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ABSTRACT Vascular cell adhesion molecule 1 (VCAM-1)
is a cell surface glycoprotein adhesive for certain blood leuko-
cytes and tumor cels, which is ex by activated endothe-
lium in a variety of pthog conditions ncl og atheroscle-
rosis. Genomic clones encoding the VCAMI gene were isoated
and the organization of the gene was d d . The gene,
which is present in a single copy in the human genome, contains
9 exons nning =25 kiobas of DNA. Exons 2-8 contain C2
or H-type nunoglobulin domains. At least two different
VCAM-1 precursors can be generated frou the human gene as
a result of alternative mRNA spicng events, which include or
exclude exon 5. A consensus TATAA element is located up-
stream of the to start site. The VCAMI promoter
contains consensus binding sites for NF-jc theGATA family of
transcription factors, as well as an APi site. The VCAMI gene
was ai d to the 1p31-32 region of chromosome 1 based on
the analysis of human-mouse hybrid ce lines and in situ
hybridization. Structural alysis of the human VCAMI gene
provides the basis for alternative mRNA spylclng and an initial
approach to elucidating the regulation of VCAM-1 expression.

A prominent feature of endothelial activation by cytokines or
endotoxin is the alteration of their surface adhesive properties
by induction of leukocyte adhesion molecule expression (re-
viewed in ref. 1). These molecules contribute to the hyperad-
hesive surface changes observed in activated cultured endo-
thelium and have been identified in vivo in various pathologic
conditions (reviewed in ref. 1). Vascular cell adhesion mole-
cule 1 (VCAM-1) was identified in activated human umbilical
vein endothelial cells by monoclonal antibody E1/6 (2) and by
expression cloning (3). This inducible endothelial cell surface
molecule has been shown in vitro to mediate intercellular
adhesion via interaction with a counterreceptor, the integrin
VLA4, which is expressed on monocytes, lymphocytes, ba-
sophils, eosinophils, and certain tumor cells, but not neutro-
phils (4-7). Expression of VCAM-1 is inducible on vascular
endothelium in pathologic conditions; however, it is constitu-
tively expressed on some nonvascular cells including dendritic
cells in lymphoid tissues and skin, some monocyte-derived
cells, and epithelial cells (7, 8). In inflammatory processes and
cardiac allografts undergoing rejection, VCAM-1 is upregu-
lated on endothelium of postcapillary venules (9). Arterial
expression of VCAM-1 is found in experimental models of
atherosclerosis in the rabbit. The rabbit homologue of
VCAM-1 is induced locally on arterial endothelium overlying
early foam cell lesions in dietary and heritable hypercholes-
terolemia (10).
VCAM-1 is a transmembrane protein and member of the

immunoglobulin gene superfamily. Initially, VCAM-1 cloned

from activated cultured human umbilical vein endothelial
cells was reported to contain six extracellular C2 or H-type
immunoglobulin-like domains (3). However, cDNAs were
isolated from cytokine-activated endothelium that contains
an additional immunoglobulin domain, designated AS-1 or
domain 4 (the remaining domains were designated 5-7) (11,
12). This additional immunoglobulin domain is most homol-
ogous to domain 1, the existing N-terminal domain. Both
transcript forms of VCAM-1 were detected in interleukin 1,8
(IL-103)-stimulated human umbilical vein endothelial cells,
although the seven-domain form appeared predominant (11,
12). To further define the nature of VCAM-1 mRNA proc-
essing, and as an initial approach to examining the mecha-
nisms regulating VCAMJ gene expression, we have cloned
and characterized the human gene encoding VCAM-1.§

MATERIALS AND METHODS
Cell Culture, Cytokine Treatment, and RNA Isolation.

Growth of passaged human umbilical vein and rabbit venous
endothelial cells have been described (11, 13). Human endo-
thelial cells were activated by treatment with recombinant
human IL-1 (10 units/ml) (Biogen) for 6 hr. Poly(A)+ mRNA
was prepared as described (14).

Isolation of Genomic Clones. A library of human peripheral
blood DNA partially digested with Sau3A was constructed in
the vector EMBL3 (15). The library was screened with a
partial rabbit VCAM-1 cDNA (M.I.C., unpublished data), as
well as with 5' and 3' end partial human VCAM-1 cDNA
probes generated by PCR (9); probes were labeled by random
priming (16).
Primer Extension. Oligonucleotides AAAGTATATT-

TGAGGCTC and CACGACCATCTTCCCAGG comple-
mentary to the 5' end of VCAM-1 mRNA were labeled with
[y-32P]ATP and polynucleotide kinase. Primers were hybrid-
ized to 5 j&g of poly(A)+ RNA from human umbilical vein
endothelial cells treated with IL-1,3 for 6 hr. Primer extension
was performed as described (14, 15).
In Situ Hybridization. A partial cDNA clone containing the

extracellular domains of VCAM-1 (11) was biotinylated and
used as a probe to localize the VCAMI gene by fluorescence
in situ hybridization directly on banded metaphase chromo-
some preparations, as described (17).

RESULTS AND DISCUSSION
Structure of the VCAM1 Gene. The restriction map of a

25-kilobase (kb) region containing the VCAMI gene was
constructed by analysis of overlapping bacteriophage clones
isolated from a human genomic library (Fig. 1). Restriction

Abbreviations: IL-1, interleukin 1; VCAM-1, vascular cell adhesion
molecule 1.
tTo whom reprint requests should be addressed.
§The sequence reported in this paper has been deposited in the
GenBank data base (accession no. M73255).
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maps were refined by Southern blotting with cDNA probes or
specific oligonucleotides. The sizes of subcloned fragments
correspond to the sizes of the hybridizing bands observed on
Southern blots of digested human DNA probed with a
VCAM-1 cDNA clone (data not shown); this pattern is
consistent with a single copy of the gene being present in the
human (haploid) genome. All of the exons, intron-exon
boundaries, and portions of the introns were sequenced on
both DNA strands (Fig. 2). In areas where the sequences
overlap, there were no nucleotide differences between the
previously published human cDNA sequences (3, 11, 12) and
the genomic sequence. This suggests that polymorphism of
the VCAMJ gene is not extensive.
The VCAMI gene structure implies a correlation between

exon/intron architecture and protein structure. Exon 1 con-
tains the signal peptide. Each of the extracellular immuno-
globulin-like domains is contained in a separate exon. In this
respect, the VCAMJ gene is similar to certain other members
ofthe immunoglobulin gene superfamily (18). Unlike many of
these genes, the transmembrane region, cytoplasmic domain,
and 3' untranslated region are contained in a single exon. The
structure of the VCAMI gene is consistent with the proposal
that exon duplication played a role in the formation of the
gene. In VCAM-1, the immunoglobulin-like domains share
extensive internal homology. Domains 1, 2, and 3 are highly
homologous to domains 4, 5, and 6. In addition, the sizes of
the introns in this region are similar. This internal homology
suggests that the region of the VCAMJ gene represented by
domains 1, 2, and 3 may have been duplicated during evo-
lution to generate domains 4, 5, and 6.

All the splice acceptor and donor sequences agree with the
"GT-AG" rule (19) and conform to the consensus proposed
by Mount (20). In the human open reading frame defined by
existing cDNA clones, no splice junctions occur between
amino acid codons (type 0), 100%6 occur after the first
nucleotide (type 1), and none occur after the second nucle-
otide of a codon (type 2) (21). This can be compared to the
values of41% type 0, 36% type 1, and 23% type 2 previously
reported for vertebrate genes (22). The striking conservation
of phase 1 introns in the VCAMI gene suggests that exons
could be spliced in or out ofthe mRNA without disturbing the
reading frame.

Analysis of VCAM-1 cDNA clones has revealed several
cDNA forms that differed from the originally described

0 5 10 15 20 KB
II

R R R R R R R R R R

I II III IV V VI VII VIll

* m m 0 m 0 r _m
U

PM,5' UT,SP

2 3 4 5#16 7 #2

TM + 3' UT

5-3

-~~~~~~~~~~~~~~FW \~~~~~~~14-1
W \ ~~~9A- 8

FIG. 1. Architecture of the human VCAMI gene. Positions of the
exons are indicated by solid boxes. The scale at the top is in kb. The
restriction map was derived from three overlapping bacteriophage
clones (bottom), and EcoRI sites (R) are indicated. Roman numerals
designate exons. PM, promoter; 5' UT, 5' untranslated region; SP,
signal peptide; TM, transmembrane region; 3' UT, 3' untranslated
region. Arabic numerals designate immunoglobulin-like domains. I1
and 12 designate regions in the human gene that are homologous to
regions in rabbit VCAM-1 cDNAs.

VCAM-1 structure. First, human umbilical vein endothelial
cells (11, 12), as well as rabbit endothelial cells (M.I.C.,
unpublished data), express a transcript containing a C2 or
H-type immunoglobulin domain located between domains 3
and 5. This 276-base-pair (bp) domain is present in the human
VCAMI gene (Figs. 1 and 2) and demonstrates that these
forms ofVCAM-1 are derived by alternative mRNA splicing.

Additional VCAM-1 transcripts have been identified, re-
vealing new elements of the VCAMI gene. In a single rabbit
cDNA clone, another domain is located between the fifth and
sixth immunoglobulin domains. In addition, in %50% of the
identified rabbit VCAM-1 transcripts obtained from cultured
endotoxin-activated (3 hr) aortic endothelial cells, an addi-
tional domain is located between the seventh immunoglob-
ulin domain and the transmembrane region (M.I.C., unpub-
lished data). Regions were identified in the human VCAMI
gene that are homologous to these domains expressed in the
rabbit. Thus far we have been unable to detect expression of
VCAM-1 transcripts containing these regions of the VCAM1
gene in IL-1-treated (6 hr) human umbilical vein RNA using
the PCR (data not shown), and as such these domains have
been designated q+i and 42 (Figs. 1 and 2). It is possible that
other pathophysiologic stimuli, or expression of the VCAMI
gene in other cell types, may be associated with splicing
patterns that include 41i and q,2. It is also possible that the 41
and 4k2 domains have diverged in the human and rabbit
VCAM1 genes and thus are not expressed in humans. How-
ever, the percentage identity between the established human
and rabbit immunoglobulin-like domains is relatively high
(80-90%o) and is not consistent with a rapid gene divergence,

Table 1. Segregation of VCAMI with human chromosomes in
BamHI-digested human-mouse cell hybrid DNA

Concordant
hybrids, no.

Chromosome (+/+) (-I-)
1 12 30
2 8 20
3 12 19
4 9 18
5 10 17
6 10 25
7 10 17
8 12 17
9 3 24
10 12 15
11 6 16
12 14 17
13 9 19
14 11 14
15 9 21
16 9 24
17 10 8
18 10 16
19 8 24
20 9 14
21 9 6
22 7 21
x 7 13

Discordant
hybrids, no.

(+/-) (-1+)
0 0
5 10
2 10
4 12
4 13
4 5
3 12
2 13
10 4
2 14
5 14
0 13
5 11
3 16
4 9
5 6
3 22
4 14
6 6
5 16
5 24
7 8
3 15

% discordancy
0
35
28
37
39
20
36
34
34
37
46
30
36
43
30
25
58
41
27
48
66
35
47

Data are compiled from Southern blots probed with VCAM-1
cDNA. DNA obtained from 44 human-mouse somatic hybrid cell
lines involving 20 unrelated human cell lines and 4 mouse cell lines
(29) was digested with BamHI. The hybrids were characterized by
karyotypic analysis and by mapped enzyme markers (30). Scoring
was determined by the presence (+) or absence (-) of human bands
in the hybrids on the blots and was compared to the presence or
absence of human chromosomes in each hybrid. A Oo discordancy
indicates a matched segregation of the DNA probe with a chromo-
some. The human VCAMI gene mapped to human chromosome 1.
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I GAAGTTATGGTGTCCCTTTTTTAAAAAATGACTCATCAAAAGAAATAACTTTTTCCTTTCTCTTGTAAGAGAAAAMAITAATC1CT II AGE/il 1CCA/A(1 AT r crIGAiGrGAGA,,
121 AAATCAATTCACATGGCATAGTCGTTATTTATCCAGTTCAAAAACCAGAGTAGAATTTACTACTCTGTCTCCATTI1TTTCTCTCCCCAC(.CCCT TAACCCACAT (;GAT1 cGAAA!" T

241 CATTCTGCAATCAGCATTGTCCTTTATCTTTCCAGTAAAGATAGCCTTTTGGAGTCGAAGATGAGGAAAAGCCTGTATTTTATAGTC TrGGAAGTGTCTTCTTTTGCCAGGACAGAGAGA
361 GGAGCTTCAGCAGTGAGAGCAACTGAAGGGGTTAATAGTGGAACTTGGCTGGGTGTCTGTTAAACTTTTTTCCCTGGCTCTGCCCTGGGTTTCCCC TTGAAGGGATTTCCC TCCGCC TCT

481 GCAACAAGACCCTT¶xpGCACAGACTTTCTATTTC CTCCGCGGTATCTGCATCGGGCCTCACTGGCTTCAGGAGCTGAATACCCTCCCAGGCACACACAGGTGGGACACAAATAAG
601 iTGTAACCACTATTTTCTCATCACACAGCAACTTAAAATGCCTGGGAAGATGGTCGTGATCCTTGGAGCCTCAAATATACTTTGGATAATGTTTGCAGCTTAAG1TATTTrCC

r~~~~~~m~~~~MetProGlvLVSMetValValIleLeuGl AlaSerAsnlleLeuirDIleMetP-heA]-aaA~laa

PROM ER

EX0VI
(5'UT, SP)

721 TTCATCTGTTTCAAATGTTAG--GGTAATGTCGTTTTTCI MGA TAUiI lAiAAltl L111bbALA I ,LAbASILIA IIAAAtf~tUI vUnUIvvvvUrWWnn1nZw{wunnew-§>,

frGlnAlaPheLyslleGluThruhrProGluSerArgTyrLeUAlaGlfnleGlyAspSer
841 G__ ATTGAC GCAGCACCA C CA C AAGATAGATAGTCCACTGAATGGGAAGGTGACGAATGAGGGGACCACATCTACGCTGACAATG EXON I1I

ValSerLeuThrCysSerThrThrGlyCysGluSerProPhePheSerTrpArgThrGlflI1eAspSerProLeuAsnGlyLysValThrAsnGlUGI ThrThrSerlhrLeuThrMet (Domain )

961 AATCCTGTTAGTTTTGGGAACGAACACTCTTACCTGTGCACAGCAACTTGTGAATCTAGGAAATTGGAAAAGGAATCCAGGTGGAGATCTAC IGAGIGC ITAI/G/AAP.'TC 11T61II
AsnProValSerPheGlvAsnGluHisSerTyrLeuCYsThrAlaThrCYsGluSerAr LysLeuGluLysGi IleGlnVaiGlulleT r

n1. TTrTrTrAA--AAAAICECATCCATGTATTTGTTTGGCCTTTTCAGT CCTAAGGATCCAGAGATTCAeTTGAGTGGCCCTeCTGGAGGCTGGGAA6CCGATCACAGVTCAASTTCA|
1201

1321

1441

1561

1681

GTTGCTGATGTATACCCAMGACAGGCTGGAGATAGACTTACTGMM GGAGATCATCTCAT6GAAGATCA GGAATTTCTGGAGGATGCAGACAGGAAGTCCCTGGAAACCAAGAGTTTG
Val Al aAspVal TyrProPheAspArgLeuGl u11eAspLeuLeuLysGl yAspHi sLeuMetLysSerGl nGl uPheLeuGl uAspAl zAspArg Lys SerLeuG 1uT hrLysSerLeu
GAAGTAACCMACTCCTGTCATTGAGGATATTGGAAAAGTTCTTGTTTGCCGAGCTAAATTACACATTGATGAAATGGATTSCTGTGCCCACAGTAAGGCAGGCTGTSAAAAGAATTGCAA
~GluValThrPheThrProValileGluAspIleGlyLysValLeuValCysAraAlaLysLeuHisIleAsDGluMetAspSerValPro _ _rql~a~lyG~~ul
_~~~ ~ ~ ~ ~ ~ ~~ll--llIAYTATT~rrTr(ArrritA~ATATrCnArArGTCTAC*iTAAGTACTTGTGCGATGTGTTCCAGTCTTTGTGG--T IAGCAA iTAATITAIIA I II ItII A TIA5LM AAUAIA? AUI IIA111LIU uRAe wv

eSerProLysAsil'rhrVal I eSer-Val AsnProSerThr
AAGCT6CAA6-AA66T6GCTCT6T6ACCAT6ACCT6TTCCA6C6A66GTCTACCAGCTCCA6A6ATTTTCt66GXTAAGA ATTAGATAATGGGAATC TACAGCACCTTTCTGGAAATGCA
LysLeuGl nGl uGl yGl ySerVal ThrMetThrCysSerSerGluGlyLeuProAlaProGluePheTrpSerLysLysLeuAspAsnGlyAsnLeuGnHisLeuSerGlAsnAla
ACTCTCACCTTAATTGCTATGAGGAT6GGAGATTCTGGAATTTATGTGTGTGAAGGAGTTAATTTGATTGGGAAAAACAGAAAAGAGGTGGAATTAATTGTTCAAG G1GA GTAGMAIGlIG

--~~~~~~~"Il"I- = __0GrPT~rrr[EArrTT~TTTAArTrrTaGGr--rrAGTT-~rCGT~AACT CAI

EXON III
(Domain 2)

EXON IV
(Doma rl

1801 AAAAAGGAATGATAAAGGTGC--TGTTCTTTTCATCTTGTTTTCCACCTlGTiGTlCbIUbL AAALLAII IALIbbAbAI X6X bbR6Luul@u lu nurl | uununv on

uLysProPheThrValGlulleSerProGlyProArgIleAlaAlaGllrIleGlyAspSer EXOIN V
-~~~~~~~~~~~~~~~~~(o a 0-

1921

2041

-.,

I iTCATGTTGACATGTAGTGTCATGGGCTATATCTCUMCCCCA GATAGACAGCCCTCTGAGC GGGAAGGTGAGGAGTGAGGGGACCAATTCCACGTIALCC 1TI
Val MetLeuThrCysSerValMetGlyCysGluSerProSerPheSerTrpArgThrGnhIueAspSerProLeuSerGlyLysVar1rArgSe-GluG1ThrAsnSerlhrLeuThrLeu
AGCCCTGTGAGTTTTGAGAACGAACACTCTTATCTGT6CACAGTGACTTGTGGACATMGAAACT6GAAAAGGGAATCCAGGTGGAGCTCTAC LTAAGITGG |TT CAGAT 1611 TACT
SerProValSerPheGluAsnGluHisSerTYrLeuCYsThrValThrC sGl HisL sLgsLeuGluLysGl vleGlnValG1uLeuTyr

.
------ 11 1--l..Ir.AAAA~rP7TTTT~rT~rrrATT~er~_ A nTGAGCTCTGTCACTGTAAGCTGCAAG2161 GTTTTTTTT--CMGAATAAIAMTCGP1bTTTTTTTGCC1RIicbIAIIb slbL LAbAIbALbbLliI1luu nnuw wwraraw

erPheProArgAspProGluIleGluMetSerGlyGlyLeuValAsnGlySer SerValThrValSerCysLys
2281IGTTCCTAGC6T6TACCCCCTTGACC6GCT66A6ATT6MATTACTTAAG6GGGGAGACTATTCTGGAGAATATAGAGTTTTTGGAGGATACGGATATGAAATCTCT AGAGAACAAAAGTTTG

Val ProSerVal TyrProLeuAspArgLeuGlu I leGl uLeuLeuLysGl yGl uThr I eLeuGl uAsn Il eGl uPheLeuGl uAspThrAspMet Lys Ser L euGl uAs1] Ly sSerLe u

2401 6AJUT6ACCTTCATCCCTACCATTGAAGATACT66AMA6CTCTT6TTTGTCAG6CTM6TTACATATT6AT6ACAT6GAATTCGAACCCAAACAAAGGCAGAGTACGCAAACACTTTAT
Gl uMetThrPhe IlleProThr Il eGl uAspThrGl vLesAl aLeuVal CysGl nAl aLysLeuH i s IleAspAsoMetG u PheGl uProLysGl nArqGl nSe rThrG 1n ThrLeuTYr
2521G....,4,-'~AYTTrArATr>TMrTTACATArTTCCTGATTArTCACr~a~rT~ATTIT IrAr--AA IT~rA~rGCGGTCTAG AbTGIACtITC86lbI5H|||1teACCAbULU ULeu nnlat

31)

4)

EXON VI
(Domain 5)

IValAsn t
_
__ ____ __ ______.,__.TATT -,TTP-ArPTAArATArrTrAA ArTnTTTrAnATTTrATAAATGAA2641 |ATG C G6AGCCATACTGTACTTGGCCTCTCTTTCTTTATGTGGTIGTCA1lIbAUUAACAUIAULnuluvbAu llllvALLILuvgLLuIU11*1LknUMWMUUIUIrMIry

2761 GCAGCCTCTTCAAGGCCTG TTTG GAAGIA GTTATT TTCA T TT TIAAAGTGAGTCAIGAGGCCAGCCTAGAGA/ITCA---AIAGGTCAAGCTAACAAGC
2881 GTCTCTGCCTTTTCA TGCCCCAGAGAACAACCGTCTTGGTCAGCCCTTCCTCCATCCTGGAGGAAGGCAGTTCTGTGAATATGACATGCTTGAGCCAGGGCTTTCCTGCTCCGAAA

lAlA1aProArgAspThrThrVal LeuVa1SerProSerSerIl1eLeuGl uGl uGl ySerSerVa1AsnMetT hrCy sLeu Set G I nG1yPhePt oA, a Pt-o*, s

3 001 ATCCTGTGGAGCAGGCAGCTCCCTAACGGGGA6CTACAGCCTCTTTCTGAGAATGCMACTCTCACCTTAATTTCTACAAAAATGGAAGATTC TGGGGT TrATT TATGTGAAGGAATTAAC
IleLeuTrpSerArgGlnLeuProAsnGlyGluLeuGlnProLeerusnlhruhrulerhry _t ~pe~y~]y~uy~l~yl~n

3121 CAGGCTGGAAGAAGCAGAAAGGAAGTGGAATTAATTATCCAA TGAGCAGAGTGTGAGTAATGAGTTATCCTTGCTA---CTCAATCAGGGATGTCTTrTAAATTCTCTTTAC/A
G1 nAl aGl vAra~erAra'LysGl uValGluLeullelleGlIUa h

3241 CCAAAAGACATAAAACTTACAGCTTTTCCTTCTGAGA TAAAGGAGACACTGTCATCATCTCTTGTACATGTGGAAATGTTCCAGAAACATGGATAATCCTGAAGAAAAAAGCG
ProLysAsp I eLysLeuThrAl aPheProSerGl uSerVal LysGl uGl yAspThrVallI1e11eSerCys ThrCysGl yAsnVal Pt-oGl u-t, rrt p le I 1eL euLysLys Lys¢A1a

3 361 GAGACAGGAGACACAGTACTMAAATCTATAGATGGCGCCTATACCATCCGAAAGGCCCAGTTGAAGGATGCGGGAGTATATGAATGT GAATCI1'AAAAACAAAGT TGGCTCACAAT TAAGA
GluThrGlyAspThrValLeuL sSerIleAsDGl AlaTvrThrIleAr LysAlaGInLeuLysAs AlaGl yValTrGluCsGIluSerL /isnL sVa.iGi Seri:nLeuA/ir

3481 AGTTTAACACTTGATGTTCAA TGAGITTGTTTTGAGTTTTTGTITTCTTGGTAAT--AAGCCTTACCGTA1 GTATGTIITCCATCTI C/iCA ACCTCCCAAAACATGAGAATAGCT
SerLeuThrLeuAsDValGin

3601 GTATAGCTATACATCCATCTA6GAAATGTTAAAGAAGGGGAAAACATCACGATTATATATGAAACTTCTAGTCATCCACCTGCAGTGATTATCC TGAAAAGAAT TGATCTAGC CAATGAAG

3 721 TTACTATGTGTTCAAAGAAGGGAACATTTACTTTGTATCAT6TCACTCAAAATGATTCAGGGGTATATGTAATCAGTGCTTCCAATGAGGTTGGGGATGATTCTGGA0AGATTGCAAT
3841 CAGTTATG JTAGGTTGAAITTACTCATCCCTATTTTCTTIAAT--TAGACATTAATIJGCATCCATTTTGTTATTTTCCA AAGAGAAAACAACAAAGACTATTTT1ICTCCTGAGCTTC

lyArgGl uAsnAsni y As/plyrPheSe ProGl u Il jt

3961 TCGTGCTCTATTTTGCATCCTCCTTAATAATACCTGCCATT6GAATGATAATTTACTTTGCAAGAAAAGCCAACATGAAGG GGTCATAT AGTC TTGTAGAAGCAC AGAAATCAAAAGT GT
euVa1LeuTyrPheAl aSerSerLeul11el11eProAl aI1eGl yMet Ilel1eTyrPheAl aArgLysAl aAsriMetLysGl ySerTyt Ser LetlVa iG 1uA1a'(, 1nly sSei Ly sVaI1

4081 AGCTAATGCTTGATATGTTCGCTGGAGACACTATTTATCTG'TGCAAATCCTTGATACTGCTCATCATTCCTTGAGAAAAACAATGAGCTGAGAGGCAGACTICCCTGAATGTATTGAAC
4201 TTGGAAAGAAATGCCCATCTATGTCCCTTGCTGTGAGCAAGAAGTCAAAGTAAAACTTGCTGCCTGAAGAACAGTAACTGCCATCAAGAIGAGAGAACTGGAGGAGTTCCTTGATCTGTA
4321 TATACAATAACATAATTTGTACATATGTAAAATAAAATTATGCCATAGCAAGATTGCTTAAAATAGCAACAC1-CTATATTTAGATTGTTAAAATAACTAGTGT [GCT'f GGACTATTATAA
4441 TTTAATGCATGTTAGGAAAATTTCACATTAATATTTGCTGACAGCTGACCTTTGTCATCTTTCTTCTATTTTATTCCTTTCACAAAATTTTATrccTATATAGTTTATTGACAATAAT
4561 TCAGGTTTTGTAAAGATGCCGGGTTTTATATTTTTATAGACAAATAATAAGCAMGGGAGCACTGGGTTGACTTTCAGGTACTAAATACCTCAACCTATGGTATAATGGTTGACTGGGTr
4681 TCTCTGTATAGTACTGGCATGGTACGGAGATGTTTCACGAA __T__CTTTTTATTTTCTTTTGTAAATGT
4801 TTAGGTTTTTTTGTATAGTAAAGTGATAATTTCTGGAATT AATGGTTGTATGTTTATT TATTATAAACTGCC TCCTTT AITC ACGTTG rAGCITTTLTIGLAG I GC I ITAT,,

4921 GTAAAATATTCAAACTATGGAAATAATACGGATACTCAAAATGTGACCCTCAGAC TACTATTATTAAAAT TAC T G TAGGAAC TTI;ATTT.?Tf, i T T I CA, I

5041 ATTGAATAGAAGTGTCTAGTTTTTGGTCCTI GGAATCTGCAATTTTTTAATTTAGAAAAATATACATAAAAAGA r TTAATGCAGh GWA t( A G T LA A

5161 CCTGTGTACAGAACATTAAGAGCAAGAGATAGTAAAACTATTCTTCAGAGCCrTTTATAiTACCAChTAGTGAII/~ GC/GCAG TCCTi(CCT.TfT> Tl ! -

5281 CATACATTGATCATTCCATGCTTCCTTTGGAGTTTTTTTTTTTTTTTTTTTTTTTGAGACGG ('!tGCI( T(l CC'C(.,' ',C '(' .,'

EXON VII
(comainl 5)

EXON VIII
(Domain 7)

V.

[AilS IIX
(TM1, CYTO.
3 UTT

FIG. 2. Nucleotide sequence of the VCAMI gene. The sequences of VCAM-1 exons are enclosed in large boxes. The TATAA sequence is
enclosed in a small box; the sequences corresponding to putative NF-KB, API. and GATA binding sites are ntnderlinel. Abbreviations are defined
in Fig. 1.

as is seen in some other members of the immunoglobulin
supergene family (18).
The 5' and 3' Flanking Regions. The transcription initiation

site(s) of the VCAMI gene was defined by primer-extension
analysis. The analysis was performed by using two oligonu-
cleotide primers and IL-1-treated human umbilical vein en-
dothelial cell poly(A)+ mRNA. Marker lanes display dideoxy-
nucleotide DNA sequencing reactions primed from the same
site on a plasmid subclone of this genomic region (Fig. 3).
Primer-extension analysis reveals a major transcriptional
start site corresponding to an A residue 20 bp downstream of
a consensus TATAA sequence. The nucleotide pair at this
site in the VCAMI gene (A preceded by C) is the sequence
most commonly found at eukaryotic transcriptional start sites
(17). This result is consistent with the TATAA motif being a

functional element of the VCAM1 promoter. Located at -57
is the sequence GGGA'FITll CCC, which is in complete agree-
ment with the consensus sequence VGGGR(C/A/T)TYYCC]
for an NF-KB site (reviewed in ref. 23). Located at -73 is the
sequence TGGGTITCCCC, which may be a second NF-KB
site. Since cytokines activate the transcription factor NF-KB,
these putative promoter elements may confer IL-1 respon-
siveness on the V"CAMI gene. A consensus API binding site,
TGACTrCA (24), is located at --490. Sequiences recognized by
the GATA box family of zinc finger transcription factors (25),
AGATAG and TATC, ate located at -239 and -253. Inter-
estingly, a member of this family is expressed by endothelial
cells and is required for the restricted pattern of endothelin 1
gene expression (26). These putative promoter elements may
increase the efficiency of VCAM-1 expression in cytokine-

Al

IUJl rPheProLysAspProGlulleHisLeuSerGlyProLeuGluAlaGlyLysProI]eThrVa]LysCysSer

(Dor a i n
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FIG. 3. Mapping of the VCAMI transcriptional start site. the
transcriptional start site was determined by primer-extension anal-
ysis. Two oligonucleotides corresponding to the 5' end of the
VCAM-1 cDNA were labeled and hybridized to IL-13-treated (6 hr)
human umbilical vein endothelial cells (HUVE) poly(A)+ RNA, or
tRNA. The products of annealing served as templates for reverse
transcriptase. The extension products from the first oligonucleotide
(Left) or a second primer (Right) were run on a denaturing poly-
acrylamide gel alongside a Sanger sequence primed on a plasmid
DNA template using the same primer as that used in the reverse
transcription reaction.

activated endothelial cells. A consensus sterol regulatory
element [CACC(C/G)(C/T)AT] (27) was not seen in the
VCAMI promoter.
The 3' end of the VCAM1 gene does not contain a con-

sensus polyadenylylation signal. A recently described
VCAM-1 cDNA clone contains a poly(A) sequence that is 18
bp downstream of the hexamer AGTAAA. This sequence
was shown to be a functional processing signal in other genes
(28). Two findings support the proposal that this site is the

authentic polyadenylylation signal. First, examination of the
3' end of the VCAMI gene from the area of the 3' ends of the
described cDNA clones (3, 12), downstream 760 bp, failed to
yield a consensus AATAAA polyadenylylation signal (Fig. 2;
data not shown). Second, the position of the polyadenylyla-
tion site is consistent with the observed size of the VCAM-1
transcript. The predicted size of the VCAM-1 transcript
derived from the length ofthe 5' untranslated region (124 bp),
the exon 4-containing open reading frame (2217 bp), as well
as the size of the 3' untranslated region obtained from the
existing cDNAs (734 bp), and poly(A) tail (2100 bp), is 3175
bp. This is consistent with the reported size of the transcript
(3.2 kb) derived from the VCAMI gene (3).
Chromosomal Lalizatin of the VCAMI Gene. DNA iso-

lated from 44 human-mouse somatic hybrid cell lines and
parental controls was examined for the presence or absence
of the human VCAMJ gene by Southern blotting techniques.
On BamHI-digested DNA, the VCAM-1 cDNA produced
readily distinguishable patterns of restriction fragments of
23.1 and 4.8 kb for human and a 12.2-kb band for mouse (data
not shown). The presence or absence of the human VCAMI
gene sequences was tabulated against the presence or ab-
sence of human chromosomes in each hybrid (VCAMJ/
chromosome) for concordancy (+/+, -/-), and discor-
dancy (-/+, +/-). A 0% discordancy indicates a matched
segregation of the VCAMI gene with a chromosome and is
the basis for chromosomal assignment (Table 1). VCAMI
mapped to human chromosome 1 by analysis of the somatic
cell hybrids. Two translocations, lqter-1p34::17p13-17pter
in hybrid 20L-37, and 2pter-2q37::1p21-lpter in hybrid JWR-
22H, both scored positive and would localize the VCAMI
gene to the p21-p34 region of chromosome 1.
To map the VCAMI gene more precisely, in situ hybrid-

ization to metaphase chromosomes was performed. The
results of analysis of60 metaphase spreads are shown in Fig.
4. Of the 103 fluorescent signals recorded, 57 (55.3%) were

P IL -1Iq' 1 P Iq PPq PIq PIqp 1 q
I 1 2 13 14 1 5 16171819

q

pi q PI q pi q PI q PI q IPI q PI q pi q pi q pIq pi q PlplPqli P q Plpq
10 11 12 13 14 1 15 116 117 118 119 120 21 122 X Y

Chromosomes

FIG. 4. In situ hybridization ofa partial VCAM-1 cDNA to metaphase chromosomes. The histogram (Left) displays data for all grains counted
in 60 metaphases. The ideogram ofchromosome 1 (Right) shows the distribution ofgrains on that chromosome and the assignment ofthe VCAMI
gene to lp31-32.

36 3
36.2
36 1
35

11.1
32

p 3

22

301-

20 1-

i
S

10

c
._

co60I0
E
I2

30k-

0

-m

0

0

"me

S

ISO20 F

13

4-
12

21
22
23
24
25

31

10

q

I
32

41

42
43
44

Proc. Natl. Acad Sci. USA 88 (1991)



Proc. Natl. Acad. Sci. USA 88 (1991) 7863

FIG. 5. Schematic illustration ofthe forms ofVCAM-1 generated
by alternative mRNA splicing. The positions of the exon/intron
boundaries are designated by arrowheads. Loops represent the
disulfide-linked immunoglobulin-like domains.

associated with chromosome 1 and 25 (24.3%) were located
on or beside bands 1p31-32. Ofthe 60 metaphases, 25 (41.7%)
had a signal at 1p31-32. We note that two structurally
homologous members ofthe immunoglobulin supergene fam-
ily, lymphocyte function-associated antigen (LFA-3) and
CD2 are also found on the short arm of chromosome 1 (31,
32). Interestingly, a locus at 1p32, designated T-cell lym-
phoma 5 (TCLS), may specify a DNA binding protein with a
helix-loop-helix domain (33, 34). The locus is adjacent to and
rearranged by the breakpoints of several translocations
t(1;14) associated with T-cell lymphoblastic leukemia. In
addition, the LCK gene, a lymphocyte-specific tyrosine ki-
nase, is located at 1p32-35 in a site of frequent structural
abnormalities in human lymphomas (35). Human chromo-
some band 1p32 alterations have also been described in
human cutaneous malignant melanomas (36) and human
neuroblastomas (37).
VCAM-1, a cell adhesion molecule, expressed by endo-

thelium and other cell types may play an important role in the
pathogenesis of inflammatory and immune processes. Fur-
thermore, its localized expression by arterial endothelium
overlying early atherosclerotic lesions in dietary and herita-
ble hypercholesterolemic rabbits (10), suggests a potential
role in monocyte recruitment and the initiation/progression
of atherosclerotic plaques. Since multiple transcripts can be
derived from the VCAMJ gene, it is possible that tissue-
specific alternative splicing of VCAM1 could generate func-
tionally distinct cell surface molecules (Fig. 5) that may be
associated with specific pathophysiologic conditions. In ad-
dition, further characterization of the structural elements of
the VCAMI promoter may provide important insights into the
induced expression of this adhesion molecule and by infer-
ence into the early events in atherogenesis.
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