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ABSTRACT A cDNA for the a4 chain of the a4.81 integrin
was described previously [Takada, Y., Elices, M. J., Crouse,
C. & Hemler, M. E. (1989) EMBO J. 8, 1361-1368]. Primer
extension analysis indicated that a4 mRNA extended well
beyond the 5' end of this cDNA. To clone this 5' sequence, a
primer extension cDNA library was constructed, and a cDNA
extending an additional 660 base pairs was isolated. This cDNA
hybridized to multiple mRNAs in both T and B lymphocytes,
but no a4 mRNA was found in different tissues or in adherent
cell lines. A single a4 gene was detected in a genomic Southern
blot when hybridization was done at high stringency; however,
additional bands were observed at lower stringency, indicating
the presence of a4-related genes. Some of the different mRNAs
that hybridize to the a4cDNA may then be the products ofthese
related genes. Analysis of the a4 genomic sequence revealed a
large first exon of 958 base pairs. Interestingly, translation of
a4 initiates from the second ATG in this exon (nucleotide
+744). The first ATG (nucleotide +21) is followed by a
termination codon 21 amino acids downstream. Such upstream
ATG codons have been implicated in translational control of
protooncogenes. One major transcriptional start site was iden-
tified by using S1 nuclease and primer extension mapping.
Consensus sequences for DNA regulatory elements were found
upstream of the gene and in exon 1 and intron 1. The a4 gene
5' flanking region acted as a promoter in transfection assays.
Detailed characterization of the promoter should provide in-
sight into molecular events regulating expression and tissue
specificity of a4.

recruitment of T cells to areas of vascular inflammation.
VCAM-1 and FN bind separate sites on a431 (10). FN also
accumulates at areas of injury (11) and inflammation (12),
suggesting that it may act in conjunction with VCAM-1 to
recruit lymphocytes to areas of tissue damage.

a4 is also involved in regulation of the immune response.
Antibodies to a4 inhibit cytolytic T-cell-mediated destruction
of target cells, suggesting that a4 is required for T-cell
recognition of target cells (13). The interaction between
T-helper and T-suppressor cells is also blocked by an anti-
body to a4 (14). In these studies, it was proposed that
interaction of a4,31 with a ligand on suppressor cells inhibits
suppressor cell proliferation.

In addition, a4 is also involved in homing of lymphocytes
to Peyer's patch high endothelial venules (15, 16). In these
studies, a4 was found complexed with another p subunit, 13p,
and it appears that the a4,,p complex is the homing receptor.

Here, we show that the a4 cDNAt hybridizes to multiple
mRNAs. Several different genes are detected on low-
stringency hybridization of a Southern blot, suggesting that
some ofthese different mRNAs may be products ofa4-related
genes. Interestingly, translation of a4 initiates at the second
ATG in exon 1. The first ATG is followed by a termination
codon (21 amino acids downstream)-such upstream ATG
codons are common in protooncogenes and are found in most
members of the src family where they are implicated in
translational control (17, 18). The a4 gene promoter is also
examined in transfection assays where its activity is com-
pared to that of other promoters.

The P1 subgroup of the integrin family of adhesion proteins
contains at least six cell surface receptors for extracellular
matrix proteins (1-4). Each receptor is heterodimeric, con-
taining a common 13i subunit and a unique a subunit, which
dictates ligand specificity.

a4(31 is unique within the subgroup because of its tissue
distribution-it is found on lymphoid and myeloid cells but
not on adherent cell types-and because of its functional
diversity (4). Like other members of the P3 subgroup, a431
mediates attachment of cells to extracellular matrix. Fibro-
nectin (FN) is the extracellular matrix component that serves
as a ligand for a4pi (5). a431 binds to a site near the carboxyl
terminus ofFN that is alternatively spliced in the mRNA (6),
suggesting that lymphocyte adhesion to FN can be controlled
by the splicing pattern of FN mRNA. The a43B1 binding site
is distinct from the Arg-Gly-Asp-Ser (RGDS) sequence that
binds a5P1, the well-characterized FN receptor found on the
surface of most adherent cell types (7, 8).

a431 is also involved in cell-cell interactions. It acts as a
receptor on T cells for the ligand, vascular cell adhesion
molecule 1 (VCAM-1), which is expressed on the surface of
endothelial cells as a result of their exposure to cytokines (9,
10). This interaction is responsible, at least in part, for

MATERIALS AND METHODS
Cell Culture and DNA Transfections. Jurkat, Molt-4, and

Raji cell lines were maintained in Rosewell Park Memorial
Institute medium (RPMI) (1640) in 10% fetal calf serum.
Jurkat cells were transfected by electroporation with a BTX
Transfector 300 (BTX, San Diego). Approximately 1 X 107
cells were suspended in 0.1 ml of RPMI medium containing
0.5x HeBS (0.5x HeBS is 10 mM Hepes/70 mM NaCI/2.5
mM KCL/0.35 mM Na2HPO4/3.0 mM dextrose), salmon
sperm DNA at 1.25 mg/ml, and 30 jig of plasmid DNA and
subjected to electroporation at 200 V and 950 ,F. After 36 hr,
chloramphenicol acetyltransferase (CAT) activity was deter-
mined (19).
RNA Extraction, Analysis, and Mapping. Poly(A)-RNA

isolation, Northern blotting, primer extension, and S1 nucle-
ase mapping have been described (19-21). Northern blots
were hybridized at 42°C in 50% (vol/vol) formamide, 4x
SSPE (lx SSPE is 0.18 M NaCI/10 mM NaH2PO4/1 mM
EDTA, pH 7.4), lOx Denhardt's solution (lx Denhardt's
solution is 0.02% polyvinylpyrrolidone/0.02% Ficoll/0.02%
bovine serum albumin), 0.1% SDS, and sheared denatured

Abbreviations: CAT, chloramphenicol acetyltransferase; FN, fibro-
nectin.
tThe sequence reported in this paper has been deposited in the
GenBank data base (accession no. M62841).

4094

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked "advertisement"
in accordance with 18 U.S.C. §1734 solely to indicate this fact.



Proc. Natl. Acad. Sci. USA 88 (1991) 4095

salmon sperm DNA at 0.4 mg/mi. Blots were washed at 65TC
in 0.2x SSPE.

Construction and Screening of an a4 cDNA Library. A
synthetic oligonucleotide primer corresponding to sequences
between positions +863 and +901 of the a4 cDNA (see Fig.
4) was used to make a primer extension cDNA library (22).
The library was screened with a synthetic oligonucleotide
corresponding to sequences between positions +732 and
+767 of the a4 cDNA (see Fig. 4). The largest cDNA insert
was subcloned into the plasmid Bluescript SK (Stratagene),
and both strands were sequenced with synthetic oligonucle-
otide primers using the dideoxynucleotide method (23).

Screening a Genomic Library and DNA Characterization. A
human lung fibroblast genomic library in AFix (Stratagene)
was screened with the 32P-labeled a4 cDNA (21). DNA
restriction fragments were subcloned in Bluescript SK for
restriction enzyme mapping and DNA sequencing.

Southern blot analysis (24) was done by using the 32p_
labeled cDNA as a probe. Hybridization was done at 42TC in
4x SSPE/50%o formamide/lOx Denhardt's solution/0.1%
SDS/sheared denatured salmon sperm DNA at 0.4 mg/ml.
Blots were washed at 60TC in 0.5x SSPE. Low-stringency
hybridization was done under similar conditions, but in 30%
formamide, and blots were washed at 550C in 1x SSPE.

Construction of an a4-CAT Fusion Gene. a4 gene promoter
sequences were amplified, using PCR (25), from the template
plasmid pa44.3, which contains a 4.3-kilobase (kb) EcoRI/
Sal I genomic fragment. This fragment contains -1 kb of the
a4 gene 5' flanking sequence. The plasmid was linearized by
digestion with Sal I, and 5 ng was used as a template for PCR.
The 3' oligonucleotide in the amplification corresponded to
a4 gene sequences between positions +107 and +131 (see
Fig. 4). This oligonucleotide was synthesized with a HindIll
site on its 5' end for cloning purposes. The 5' oligonucleotide
corresponded to sequences between positions -389 and
-410 with an Xho I on its 5' end. After amplification, the
product was digested with Xho I and HindIII and cloned into

the corresponding sites in pSKCAT, which contains the CAT
structural gene cloned between the Pst 1 (5' end) and BamHI
(3' end) sites of Bluescript SK.

RESULTS AND DISCUSSION
An a4 cDNA that hybridized to two mRNAs in the 5- to 6-kb
size range was described previously (13). Primer extension
analysis indicated that the a4 mRNAs extend well beyond the
5' end of this cDNA (data not shown). To clone this additional
5' sequence, a primer extension cDNA library was con-
structed. The longest a4 clone, selected from this library, was
sequenced (this cDNA sequence is contained within the
genomic sequence shown later in Fig. 4 between nucleotides
+67 and +901). The 3' end of this cDNA overlapped with 174
base pairs (bp) of the 5' end of the previously described a4
cDNA (13), while its 5' end contained 660 bp of additional
sequence.
This cDNA was used to probe a Northern blot of poly(A)-

RNA from T-cell lines (Fig. 1A). Surprisingly, multiple
mRNA species ranging in size from 7.0 to 2.1 kb were
observed; however, little hybridization was detected in the 5-
to 6-kb region where two a4 mRNAs were reported previ-
ously (13). A similar pattern of mRNAs was observed in the
B-cell line Raji, but their abundance was much lower than in
the T-cell lines (data not shown). No hybridization was
detected in adherent cell lines, fetal lung, kidney, brain, or
placenta (data not shown), indicating that the different
mRNAs share the same lymphoid specificity.

It was of interest to determine if the mRNAs shared
identity in different areas of their sequences (i.e., such would
be the case with transcripts from the same gene or very
related genes) or if similarity was confined to a single area
(i.e., a common domain or sequence shared by otherwise
unrelated genes). Two different regions of the a4 cDNA then
were used to probe a Northern blot. The results show that
multiple mRNA species are detected with each of the probes,
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FIG. 1. (A) Northern blot showing a4 mRNAs. A Northern blot containing 10 ,ug ofpoly(A)-RNA from Molt-4 and Jurkat cell lines was probed
with the a4 cDNA. (B) Hybridization of two different regions of the a4 cDNA to a Northern blot. Numbers above the lanes indicate the region
of a4 cDNA in the probe. (C) Genomic Southern blot of the a4 gene after digestion with the indicated restriction endonucleases. A Southern
blot ofhuman genomic DNA (10 ,gg per lane) was probed with the a4 cDNA at high stringency. (D) Low-stringency hybridization of the a4 cDNA
to a genomic Southern blot. Asterisks correspond to bands observed at high stringency in C. Numbers (in kb) were derived from molecular size
standards.
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indicating that the different mRNAs are similar over several
areas of their sequence (Fig. 1B).
The a4 cDNA detected a single gene in a genomic Southern

blot when hybridization was done at high stringency (Fig.
1C). However, at lower stringency additional bands were
detected (Fig. 1D), suggesting the presence of a4-related
genes. Therefore, some ofthe different mRNA species shown
in Fig. 1A may be products of these related genes.
The fact that we observed mRNA species that were not

seen in a previous study (13) may result from our use of
poly(A)-RNA, which facilitates detection of less abundant
species. As stated above, we detected little hybridization in
the region between 5 and 6 kb, where a4 mRNAs were
identified previously. This could result from discrepancies in
determining transcript size or nonspecific hybridization to
the 28S ribosomal RNA (which is in this size range) when
total RNA was examined.
To determine the genomic structure of the 5' end and

flanking region of the a4 gene, clones containing the a4 gene
were obtained by screening a genomic library with our a4
cDNA. A Southern blot of two different clones is shown in
Fig. 2A. A partial restriction enzyme map of clone 16 is
shown in Fig. 2B. The 4.3-kb EcoRI/Sal I fragment, which
hybridized to our a4 cDNA, was subcloned and partially
sequenced. The genomic sequence was identical to that ofthe
cDNA up to the point of the first intron, and the sequence
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identity resumed at the border of exon 2, indicating that the
clone contains the a4 gene.
A combination of S1 nuclease and primer extension map-

ping was used to define the 5' end of the gene (Fig. 3). Three
closely spaced bands (one major and two minor) mapped to
the same location in both primer extension and S1 nuclease
assays, suggesting that they each represent transcriptional
start sites. The more predominant site was designated +1
(Fig. 3B). Identical initiation sites were observed in another
T-cell line, the Jurkat cell line (data not shown).
The first ATG in exon 1 occurs at nucleotide +21 (Fig. 4);

however, the open reading frame following this ATG extends
only 21 amino acids (termination codons are present in each
reading frame), indicating that it is not the translational
initiation site for a4. Instead, translation of a4 initiates at the
second ATG (nucleotide +743). Such upstream ATG codons
are present in >65% of protooncogenes-they are found in
five out of seven members of the src gene family (17). As in
the a4 gene, these upstream ATG codons are found within
very long 5' untranslated regions. Removal ofupstream ATG
codons in the Ick protooncogene activated translation and
was associated with Ick-mediated oncogenic transformation
(18). Therefore, the upstream ATG in the a4 gene may play
a role in translational control.
The entire 743 bp of the a4 gene 5' untranslated region is

found in exon 1, which is 958 bp long. Consensus sequences
forDNA regulatory elements are found in this exon and in the
5' flanking region-an AP-2 site (+590), a TATA box (-41),
PU boxes (-54, -67), a CAAT box (-212), a MyoD binding
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FIG. 2. (A) Southern blot oftwo a4 genomic clones. Clones (3 and
16) were digested with Sal I or with EcoRI and Sal I, and a Southern
blot of the resulting fragments was probed with the a4 cDNA.
Molecular sizes (in kb) are given at left. (B) Partial restriction enzyme
map of the 5' end and flanking region of the a4 gene. The top line
shows a map of the 16.4-kb Sal I fragment from clone 16, whereas the
bottom line shows the portion of this fragment that was sequenced
(Fig. 4). An arrow indicates the major transcriptional start site (+1)
(Fig. 3). IVS, intervening sequence 1.
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FIG. 3. Identification of the 5' end ofthea4 gene. (A) Si nuclease
mapping of the 5' end of the a4 gene. For S1 nuclease mapping,
poly(A)-RNA (20 ,ug) from Molt-4 cells was hybridized to a 5'
32P-labeled probe shown schematically in C. Lane 1, Si-resistant
products; lane 2, undigested probe. (B) Mapping of the 5' end of the
a4 gene by primer extension analysis. For primer extension reac-
tions, poly(A)-RNA (20 ,ug) from Molt-4 cells was hybridized to the
primer shown schematically in C. A sequencing reaction, using this
same primer, was included to determine the exact sites of transcrip-
tional initiation. The asterisk on the A (labeled +1) represents the
major transcriptional start site, whereas asterisks at nucleotides -11
and +20 represents minor start sites. Size standards (STD) are the
plasmid Bluescript SK digested with Msp I, and the sizes are given
in nucleotides.
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-400

GAAAAAAAAAGGCAGGGCACACCTGGATTGCATTAGAATGAT~ACCCAGTTCAGGTGTGTTGC'GTTGTGGGTCTCCGGCACATTTCAGAGGCTGAT
-300

TAGGACCCTGACCCCACACTGGGGTTTACACCCCTAA3 ~TCCCGTGGCAACTGAGTGGGTGCGTGAAAAGGGGGGATCATCAATTACCAGCTGGAE-
-200

AaGAATCGGTTAAATGTGAATCAAGTCACAGTGCTTCCTTAACCCAACCTCTCTGTTGGGGTCAGCCACAGCCTAAACCGCCTGCCGTTCAGCCTGAGAGGCTGCT
-100 +1

GCTAGCCTGCTCACGCATGCAGCCCGCCCTGC CTCGTGAGGG AAGTGGGFATAAGGGTGCTGAGATGTGGGTCTTGAAGAGAATAGCCATAAC

GTCTTTGTCACTAAA ATG TTC CCC AGG GGC CTT CGG CGA GTC TTT TTG TTT GGT TTT TTG TTT TTA ATC TGT GGC TCT TGATAAT
M F P R G L R R V F L F G F L F L I C G S

+100

TTATCTAGTGGTTGCCTACACCTGAAAAACAAGACACAGTGTTTAACTATCAACGAAAGAACTGGACGGCTCCCCGCCGCAGTCCCACTCCCCGAGTTTGTGGCTGG
+200 +300
CATTTGGGCCACGCCGGGCTGGGCGGCTCACAGCGAGGGGCGCGCAGTT TGGGGTCACACAGCTCCGCTTCTAGGCCCCAACCACCGTTAAAAGGGGAAGCCCGTGC

+400
CCCATCAGGTCCGCTCTTGCTGAGCCCAGAGCCATCCCGCGCTCTGCGGGCTGGGAGGCCCGGGCCAGACGCGAGTCCTGCGCAGCCGAGGTTCCCCAGCGCCCCCT

+500
GCAGCCGCGCGTAGGCAGAGACGGAGCCCGGCCCTGCGCCTCCGCACCACGCCCGGGACCCCACCCAGCGGCCCGTACCCGGAGAAGCAGCGCGAGCACCCGAAGCT

+600

CCCGGCTCGGCGGCAGAAACCGGGAGTGGGGCCGGGCGAGTGCGCGGCATCCCAGGCCGGCCCGAACGTC CCCGC CTGGGCCGATTCCCCTCCTCTTCCCTCT
+700

CTCCTTCCTT GCCCGCTGGCGCCGGACACGCTGCGCCTCATCTCTTGGGGCGTTCTTCCCCGTTGGCCAACCGTCGCATCCCGTGCAACTTTGGGGTAGTGGCCG
+800

CTTAGTGTTGA ig TTC CCC ACC GAG AGC GCA TGG CTT GGG AAG CGA GGC GCG AAC CCG GGC CCC GAA GCC GCC GTC CGG GAG
M F P T E S A W L G K R G A N P G P E A A V R E

ACG GTG ATG CTG TTG CTG TGC CTG GGG GTC CCG ACC GGC CGC CCC TAC AAC GTG GAC ACT GAG AGC GCG CTG CTT TAC CAG
T V M L L L C L G V P T G R P Y N V D T E S A L L Y Q
+900

GGC CCC CAC AAC ACG CTG TTC GGC TAC TCG GTC GTG CTG CAC AGC CAC GGG GCG AAC CGA TG GTGAGTAGAGTTGGA-// -

G P H N T L F G Y S V V L H S H G A N R WI
* EXON I IITRSON I

CGTGTCTCGCTTTAG G CTC CTA GTG GGT GCG CCC ACT GCC AAC TGG CTC GCC AAC GCT TCA GTG ATC AAT CCC GGG GCG
J L L V G A P T A N W L A N A S V I N P G A
EXM II-.

FIG. 4. DNA sequence of the 5' end and flanking region of the a4 gene. Arrows denote transcriptional start sites. The major start site is
designated "+1." Boxed sequences are discussed in the text.

site (-274), and an AP-1 site (-377) (Fig. 4). The AP-1 site
mediates transcriptional stimulation by transforming growth
factor ,/ (26) and serum (27). a4 expression is stimulated by
transforming growth factor .13 (28), and we have shown that
a4 mRNAs are increased in response to serum stimulation
(data not shown). Therefore, an AP-1 site may be important
in controlling expression of a4. PU boxes have previously

CY:
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chloramphenicol E 0 0 0 0

loe O O t ,
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FIG. 5. Expression of an a4-CAT fusion gene in transfection
assays. An a4-CAT fusion gene, containing -400 bp of a4 gene 5'
flanking sequences, was transfected into the Jurkat cell line along
with the plasmid pSV2CAT, which contains the strong viral promoter
from the simian virus 40 (SV40) early gene, a construct that contains
only the simian virus 40 early gene TATA box (a weak promoter)
fused to CAT gene, or a construct containing the CAT gene with no
promoter.

been identified as lymphoid- and myeloid-specific enhancers
(29), suggesting that they could play a role in the tissue-
specific expression of a4. Intriguingly, a4 is expressed in
rhabdomyosarcomas, suggesting that the consensus binding
site for the muscle-specific transcription factor MyoD (30)
may be important for control of a4 gene expression.
An a4-CAT fusion gene, containing =400 bp of 5' flanking

sequence, was transfected into the Jurkat cell line (Fig. 5). a4
promoter activity was 143 times greater than with no pro-
moter, 50 times greater than a weak promoter containing only
the simian virus 40 early gene TATA box, and 30% of that
observed with the strong simian virus 40 early gene promoter
containing the enhancer sequences (pSV2CAT).
Knowledge of a4 gene promoter sequence should be valu-

able in the analysis of how expression of this multifunctional
gene is controlled. Interestingly, the structure of the a4 gene
promoter is very different from that of the a5 gene (T.M.B.,
E. Boedeker, E. Ruoslahti, S. Argraves, and D.C.D., un-
published results), which encodes another 81 integrin FN
receptor that is abundant on adherent cell types. Therefore,
differences in tissue specificity between these two genes is
probably dictated by alternate sets of promoter elements.
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