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ABSTRACT Cyclooxygenase (Cox), also known as pros-
taglndin (PG) H synthase (EC 1.14.99.1), catalyzes the rate-
limiting step in the formation of inflammatory PGs. A major
regulatory step in PG bIosynthesis is at the level ofCox: growth
factors, cytokines, and tumor promoters induce Cox activity.
We have cloned the second form of the Cox gene (Cox-2) from
human umbilical vein endothelial cells (HUVEC). The cDNA
encodes a polypeptide of 604 amino acids that is 61% identIcal
to the previously isolated human Cox-1 polypeptide. In vitro
translation of the human (h)Cox-2 transcript in rabbit reticu-
locyte lysates resulted in the synthesis of a 70-kDa protein that
is immunoprecipitated by antiserum to ovine Cox. Expression
ofthe hCox-2 open reading frame in Cos-7 monkey kidney cells
results in the elaboration of cyclooxygenase activity. hCox-2
cDNA hybridizes to a 4.5-kilobase mRNA species in HUVEC,
whereas the hCox-1 cDNA hybridizes to 3- and 5.3-kilobase
species. Both Cox-1 and Cox-2 mRNAs are expressed in
HUVEC, vascular smooth muscle cells, monocytes, and fibro-
blasts. Cox-2 mRNA was preferentially induced by phorbol
12-myristate 13-acetate and lipopolysaccharide in human en-
dothelial cells and monocytes. Together, these data demon-
strate that the Cox enzyme is encoded by at least two genes that
are expressed and differentially regulated in a variety of cell
types. High-level induction of the hCox-2 transcript in mesen-
chymad-derived inflammatory cells suggests a role in inflam-
matory conditions.

umbilical vein endothelial cells (HUVEC), we demonstrated
that IL-1, an inhibitor of endothelial growth, induces the 3-kb
Cox mRNA in a time- and dose-dependent manner (12). In
contrast, heparin-binding growth factor 1 (HBGF-1), a potent
mitogen for HUVEC, suppresses the Cox mRNA levels (13).

Recently, several cDNAs that are homologous to the Cox
gene were cloned. Xie et al. (14) reported the cloning of a
src-inducible cDNA, termed CEF-147; the 70-kDa deduced
polypeptide encoded by the CEF-147 cDNA is homologous
(59o identity) to the ovine, murine, and human Cox-1
sequences. In addition, Herschman and colleagues (15) re-
ported the characterization of a 4.5-kb PMA-inducible im-
mediate-early transcript, termed TIS10, from 3T3 cells. The
murine TIS10 polypeptide also possessed significant (59%O)
sequence identity to the known Cox-1 sequences but was
more closely related (82% identity) to the chicken Cox-2
(CEF147) polypeptide. While the deduced polypeptide se-
quences of these cDNAs contain amino acid residues essen-
tial for Cox enzyme activity, expression ofthese cDNAs into
enzymatically active Cox protein has not been reported.
Furthermore, the expression of the TIS10 mRNA was de-
tected only in 3T3 and rat-1 cells (15).

In this communication, we describe the cloning, sequenc-
ing, and expression of human Cox-2 (hCox-2) cDNA from
endothelial cells.t We also demonstrate that both hCox-1 and
hCox-2 genes are expressed by a variety of normal cell types
and are regulated differentially.

A major mechanism for the control of prostaglandin (PG)
synthesis occurs at the level of cyclooxygenase [Cox; also
known as PGH synthase (EC 1.14.99.1)] (1, 2). Growth
factors, cytokines, and tumor promoters appear to modulate
PG synthesis by inducing the Cox enzyme. For example,
epidermal growth factor induces Cox in vascular smooth
muscle cells (3); interleukin 1 (IL-1) induces it in vascular
endothelial cells, smooth muscle cells (4), and dermal fibro-
blasts (5); and platelet-derived growth factor, serum, and
phorbol 12-myristate 13-acetate (PMA) induce it in murine
3T3 cells (6, 7), among others. Raz et al. (8), using a
radioimmunoprecipitation assay, demonstrated that IL-1 in-
duces the de novo synthesis of Cox protein. Recent studies
have shown that anti-inflammatory steroids, such as dexa-
methasone (Dex), inhibit the IL-1 and lipopolysaccharide
(LPS)-stimulated synthesis of Cox protein in vitro (9) and in
vivo (10). Thus, the Cox enzyme appears to be a major
regulatory step at which interactions between pro- and anti-
inflammatory mediators occur.
The cellular and molecular mechanisms responsible for

Cox enzyme regulation have been under intense investiga-
tion. Using the ovine Cox cDNA as a probe, Lin et al. (11)
demonstrated that platelet-derived growth factor, PGE2, and
PMA induced the 3-kilobase (kb) mRNA for Cox in 3T3 cells.
However, the kinetics of Cox mRNA induction did not
correlate with the increase in PGE2 synthesis. In human

EXPERIMENTAL PROCEDURES
Cell Culture. HUVEC (passage 4-8) were grown on fi-

bronectin-coated plastic dishes in media containing 10% fetal
bovine serum, antibiotics, heparin (Upjohn) at 5 units/ml,
and crude HBGF as described previously (16). Cultured
human vascular smooth muscle cells (HVSMC) were a kind
gift ofPeter Libby (Brigham and Women's Hospital, Boston)
and were grown in medium 199 containing 10% fetal bovine
serum and antibiotics. Human monocytes, isolated from
leukocyte-rich elutriates by adherence to plastic, were made
quiescent by maintenance in RPMI 1640 medium containing
10%o calf serum for 2 days. Human foreskin fibroblasts
(HFF), monkey kidney Cos-7 cells, and human epidermoid
carcinoma cells (A431; American Type Culture Collection)
were grown in the same media as HVSMC.

Purification ofRNA and Northern Blot Analysis. TotalRNA
purification and Northern blot analysis using the hybridiza-
tion buffer system ofChurch and Gilbert have been described

Abbreviations: Cox, cyclooxygenase; hCox, human Cox; PG, pros-
taglandin; IL-1, interleukin 1; PMA, phorbol 12-myristate 13-acetate;
Dex, dexamethasone; LPS, lipopolysaccharide; HBGF, heparin-
binding growth factor; HUVEC, human umbilical vein endothelial
cells; HVSMC, human vascular smooth muscle cells; HFF, human
foreskin fibroblasts; RT-PCR, reverse transcriptase-polymerase
chain reaction; GAPDH, glyceraldehyde-3-phosphate dehydroge-
nase; ORE, open reading frame; RA, rheumatoid arthritis.
*To whom reprint requests should be addressed.
tThe sequence reported in this paper has been deposited in the
GenBank data base (accession no. M90100).
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previously (17). The filters were hybridized under high strin-
gency [65TC, 20% (vol/vol) formamide] with 32P-labeled
cDNA probes. The cDNA probes used were (i) hCox-1
cDNA probe, which extends from amino acid codon 1 to
codon 378, and (ii) 2.5-kb hCox-2 cDNA probe, which
extends from nucleotide 540 to nucleotide 3387 (see Fig. 1).

Cloning of hCox-2 cDNA. We used the degenerate oligo-
nucleotides 5'-AARGARGTNYTNGARAARGT-3' and 5'-
CATYTCNACYTGNGTRTCYTT-3' (R = A or G, Y = C or
T, and N = A, G, C, or T) to PCR amplify the cDNA from
NIH 3T3 cells. The resulting 300-base-pair (bp) fragment was
subcloned, sequenced, and labeled with [32P]dCTP to screen
106 plaque-forming units of AgtlO cDNA library prepared
from PMA- and cycloheximide-treated HUVEC (17). The
largest clone (2.5 kb) was characterized further by DNA
sequencing. To obtain the full-length cDNA clone for
hCox-2, we used the reverse transcriptase (RT)-PCR and
primer extension-PCR procedures. First, we used the se-
quence conservation of Cox proteins to design a "guess"
primer (5'-AATCCCTGTTGTTCCCTCCCATGCCAGAA-
3'), which corresponds to the N-terminal sequence NPCCS-
NPCQN, residues 19-28. The antisense primer (5'-
TCATTTGAATCAGGAAGCTGCTTT-3') corresponds to
the hCox-2 sequence KKQLPDSNEI, residues 154-161,
which was deduced from the 2.5-kb cDNA clone. RT-PCR
analysis was done on HUVEC RNA for 35 cycles. The
resulting 500-bp fragment was subcloned and sequenced.
Second, we used the primer extension-PCR with sequences
from the 500-bp hCox-2 cDNA sequence corresponding to
the N terminus. Antisense primer (5'-CAGTTTTCTCCAT-
AGAATCCTGTCCGG-3') (RTGFYGEN, residues 45-53)
was used to reverse transcribe PMA-treated HUVEC
poly(A)+ RNA, and the cDNAs were converted to blunt
double-stranded forms by treatment with the Klenow frag-
ment of Escherichia coli DNA polymerase and T4 DNA
polymerase. The cDNAs were ligated to annealed adaptors
(A, 5'-TAATACGACTCCGAATTCGG-3' and B, 5'-
CCGAATTCGG-3') overnight. The ligated cDNAs were
used as a template in a PCR that used the hCox-2-specific
internal antisense primer (5'-AATCGCACTTATACTGGT-
CAAATCCC-3') (GFDQYKCD, residues 36-43) and adap-
tor A. A single band of 300 bp was produced, which was then
subcloned and sequenced as well.
DNA Sequencing. The cDNAs were subcloned in pBS

vector and unidirectional deletions were produced in both
strands by the exonuclease III/mung bean nuclease method
(18). The cDNAs were then sequenced by using the TaqDNA
polymerase sequencing kit (Applied Biosystems).
RT-PCR. The RT-PCR protocol was used to quantify the

hCox-1 and hCox-2 mRNAs (13). Specific primers for hCox-1
and hCox-2 are 5'-TGCCCAGCTCCTGGCCCGCCGCTT-3'
(sense) and 5'-GTGCATCAACACAGGCGCCTCTTC-3'
(antisense) and 5'-TTCAAATGAGATTGTGGGAAAAT-
TGCT-3' (sense) and 5'-AGATCATCTCTGCCTGAGTA-
TCTT-3' (antisense), respectively. Primers for glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) were used as
internal controls, as described previously (12, 13). At 22 and
25 cycles of amplification, the amount of the amplified
product is linear with respect to the input RNA for GAPDH
and Cox primers, respectively (13). For quantitation of
amplified DNA, Southern blot analysis was conducted with
hCox-1 and -2 cDNA probes. Radioactivities in the Cox
bands were normalized with respect to the GAPDH bands
from parallel samples.

In Vitro Translation of hCox-1 and -2 mRNAs. The 1800-bp
open reading frames (ORFs) of the hCox-1 and -2 mRNAs
were amplified from HUVEC mRNA by RT-PCR and cloned
in the TA Cloning vector PCR1000 (Invitrogen, San Diego).
The DNAs were linearized, and in vitro transcripts were
produced by using the T7 RNA polymerase (Promega) and

were translated in [35S]methionine-supplemented rabbit re-
ticulocyte lysate translation system (Promega).
For immunoprecipitation with antiserum to ovine Cox, 10

j.l of the translation mixes were diluted in 90 ,ul of 0.05 M
TrisHCl-buffered saline, pH 7.8/0.1% Tween-20/10 mM
EDTA, incubated with 1 Al of ovine Cox antiserum (19) for
1 h at 40C, and immunoprecipitated with staphylococcal
protein A-Sepharose beads. The immunoprecipitates were
separated by electrophoresis on an SDS/10o polyacrylamide
gel, fluorographed, and autoradiographed as above.

Expression of hCox-1 and -2 mRNAs in Cos-7 Cells. The
ORFs of the hCox-1 and -2 cDNAs were subcloned in the
eukaryotic expression vector pCDNA (Invitrogen) and tran-
siently transfected into subconfluent Cos-7 cells by using the
lipofectin reagent (BRL). The cells were scraped with a
rubber policeman and resuspended in 0.5 ml of Dulbecco's
modified Eagle's medium (DMEM) buffered with 0.05 M
Hepes, pH 7.4. [1-14C]Arachidonic acid (final concentration
25 ,tM) was then added to the cell suspension and incubated
at 37°C for 15 min. The cells were pelleted, the medium was
acidified and extracted with 6 vol of chloroform/methanol,
2:1 (vol/vol), and lipids were separated on a silica gel G TLC
plates in the solvent system I, and autoradiographed as
described previously (3). In some experiments, the autora-
diographs were analyzed by densitometry. The Rf values of
the PGs were determined by comparison with authentic
standards.

RESULTS AND DISCUSSION
Cloning of hCox-2 cDNA. The nucleotide sequence of

hCox-2 is shown in Fig. 1. The 98-bp 5' untranslated region
is rich in G and C residues. The ORF begins with the
sequence CTGCGATGC, which agrees with the rules pro-
posed by Kozak (20) for the initiation of translation. The
604-amino acid long ORF is followed by a 3' untranslated
region of 1475 bases containing 12 copies of the ATTTA
Shaw-Kamen sequence, a motif found in many immediate-
early genes and shown to confer enhanced mRNA degrada-
tion (21).
The deduced amino acid sequence of hCox-2 is 61%

identical to the hCox-1 protein. In contrast, it is more closely
related to mCox-2 (88%) and chicken Cox-2 (81%) polypep-
tides. The salient features of the two Cox polypeptides are
shown in Fig. 2. The putative N-terminal signal peptide
region appears to be shorter than in hCox-1. However, two
putative N-linked glycosylation sites at residues 53 and 130,
the axial heme ligand His-295, putative transmembrane do-
main residues 277-292, the active-site residue Tyr-371, and
the distal heme ligand His-374 are conserved between hCox-1
and hCox-2. In the C terminus of the polypeptide, the
sequence surrounding Ser-516, the aspirin-acetylation site
(22, 23) residue, is highly conserved. The hCox-2 polypeptide
contains an 18-residue insertion containing a putative N-gly-
cosylation site at the C-terminal region. The polypeptide ends
with the sequence RSTEL, a sequence motif that resembles
the KDEL endoplasmic reticulum-retention signal (24). To-
gether, these results suggest that the hCox-2 cDNA encodes
an enzymatically active Cox protein.

Expression of the hCox-2 cDNA. The ORFs of the hCox-1
and -2 cDNAs were subcloned in the eukaryotic expression
vector pCDNA for expression in Cos cells. To determine if
our cloned hCox-1 and -2 ORFs were translatable, we pre-
pared capped in vitro transcripts by using T7 RNA polymer-
ase. When these transcripts were translated in [35S]methio-
nine-supplemented reticulocyte lysates, equivalent levels of
70-kDa polypeptides were synthesized (Fig. 3A). Smaller
polypeptides were synthesized as well, perhaps due to initi-
ations inside the ORF and/or degradation of the full-length
polypeptide. Furthermore, polyclonal antiserum against the
ovine Cox specifically immunoprecipitated the two polypep-
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GTCCAGGAAC TCCTCAGCAG CGCCTCCTTC AGCTCCACAG CCAGACGCCC TCAGACACCA AACCCTATCC 70
CCGCGCCGCC CCCTGCCCGC CGCTGCG ATC CTCG CCCG CGCCCTG CTC CTG TGC GCC 1 7

METLeu Ala Arg Ala LeaLeu Lea Cys Ala-

CTC CTCE CG CTCAG C CAT ACA GCA HAT CCT TGC TGT TCC CAT CCA TGT CAA AAC
1

Al
V al Lou AlaLeu Ser His Thr Ala Asn Pro Cys Cys Ser His Pro Cys GnnAsn'

CGAGCT GTA TGT ATG ACT GTGGG A TTT CAC CAC TAT AAGG 7C GAT TGTACC CGG 235
Arg Gly Hal Cys METSe r HaL GLyPhe Asp GIn Tyr Lys Cys Asp Cys Thr Arg"

ACAGG A TTC TATCG A GAA MC TGCTC A ACA CCG GAA ITT TTG ACA AGA ATA AAA 289
Thr Gly Phe Tyr GLyHlu AsnC ys Her Thr ProGlaPhe Lea Thr Arg IleLys*
TTA TTT CTC MA CCC ACT CCAM CAC A GTG CAC TAT ATA CTT ACC CAC TTC HAG 343
Les PheLeu Lys Pro Thr Pro Asn ThrVal His Tyr lie LeuThr His Phe Lys;
GGA TTT TCG AACGTTGTG AAT AAC ATT CCC TTCCTTCGAAAT GCAATT ATGA GT 397
Gly Phe Trp AsnVaLVal Asn Asn Le Pro Phe Leu Arg Asn ALalLe MET Ser'

TAT GTG TTG ACA TCC AGA TCA CAT TTG OTT GAC AGT CCA CCA ACT TATI AAT Cl 451
TyrVal Leu ThrSe rArg Ser His Leu lie AspSer Pro Pro Thr Tyr Asn Ala
GAC TATCG C TAC AAA AGC TGC GCA CC TTC TCT AAC CTC TCC TAT TAT ACTAGA 5G5
Asp TyrGly Tyr LysSer TrpGlu Ala Phe Ser Asn Leu Ser Tyr Tyr ThrArg''
GCCC CT CCTTCCT CTGCTT CATCATTGC CCG ACT CCC TTG OGTGTC AAAGG' AAA 559
Ala Leu Pro Pro Hal Pro Asp Asp Cys Pro Thr Pro Leu GlyVat Lys GLy'.ysl"
HAG CAG CTT CCTGAT TCAAATGAG ATTGTGEGAAAA TTG CT T TAH AGA AGAEAG 613
LysGCn Leu Pro AspSer AsnGLu iLeValGly Lys Lea Leu Leu ArgArg'.ys

TTCATC CCT GAT CCC CAGGE CTCAAACATG ATG TTTGCA TTC TTT GCCCAT CAC 667
PhelILe Pro Asp ProGLnGlySer Asn MET MET Phe ALa Phe PheA' aGCr ris

TTC ACGC ATCAG TTT TTC AAG ACACAT CATAAG CGA GGG CCAGCT TTC ACC AAT 72'
Phe Thr His Oln Phe Phe Lys Thr Asp His Lys Arg Gly Pro Ala Phe Thr Asn-A

GGG CTG GOC CATGGG GTG GAC TTAAAT CAT ATT TACGGT CAA ACT CTG GCTAGA 775
GLy Leu Gly HisGLyVal Asp Leu Asn His lie TyrGLy HLu Thr Leu Ala Arg; '

CAG CGT AAA CTG CGC CTT TTC AACGAT 0GAAAA ATG AAA TAT CAO ATA AT!GAT 829
Oln Arg Lys Leu Arg Leu Phe Lys AspGly Lys MET Lys TyrGI l ILel i.eAhsp''
GGAGAG ATG TAT CCT CCC ACA CTC AM GAT ACT TAG GCAGAG ATHATCTAC CC- 883
GLyGLu MET Tyr Pro Pro ThrVal Lys Asp ThrGCL AlaGlu METI'le Tyr0-o"3

CCT CAAGTC CCT CAG CATCTA CGG TTT GCT GT1 GGGCACTAG GTCHTTT 0T1 CTG 937
ProGCn VaL ProGCu His Leu Arg Phe AlaVal GLyGln Glu Va1 Phe Gly Leu"

GTG CCTGGT CTG ATG ATG TATGCC ACA ATCTGG CTG AGGEAACAC AAC AGA TIA 991
Val Pro'Gly Leu ME :METTyrjkU6Tht ll e Trp LeuA rgGLu His AsnArg Val

TGCGATGTG CTT AAA CAG GAG CAT CCT5 AATGG GGT GATGAG CAO TTG TTC CAG 1045
Cys AspVal Leu LysGCn GLu His ProGLu TrpGly AspGLu GCn Leu Phe GTin'

ACA AGC AGG CTA ATA CTG ATA GGA GAG ACT ATTAhG ATTGTG ATT GAAGAT 1AT 1099
ThrSerArg Leu le Leu I leGLyGLu Thr Ile Lys lieVaL lieGCu Asp Cyr i

GTG CAA CAC TTG ACT CGCTAT CAC TTCAAA CTG AAA TTT GAT CCA GAA CTA CTI 1153
VaL GCn His LeuSerGly Tyr His PheLvs Leu Lys Phe Asp Pro Glu Leu Leua"

TTC ATC AAA CAA TTC CAG TAC CAAAAT CGT ATT GCT CT GAA ITT AAC ACC C'C 1207
PheAsn Lys Gln PheGln Tyr Gln Asn Arq Ie ALa Ala Glu Phe AsH Thr eu'

Proc. Nati. Acad. Sci. USA 89 (1992)

1T0 CACTCO CAT CCCC-T C4 CCT OAZ ACT 00CAA A- 0-A ACCAG AAA TAC Sb b
Cyr His Crp His Pro Leu Los Dros CO Thr Phe Tin lb H's AspTsAos Tr"'

AAT TAT TAA CAGOO C T,_ AAT OAC OCTAC A TTGCI G GAAIO C AT GA OCT ACT
Asn Tyr Gln Tin Phe 7[e Ayr Aso ASo Her :Ie rec Los Gis His Gly 10 Chr'
CAGTTT CIGAA00 -r ACC AGG CAAATI COT0GU TCT GO- G00 OGGCT OC 3
Tinn Phe Valu Ser Phe Cho Hog Tin leAala G: ArgVaL OaG lyv OArgg '

AATGTT CCA CCC GCA GA COG 000Th TCA CAT GC TTC ATTGACCAGO AGC 1423
AsnVal Pro Pro AlaValOln! LysVal SerOLe AlaSerI'e Asp GInSerHog'
CAGA0C AAATAC CAG 'CTATIII HAT CAO TACCGC AAA CGCTTT ATG CTG AAG CCC C 47
TinMET LysTyr GCm SerPheAs,,GCiTyrArg LysArg Phe METLeu Lys Pro

TAT STA ITO0TTGAOA C0TT 0ACA GGA GAA AAG GAA ATG TCT GCO CAO TTC GAA0 53'
TyrGiu Ser PheGLur.. LeaT10GLvLiL ys CiaOMTSerAlaGLI. Leo lu"

HCCC CATAT 501 GTC AT GAT CCT 00 HAO CIT 'AH CCCCu TGCC CCCT 0GTA '5AA
Ala Leu TyrGTy Asp !e ASD AlaVal Clu Lea Tyr Pro Ala Leu Leu Val alu
AAG CCTrGGC CA 0AT01CC ATC TTT GT AAACCA000O T GTA GAA GTT GGA0CA CCAT 639
Lys ProArg Pro Asp Ala !le Phe Gly CLu Thr MET HalGLC ValGO Ala Pro'

TTCLCTIC AAA GGA CTT ATG GT AAIOAT T 010 IC CCT CCC CC TAC TGG AAG 1693
PheSer Lea Lys GLy Leta MET OKAsr Val Oe CynSer ProAla Ty- Crplys' "

CCA AHOCACT TTT,J T 00GAGAA GTG G0T0 CCCTAA A0'0OATCAAC AC' GCC TCA AHT 1747
ProSer Thr PheGly0'vCl iuValGly PheGlnTe :Le !ie Hsn TAr Hi Ser le"'
CAO TCT CTC CTG AAT AAC GTG AAGGG0 TGT1 CCTTT AC TH CIT HOC OT T '801
GCli Ser Leuli(eCys Asn OnVal'pys lY Cys Prc Po 'hrSerPh eSerVaL
CCAGATCCA 00SA TCh'- AAA ACA O1CTTAC AOT AA' 0AA','C CC. .TT Ir 5
Pro Asp Pro G'u Lea i:Le Lys 7h"Val -h,'lee As Hi SerSerSerArgSer"'
GGACTA GAT GAT A. CAAT CCC ACA G'A CT'A 7TAAAA GAA CGT TCG ACT' TAA CC '
GlyLeu Asp Asp lie Asn Pro ThrVal. ea eu LYS GlaArgSerThori eu'

TAG AAHOCTAATG ATCA'h1 "A'T-T ATA CA OACTACGO I-A 0'ACTCTAArOATOIAA
TER
TAATTTAT ATTAAAC TCCTTATGTTACT TAACATOCTCTGTCAACAGAA5TCAGTAC'C CTTTGCGOGA 2042
GAAAGGAGTC ATACTTE' GAAGACTTTTATUTCACTACTC TAAAGATTTCT CCGTTGCTG 7TAAGTCTTG 212
AAAACAGTTT TTATTCTGTT tTATAAACCA CAGACAHG ATITTHTGACO,T CTITTTACT TTCAATTTH 21082
CTTATATIAT AAGGACAAA GTACATGT TTTACTAT AAAHCACTATIC ACMATGCC AA.4ATHCCTGA 2252
AAGT1TTTAC ACTGTCGATG TTTCCAATGC ATCTTCCATG ATGCATTAGAAGTAACTCAT GTTTGAAAT 2322
TTAAAGTACT TTTGGGTATT TTTTCTTCAT CAAACAAAAC AG5TATCAGTGCATTATTAAAHGMTATATT 2392
AAATTAGACA TTACCAGTAA TTTOGICCT ACCTTTTTAAA ATCAGCAAT HAAACAATAAT TTGAAATTC 2462
TAAATTCATA GGGTAGAATCACCTGTAAAA GCTTGTTTGA TTTTTCHOO TITAAACT TTACTATATA 2532
CCAAAAAGAAGCTGTCTTGG ATTTAICTGTAAAATCAG ATGAAATCTT ACTACHATTG CTTGTTAAAA 2602
TATTTTATAAG`TGAT5TTCCTTTTCCACCA AGAGTATAAACCTTTTTAGT GTGACTGTTA AAACTTCCTT 2b72
TAAATTCAAAATGCCAAATT TATTAAGGTG GTGGAGCCAC TGCATGCTTA TCTMAATA AGAATATCCAT 2742
GTTGAGATAT TCCAGAATCT GCTTTATTEG CTGGTAACAT GTAAAAACCCCATAACCCC CTAAAAGGGC 2812
T!CTIACCCTT GAACATAAAGCAATAACCAA AGGACGAAAAG CCCAAATTAT TGGTTCCAAA TTTACGGTTT 2882
AAACTTGTTT AAICAAACTT TTTTTTAGCTC T TCCACG CAGACCATTGGCTACTTCAGATT TGCTATGAGG 2952
TTAATGAAOT ATCCAAGCTIGT GCTTGAATAA TTGATACTTI TCTCACATTTTCT{TTGTAC ATTITAATTT 3022
AGCAGTCCAT ATCACATTGC AAAAGTAGCA ATGACCTCAT AAAATACCTC TTCCAHATGC TTAAATTCAT 3092
TTCACACATT AATTTTATCT CAGTCTTGAA GCCAATTCAG TAGTGCAOTT GGAATCAACC CTGGCCTACCT 3162
GCATGCTGTT CCTTTTCTTT ICcTTCTTTTA GCCATITTGC TAAHAGACAC AGTCTTCTLA AACACTTCCT 3232
TCTICTCCATT TTGTTTTACT AGTTTTAAGA TCAGAGTTCA CTTTCTTTGG ACTCTGCCTA TATTTTCTTA 3302
CCTGAACTTT T GCAAGTTTT CAGGTAAACT FCATCTCA5G ATCTTATTC AGCTrCC 'T AAGAAGATTA 33'?
AAAAAAAAAA AAAAG

FIG. 1. Composite nucleotide sequence of hCox-2 cDNA and deduced amino acid sequence. Three overlapping clones of the hCox-2 cDNA
were sequenced. Putative N-glycosylation sites are underlined, heme coordination sites are indicated with asterisks, the active site tyrosine is
indicated with a #, the aspirin-acetylation site is indicated with an arrow, and the presumed transmembrane domain is shaded. In the 3'
untranslated sequence, ATTTA motifs are underlined.

tides (Fig. 3B). These experiments indicate that the hCox-1
and -2 ORFs are translationally competent and that the two
polypeptides are immunoreactive with the polyclonal Cox
antiserum. Transfection ofthe hCox-1 and -2 cDNAs into Cos
cells, followed by the assay for the Cox enzyme-namely,
incubation of cells with radioactive arachidonic acid and
analysis by TLC-was conducted. Both Cox-1 and -2 trans-
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FIG. 2. Diagram of hCox-1 and -2 polypeptides. Salient features
are indicated: Y, putative N-linked glycosylation sites; (E), histidine;
®, active-site tyrosine.

fected Cos cells expressed Cox enzyme activity; measured by
the conversion of exogenous arachidonic acid into PGE2,
PGF2,, 6-keto-PGFia, and hydroxy fatty acids (Fig. 3C).
However, the Cox activity expressed by Cox-2-transfected
cells was significantly lower. Interestingly, the hCox-2-
transfected Cos cells synthesized lower relative levels of
PGE2 and hydroxy fatty acids. It is not known whether the
quantitative difference in product profiles represents bona
fide differences in enzymatic properties i.e., differential
coupling to isomerases-or whether the differences are due
to nonenzymatic breakdown of high levels of PGH2 in hCox-
1-transfected cells. The hCox-2-transfected cells were pre-
treated with 10,uM indomethacin or 100 AuM ibuprofen for 10
min at 370C and challenged with [1-14C]arachidonic acid, and
the Cox activity was determined by laser densitometric
quantitation of the autoradiographs. As shown in Table 1,
indomethacin and ibuprofen inhibited the Cox activity in Cos
cells transfected with both constructs. These data suggest
that the enzymatic activity of the hCox-2 protein is sensitive
to indomethacin and ibuprofen. Northern blot analysis of the
transfected cells with Cox-1 and -2 probes indicated that the
steady-state mRNA levels for Cox-2 were correspondingly
lower (Fig. 3D), suggesting that the Cox-2 mRNA is highly
unstable in Cos cells. It is surprising that motifs for RNA
instability were present in the ORF; it is generally thought
that the 3' untranslated region contains information forRNA
instability (21). Nevertheless, our data establish that the
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FIG. 3. Expression of hCox-1 and -2 polypeptides. (A) In vitro
translation of hCox-1 and -2 mRNAs. Capped in vitro transcripts
were translated in rabbit reticulocyte lysates supplemented with
[35S]methionine, and proteins were fractionated by electrophoresis
on an SDS/10%o polyacrylamide gel and autoradiographed. Lane 1,
no RNA; lane 2, 1 gg of positive control amylase RNA; lane 3, 2 pug
of hCox-1 mRNA; lane 4, 1 pg of hCox-1 mRNA; lane 5, 2 ug of
hCox-2 mRNA; and lane 6, 1 pg of hCox-2 mRNA. (B) Immuno-
precipitation of in vitro translated polypeptides. Equivalent radio-
activities of in vitro translated hCox-1 and -2 polypeptides were
immunoprecipitated with the ovine Cox antiserum (lanes 2 and 4) and
nonimmune rabbit serum (lanes 1 and 3). Immunoprecipitates were
fractionated on an SDS/10% polyacrylamide gel, fluorographed, and
autoradiographed. (C) Enzymatic activity of transfected Cos cells.
Subconfluent cultures of Cos-7 cells were transfected with the
expression vector pCDNA containing cDNA inserts for hCox-1 and
-2. Two days after transfection, the cells were harvested by scraping
and incubated with [1-14C]arachidonic acid (25 pM) for 15 min at
370C. The medium was then extracted and analyzed by TLC and
autoradiography. Mock-transfected cells were treated similarly but
did not receive any exogenous DNA. AA, arachidonic acid; HETEs,
hydroxyeicosatetraenoic acids; HHT, 12-hydroxyheptadecatrienoic
acid. (D) RNA expression in transfected Cos cells. Cos-7 cell pellets
that were transfected as above were pelleted, total RNA was
purified, and 10 pg of RNA was analyzed by Northern blot analysis
with hCox-1 and -2 cDNA probes. Lane M, mock transfected; lane
1, hCox-1; lane 2, hCox-2.

hCox-2 cDNA is capable of producing an enzymatically
active Cox.

Regulation of hCox-1 and -2 mRNA Levels. It is well
accepted that the products of the Cox pathway are involved
in inflammatory conditions, especially in chronic inflamma-
tory diseases such as rheumatoid arthritis (RA) (25). We have
shown recently in animal models ofRA as well as in arthritic
patients that the extent and intensity of Cox expression
directly correlates with disease severity (26). In these in-

flamed tissues, highest levels ofimmunoreactive Cox antigen
are found in monocytes, endothelial cells, and synovial
fibroblasts (26). Mononuclear infiltration, fibroblast prolifer-
ation, and enhanced angiogenesis by the resident endothelial
cells are characteristics of chronic inflammatory diseases
(25). To better define the in vitro regulation ofthe Cox genes,
we next studied the expression of Cox-1 and -2 mRNAs in
diploid human cells. The tumor promoter PMA inhibits the
growth and induces differentiation of HUVEC in vitro and
induces angiogenesis in vivo (27). In addition, PMA induces
PG and Cox protein synthesis in HUVEC (28). We deter-
mined by Northern blot analysis the effect of PMA on the
level of the transcripts for hCox-1 and -2. As shown in Fig.
4A, low levels of hCox-1 and -2 transcripts are expressed in
quiescent HUVEC. Four hours of treatment with PMA and
cycloheximide resulted in a strong induction of hCox-2
mRNA, whereas hCox-1 mRNA levels did not change ap-
preciably. The kinetics of the PMA effect were studied by
using RT-PCR. In Fig. 4B, the effect ofPMA on the relative
levels of hCox-1 and -2 mRNAs are quantified and plotted.
While PMA induced a modest (2.8-fold) increase in hCox-1
mRNA, the effect on hCox-2 mRNA was highly significant
(28-fold increase). The induction occurred early (1 h) and
peaked at 6 h. These data indicate that (i) both hCox-1 and
hCox-2 genes are expressed by HUVEC and (ii) PMA
induces the Cox-2 gene to a much higher extent than the
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Table 1. Inhibition of hCox-1 and -2 enzyme activity

[1-14C]PG synthesis,

Transfection of
arbitrary OD units

Cos-7 cells 6-Keto-PGFia PGE2 PGF2.
Mock-transfected <0.5 <0.5 <0.5
pCDNAhCox-1 66 121 116
+ 10 pM indomethacin 8 6 15
+ 100 ,uM ibuprofen 10 11 26

pCDNAhCox-2 6 3 9
+ 10 A&M indomethacin <0.5 <0.5 <0.5
+ 100 ,uM ibuprofen <0.5 <0.5 4

FIG. 4. Regulation of Cox-1 and -2 mRNAs by PMA in HUVEC.
(A) Poly(A)+ RNA (2 pg per lane) from quiescent HUVEC either
treated (P) or not treated (C) with PMA at 20 ng/ml and cyclohex-
imide at 10 ug/ml for 4 h was separated on a 1.2%o agarose
formaldehyde gel, and Northern blot analysis was conducted with
hCox-1 and -2 cDNA probes. The exposure times of the blots to the
x-ray film are indicated under the autoradiograms. The center and
right autoradiograms are from the same blot exposed for different
times. The positions of the 28S and 18S ribosomal RNA markers are
indicated by lines. (B) Total RNA was purified from quiescent
HUVEC treated with PMA at 20 ng/ml for the indicated amounts of
time. It was then used (1 pg) in the RT-PCR assay to quantitate the
levels of hCox-1 and -2 mRNAs. The levels of the mRNA are
normalized with respect to GAPDH mRNA.
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FIG. 5. Expression of hCox-1 and -2 mRNAs in human cells. (A)
Total RNA (1 jig) from HVSMC (SMC), HFF (FIB), A431 cells,
HUVEC (EC), and platelets (PL), either treated or not treated with
PMA at 20 ng/ml for 4 h were analyzed by the RT-PCR to measure

the hCox-1 and -2 mRNA levels. An aliquot of the amplified DNA
was separated on a 1% agarose gel and stained with ethidium bromide
for qualitative comparison. (B) Total RNA (1 ttg) from human
monocytes either treated or not with 2 AuM Dex, then treated with
either E. coli LPS at 10 pg/ml or PMA at 20 ng/ml were analyzed by
the RT-PCR to quantify the hCox-1 and -2 mRNA levels. NT, no

treatment.

Cox-1 gene. Thus, PMA-induced PG synthesis may be con-
tributed mainly by the Cox-2 polypeptide. Indeed, Wu et al.
(28) have reported the time-dependent induction of PG syn-

thesis and de novo Cox synthesis by PMA in HUVEC. The
correlation in the kinetics of PMA-induced PG synthesis and
hCox-2 mRNA induction is additional evidence that it en-
codes a functional cyclooxygenase.
To determine if the Cox-1 and -2 genes are expressed in

other cell types, we measured the mRNA levels in HVSMC,
HFF, and A431 cells, either treated or not treated with PMA
(Fig. SA). As in HUVEC, the Cox-2 mRNA was preferen-
tially induced in the first two cell types. There was a modest
induction of Cox-1 mRNA as well. Surprisingly, hCox-2
mRNA was not detected in control or PMA-treated A431
cells or human platelet mRNA preparations. Kujubu et al.
(15) have reported the restricted expression of the TIS10
(mCox-2) transcript in many immortalized cell lines derived
from diverse tissues. All of the human cells tested that
express the hCox-2 transcript as an inducible gene were
normal diploid cells strains with a finite replicative life span.
Further studies are required to determine the relationship
between Cox-2 expression and cellular immortalization/
transformation in vitro.
We also studied the expression of the Cox-1 and -2 mRNAs

in normal peripheral blood monocytes. Quiescent monocytes
that were pretreated with Dex for 2 h were stimulated with
LPS or PMA for S h. When the levels of hCox-1 and -2 were

quantitated by RT-PCR, dramatic induction of hCox-2 was
seen with LPS and PMA (Fig. 5B). In contrast, the hCox-1
mRNA was not induced to the same magnitude. As reported
recently, PGE2 synthesis of the monocytes was induced by
PMA and LPS (9). Two-hour preincubation ofthe monocytes
with 2 ,uM Dex inhibited the LPS and PMA response on the
hCox-2 mRNA by 32% and 28%, respectively. Recent studies
have shown that LPS-stimulated de novo synthesis of Cox
protein is suppressed by pretreatment ofthe monocytes with
Dex (9, 10). Our data indicate that Cox-2 is the LPS-inducible
gene in monocytes. It is not clear if the modest suppression
of LPS-inducible hCox-2 mRNA by Dex can account for the
suppressive effects of the steroids.
These data indicate that both hCox-1 and -2 genes are

expressed in cells that are known to participate in inlamma-
tory conditions. That PMA induces the Cox-2 mRNA in these
cells may indicate that the protein kinase C pathway is
involved in the transcriptional induction ofthe gene. Because
of the high inducibility of hCox-2 mRNA in inflammatory
cells, it is likely to play a role in inflammatory diseases such
as RA. Understanding of the molecular mechanisms that
allow the sustained and exaggerated expression ofthe hCox-2
gene may lend novel insights into the pathogenesis of inflam-
matory diseases.
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