remaining hybrid and hamster DNAs (data not shown).
The authenticity of the 198-bp fragment was further confirmed by digestion with Styl which
recognized an unique Styl site within the 198-bp fragment. The results allow us to assign the human
PGHS-2 gene to chromosome 1, confirming the recent result that human PGHS-2 gene was
localized at 1925.2-q25.3 (33).

To determine the transcriptional start site, primer extension analysis was performed using total
RNA isolated from PMA-stimulated and unstimulated human foreskin fibroblast cells. As expected,
the PGHS-2-specific primer extension product was observed in the stimulated RNA sample, but not
in the unstimulated sample. The transcriptional start site thus determined was located at 134 bases

upstream from the ATG start codon (Fig. 2). The total length of human PGHS-2 gene from the

123ACGT

I TATA box

~

—HO=E—A4>» 00000

Fig. 2. Primer extension analysis of the human PGHS-2 mRNA. The 32p_Jabeled primer X143 was
hybridized with 40 pig of yeast tRNA (lane 1), total RNA from unstimulate (lane 2) and PMA-
treated (lane 3) human foreskin fibroblasts, and then extended with murine reverse transcriptase.
X143 was also used as a primer for DNA sequencing of pPGS4. The products of DNA sequencing
and primer extension were resolved on a 6 % polyacrylamide sequencing gel. The sequence near
the transcription start site is shown and the start site is indicated by arrow.
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transcriptional start site to the polyadenylation tail identified in the cDNA clone is about 7.5 kb,
consisting with the general view that the short size is a common feature among the primary response
genes (34).

The 1.8-kb promoter sequence of human PGHS-2 is presented in Fig. 3. This region contained

a canonical TATA box which is 31 bases upstream from the transcriptional start site and several

AGGATTGTAATGTAAAATTTTAGTACTCTCTCACAGTATGGATTCTAACATG -1784
GCTTCTAACCCAAACTAACATTAGTAGCTCTAACTATAAACTTCAAATTTCAGTAGATGC -1724
AACCTACTCCTTTAAAATGAAACAGAAGATTGAAATTATTAAATTATCAAAAAGAAAATG -1664
ATCCACGCTCTTAGTTGAAATTTCATGTAAGATTCCATGCAATAAATAGGAGTCCCATAA -1604
ATGGAATGATGAAATATGACTAGAGGAGGAGAAAGGCTTCCTAGATGAGATGGAATTTTA -1544
GTCATCCGTGTCTCATGAAGAATCAGATGTGTACACTAAGCAAAACAGTTAAAAAAAAAL ~-1484
CCTCCAAGTGAGTCTCTTATTTATTTTTTTCTTATAAGACTTCTACAAATTGAGGTACCT -1424
GGTGTAGTTTTATTTCAGGTTTTATGCTGTCATTTTCCTGTAATGCTAAGGACTTAGGAC -1364
ATAACTGAATTTTCTATTTTCCACTTCTTTTCTGGTGTGTGTGTATATATATATGTATAT -1304
ATACACACACACATATACATATATATATTTTTTAGTATCTCACCCTCACATGCTGGTGGG -1244
TGAGCACTACCCATGATAGATGTTAAACTAAAGCAAAGATGAAATTCCAGCTGTCAAAAT -1184
CTCCCTTCCATCTAATTAATTCCTCATCCAACTATGTTCCAAAACGAGAATAGAAAATTA -1124
GCCCCAATAAGCCCAGGCAACTGAAAAGTAAATGCTATGTTGTACTTTGATCCATGGTCA -1064
CAACTCATAATCTTGGAAAAGTGGACAGAAAAGACAAAAGAGTGAACTTTAAAACTCGAA -1004
TTTATTTTACCAGTATCTCCTATGAAGGGCTAGTAACCAAAATAATCCACGCATCAGGGA ~944
GAGAAATGCCTTAAGGCATACGTTTTGGACATTTACCGTCCCTGCAAATTCTGGCCATCG  -884

CCGCTTCCTTTGTCCATCAGAAGGBGGARACTTTATATTGGTGACCCGTGGAGCTCACE  -824
PEA-3

TTAAC TATTTACAGGGTAACTGCTTAGGACCAGTATTATGAGGAGAATTTACCTTTEE -764

COQrCcTCTTTCCAAGARACAAGGAGGGGGTGAAGGTAC GC—ATTTPTTC[IGI—I% -704
F-IL
AAAGCARCTTAGC TnCl\m TTACAGCTATGTACACTGAAGGTAGCTATTTCATT  -644
ATA-1

CCACAAAATAAGAGTTTTTTAARAAGCTATCTATGTATGTGCTGCATATAGAGCAGATAT - 584
ACAGCCTATTAAGCGTCGTCACTAAARACATAAAACATGTCAGCCTTTCTTAACCTTACTC  -524
GCCCCAGTCTGTCCCGACGTGACTTCCTCGACCCTCTAAAGACCTACAGACCAGACACGS  -464
CGGCOGCGGCGGCAGNGEGGATICCATGCGCCCCCOGACCTCAGGGCCGCTCAGRATTOCT  ~404

NF-XB

GGACL AAGTGTCCTTCTGCCCTCCCCCGGTATCCCATCCAAGGCGATCAGTCD - 244

o)
1
o
[eg)
=Y

ACAACTGGCTCTCGGAAGCACTCGGGCAAAGACTGCGAAGAAGAAAAGACATCTGGCGG!
AACCTGTGCGCCTARGGCGATCGAACTCGGGGAGGAGAGGCAGGGATCAGACAGGAGAGT  -224
Sp-1

GGGGACTACCOCCTCTGCTCCCAAATTCGGGCAGCTTCCTGGGTTTCCGATTTTCTCATT  -164

NF-xB
TCCGTGGGTAAAAAACCCTGQQQQQAQQGGQIIAQGCAAMTTTTTTAAGGGGAwAGGAGu -104
AP-2 C/EBP NF-1L6
GAAAAATTTGTGGGGGGTACGAAAAGGCGGAAAGAAACAGTCAﬂﬁfEETEEKATGGGCTT -44

GGTTTTCALJTCTWAAGGAAGGTTCTCTCGGTTAGCGACCAATTGTCAT \CGACTT +17
'ATA box

GCAGTGAGCGTCAGGAGCACGTCCAGGAACTCCTCAGCAGCGCCTCCTTCAGCTCCACAG +77
CCAGACGCCCTCAGACAGCAAAGCCTACCCCCGCGCCGCGCCCTGCCCGCCGCTGCGATG +137

Fig. 3. Nucleotide sequence of the human PGHS-2 promoter region. Locations of potential response
elements in the 5’-flanking region are marked. Nucieotides are numbered negatively to the right of
the sequence with nucleotide +1 corresponding to the transcriptional start site (*).
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putative response elements including Sp1, NF-kB, CRE, NF-IL6, GRE, PEA-3, AP2 and C/EBP
sites (35-40), suggesting that the regulation of this gene involves a complex array of regulatory
factors. In contrast, the promoter sequence of human PGHS-1, as we previously reported, displayed
common features of housckeeping genes (41). Sequence comparison revealed that the first 200 bp
of human PGHS-2 promoter sequence shared 67 % and 65 % identity with that of mouse and rat
counterparts, respectively. In contrast, the 1.8-kb sequence of human PGHS-2 promoter region
shares little sequence identity with the 1.5-kb sequence of chicken PGHS-2 promoter. It should be
noted that the C/EBP element in the rat PGHS-2 promoter, which also conserved in the human
PGHS-2 promoter, was recently shown to play an important role in induction of PGHS-2 gene in
the granulosa cells (24). Analysis of the 5-flanking regions of human PGHS-1 and PGHS-2 genes
reveals little identity which likely contributes to their differential patterns of expression.

To demonstrate the promoter activity of the human PGHS-2 gene, two DNA fragments which
are -891 to +9 and -459 to +9 nucleotides relative to the transcriptional start site of PGHS-2 were
constructed into the luciferase reporter vector to generate pPGS891L.UC and pPGS459LUC,
respectively. These two constructs, the promoterless vector pXP1 and pSV2ZLUC which uses SV40
early promoter to drive the luciferase gene were transfected into HUVECGs. The results of luciferase
assays are shown in Table II. The basal levels of PGHS-2 expression are demonstrated as compared
pPGS891LUC and pPGS459LUC with the negative control, pXP1. The transcriptional levels were
further increased upon PMA treatment (4-fold increase in pPGS891LUC and 3-fold in

Tabie II. Promoter activities of the human PGHS-2 gene. HUVECs were transiently transfected
with pXP1 (promoterless vector), pSVZLUC (SV40 early promoter-driven reporter vector),
pPGS891LUC and pPGS459LUC. Details of transfection, PMA treatment and luciferase assays were
described under "Materials and Methods.”

Luciferase activity
{ light units / pg protein )

-891

+9
‘ L 1LUC] pPGSSBILUC (+PMA) 196469
PPGS8IILUC (-PMA) 453

pPGS459LUC (+PMA) 185230
pPGS459LUC (-PMA)  63+10

pSV2LUC 2574103

pXP1 5+1
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pPGS459LUC). The results clearly demonstrated that the 5-flanking region of human PGHS-2 gene

can confer mitogen-regulated accumulation of a reporter gene production.
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