
The Human Integrin b3 Gene Is 63 kb and Contains a 5*-UTR Sequence
Regulating Expression

By Calvin C. Wilhide, Ying Jin, Qingbin Guo, Lu Li, Su-Xia Li, Edwin Rubin, and Paul F. Bray

The human blood platelet fibrinogen receptor, integrin aIIbb3 activity. Analysis of three different homologous regions led
(glycoprotein IIb-IIIa) is an archetypal member of the integrin to the identification of a sequence in the 5*-UTR of the hu-
family of adhesive molecules and is the only integrin en- man gene, CCGCGGGAGG, which shares 90% identity with
coded by genes physically linked in the genome. Because the avian gene and which bound nuclear proteins in DNaseI
studies on the normal and abnormal expression of any gene and electrophoretic mobility shift assay studies. Mutating
require a thorough understanding of its organization, the this sequence caused a 2.6-fold reduction in reporter gene
initial goals of the current study were to determine the size activity. In these studies we have (1) determined the full
and complete the genomic organization for the b3 gene. We length and 5* organization of the b3 gene, (2) identified a
now report the isolation of the entire b3 gene in a single P1 large region of homology between the 5* regions of the avian
plasmid and for the first time have linked the first and second and human genes, and (3) identified a sequence in the 5*-
exons on a contiguous fragment of DNA. Using pulsed-field UTR that augments gene expression. Knowing the genomic
gel analysis, we determined the full size of the b3 gene to structure of b3 has permitted the uncovering of new mecha-
be 63 kb and show a large (16.7 kb) first intron; based on nisms of mutagenesis causing Glanzmann thrombasthenia
this information, we propose a uniform numbering system (Jin et al, J Clin Invest 98:1745, 1996), and our findings will
for the b3 exons. We have completed the 5* genomic struc-

be valuable for such genetic analyses as well as for studiesture and generated a long-range restriction map. The pro-
on the transcriptional regulation of b3 and other integrinmoter and the 5* end of the first intron were found to have
genes.approximately 50% sequence identity with a region of the
q 1997 by The American Society of Hematology.avian b3 gene known to possess functional transcriptional

P A vitamin D-responsive element has been identified in the
avian gene,25 but none of the cis-acting elements necessary

LATELET AGGREGATION occurs when fibrinogen
binds to its receptor, integrin aIIbb3 (platelet glycopro-

teins IIb [GPIIb] and IIIa [GPIIIa]) on the surface of acti- for modulating expression of the human gene in response to
exogenous stimuli have been identified.vated platelets.1,2 The aIIbb3 complex is a member of the

integrin family of heterodimeric cellular receptors involved Genetic defects in the b3 gene that result in less than
20% levels of protein cause the inherited bleeding disorderin adhesive interactions.3,4 Alterations in the normal expres-
Glanzmann thrombasthenia.26 An increasing number of mu-sion and function of the subunits of this important receptor
tations have been defined,27 but most have been type I pa-result in a spectrum of hemorrhagic, and perhaps thrombotic,
tients with nearly absent levels of protein. Type II thrombas-clinical complications. Although aIIb is expressed only in the
thenics have 10% to 20% of the normal level of receptormegakaryocyte/platelet lineage, b3 is nevertheless an early
protein; based on fibrinogen binding and clot retraction stud-marker for the megakaryocyte lineage. In fact, there is reason
ies, this is functionally normal aIIbb3 protein.26 One type IIto believe the b3 gene may be expressed before aIIb : CD34/

patient has been shown to have a missense mutation in thestem cells have been shown to express b3 ,5 but not aIIb .6

aIIb gene.28 Another potential mechanism explaining the typeRelative to aIIb , b3 expression is less restricted, and in other
II phenotype would be a mutation in a sequence affectingtissues it pairs with av to form the vitronectin receptor. In
gene transcription, but to date no such mutations have beenaddition to high levels of expression in megakaryocytes and
identified. In fact, using standard techniques, it has not beenplatelets, avb3 is expressed in a number of tissues, including
possible to identify all mutations in all types of patients withendothelial cells,7,8 smooth muscle cells,9 human osteo-
thrombasthenia. Although much of the genomic structure ofclasts,10,11 monocyte-derived macrophages,12,13 cultured hu-
b3 has been reported,29,30 the first and second exons wereman embryonic fibroblasts,14,15 human placental syncytiotro-

phoblast brush border,16 as well as some malignant cell lines.
Altered avb3 expression has been associated with malignant
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WILHIDE ET AL3952

Table 1. GPIIIa Oligonucleotides

Name 5* to 3* Sequence Product Length (bp) Comment

ex0.S GAGGGGAGGAAGCGCGAGT 0113 to 095 of transcription start site
ex2.A AAAGGATGCTGTCCTGGCGT 18 bp 3* of exon 2
A.S CCAAATCTGGTGCTAATGCCT 157 5* of exon 1
A.A GAGAAGAAACAAGGTCTGGTAT 3* of exon 1
B.S TTCTGATTGCTGGACTTCTCTT 267 5* of exon 2
B.A TCTCTCCCCATGGCAAAGAGT 3* of exon 2
H.S CAGTTCAATTCTTGTCTTCTTGT 209 5* of exon 8
H.A GCTCCAGGACAAAGGCCCT 3* of exon 8
J.S CAGCGGGTCCACCTTCCT 293 5* of exon 10
J.A CCAGCCTCCCGGCTCTCT 3* of exon 10
L.S CAGTAGTTGTCTCACTTTTTATT 229 5* of exon 12
L.A TGCCTAACATGGTTCTCCCT 3* of exon 12
N.S AGGAAGTCACTGTAAGATGCT 153 5* of exon 14
N.A GGCACAGGCTGATAATGATCT 3* of exon 14
Irrel. GGAAGCAGACCACGTGGTCTGCTTCC EMSA competitor

All primers are complementary to intronic sequence. Product length refers to the size of the PCR product obtained when amplifying the
indicated exon.

Abbreviations: S, sense; A, antisense.

b3 gene, followed by Southern blotting and probing with a 2.6-never linked, such that neither the size nor the complete b3
kb b3 cDNA containing the entire coding region.34 PCR reactionsgenomic structure was known. Perhaps this inability to iden-
consisted of 50 ng plasmid DNA, 10 pmol of each primer, dNTPstify mutations in some patients, particularly in type II pa-
at 200 mmol/L, 10 mmol/L Tris-HCl, pH 8.3, 50 mmol/L KCl, 1.5tients, may be due in part to this gap in our knowledge of
mmol/L MgCl2 , 0.001% gelatin, and 2.5 U Taq polymerase in a 50

the b3 gene structure. Similarly, the ability to analyze gene mL volume. After 4 minutes at 957C, 30 cycles of amplification
transcription has been limited. were performed using the following conditions: denaturation for 45

We now report the complete size and provide a long-range seconds at 947C, annealing for 30 seconds at 607C, and extension
restriction map of the b3 gene. We also identify a modest at 727C for 60 seconds. All PCR reactions were separated on 3%

agarose gels and transferred as described.30degree of homology with the corresponding region of the
Hybridizations were performed in 21 SSC (300 mmol/L NaCl,avian gene. With this information as a guide, we character-

30 mmol/L sodium citrate, pH 7.0), 1% NaDodSO4, 100 mg/mLized a sequence in the 5*-UTR of the human gene modulating
salmon sperm DNA, and 10% dextran sulfate with 2 1 106 cpm/expression. This information should be useful for the study
mL of 32P-labeled probe at 657C. Filters were washed in 21 SSC/

of both the normal (eg, the regulation of tissue-specificity) 1% NaDodSO4 at 507C for 60 minutes with two changes. Filters to
and abnormal expression of b3 . be rehybridized were stripped with 0.11 SSC, 1% NaDodSO4, and

50% formamide at 657C for 30 minutes and exposed to film for 4
days to ensure complete removal of the first probe.MATERIALS AND METHODS

Pulsed-field gel analyses. Plasmid DNA (7.5 mg) was digested
Screening P1 libraries. P1 plasmids are cloning vectors that

with the indicated restriction enzyme(s) and electrophoresis was
accommodate very large (typically 75- to 95-kb) fragments of

performed using two different CHEF pulsed-field gel apparati in
DNA.31 A human genomic DNA P1 plasmid library with inserts of

0.51 TBE buffer (45 mmol/L Tris, 45 mmol/L boric acid, 1.25
65 to 110 kb32 was screened by polymerase chain reaction (PCR) mmol/L EDTA, pH 8.3). The first set of experiments used an appara-
analysis using sense and antisense primer pairs from the 5* region tus designed and built according to Chu et al35: a 0.8% agarose gel
of both the aIIb and b3 genes. This library was contained in 1,500 was electrophoresed at 180 V (10 V/cm) with a switching interval
microtiter plates of 96 wells, with each well holding a single recom- of 5 seconds; total electrophoresis time was 18 hours at 137C. To
binant. The arrayed library was screened as previously described.32

obtain better resolution of the DNA fragments, we also used the
Briefly, the primary screen used template DNA from 24 of the most CHEF Mapper Pulsed Field Electrophoresis System (Bio-Rad Labo-
complex pools, with subsequent screens performed on simpler pools ratories, Inc, Melville, NY), in which the optimal resolution size
until a single clone was obtained. Host bacteria containing the posi- was set at 4 to 50 kb; the built-in algorithm determined that the
tive clone were grown by standard techniques, and plasmid DNA following variables should be used: a 1% agarose gel electrophoresed
was prepared by a modified alkaline lysis method,33 being careful at 9.0 V/cm at 147C, forward voltage gradient of 9.0 V/cm, reverse
not to shear the DNA. voltage gradient of 6.0 V/cm, initial switching time of 0.08 seconds,

Southern blotting. Confirmation that D12 contained b3 sequence and final switching time of 0.92 seconds. The total electrophoresis
was accomplished with two sets of Southern bolts. (1) For the first time was 19 hours and 2 minutes. DNA was transferred to nylon
exon, plasmid DNA was digested with restriction endonucleases, membranes as described above for Southern analysis. Hybridization
separated by electrophoresis through 1.0% agarose gels, transferred probes for b3 gene mapping (Table 1) were 5* to the first exon
to a nylon membrane as previously described,30 and hybridized with (‘‘ex0.S’’), 3 kb upstream of the second exon (‘‘int0’’), and 3* of
a synthetic oligonucleotide 5* of the first exon, ‘‘ex0.S’’ (Table 1). the third exon (‘‘ex2.A’’). Probe ‘‘int0’’ is in intron 0 and is a 239-
(2) For downstream exons, P1 plasmids were PCR-amplified with bp Acc I-Bsm I genomic DNA fragment that has been previously

described.36oligonucleotides specific for exons spanning the entire length of the
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INTEGRIN b3 GENE SIZE AND 5*UTR ENHANCER 3953

DNA sequencing. All sequencing was performed on double- heim, Indianapolis, IN). Footprint analysis was performed with 5 mg
nuclear extract using the DNaseI HotFoot footprinting kit (Stra-stranded plasmid DNA by the dideoxy method.36 Sequencing primers

were SP6, T7, or primers generated from sequence obtained from tagene), and samples were electrophoresed on 12% polyacrylamide
gel that was pre-run for 1 hour at 30 W and run for 2.5 to 6 hoursthe P1 inserts.

DNA sequence searches and homology determination. We used at 60 W. Gel was exposed to film (Eastman Kodak, Rochester, NY)
for 15 hours at 0807C.the Basic Local Alignment Search Tool (BLAST) software through

the National Center for Biotechnology Information (NCBI, Electrophoretic mobility shift assays (EMSAs). Crude nuclear
extracts were prepared as above from K562, Dami, HEL, 293,Bethesda, MD) to search for nucleic acid homologies to the human

b3 gene. We used the blastn program to search all nonredundant HMEC-1, and CHO cells. DNA probes were prepared as follows:
single-stranded DNA oligonucleotides were slowly annealed to formsequences in all the GenBank databases as well as those sequences

in the eukaryotic promoter database (epd). Nucleotide sequences of double-stranded probes by incubating the sense and antisense strands
at 957C followed by slow cooling to room temperature. Double-the avian (GenBank/EMBL Data Bank, accession no. X75348) and

human30 b3 genes were compared and aligned using the GAP pro- stranded DNA probes were labeled with a32P-deoxycytidine triphos-
phate (dCTP; 3,000 Ci/nmol) or a32P-deoxyguanidine triphosphategram of the Wisconsin Package Version 9.0, Genetic Computer

Group (GCG; Madison, WI) and the percentage identities were deter- (dGTP; 3,000 Ci/nmol) using DNA polymerase (Klenow fragment;
Boehringer Mannheim). Crude nuclear extracts (5 mg protein/sam-mined. Dot matrix analysis was performed by the DNASTAR soft-

ware (DNASTAR Inc, Madison, WI) using the most stringent criteria ple) were incubated with double-stranded 32P-labeled oligonucleotide
probes in Incubation Buffer (Hotfoot Buffers Kit; Stratagene) for 15permissible. This program also provided the Similarity Index, de-

fined as (100 1 length of the consensus sequence) divided by (length minutes at room temperature. The composition of this latter buffer
is proprietary. Competition experiments were performed by the si-of the consensus sequence / mispairings / gaps). As a control,

eight avian genes were randomly chosen from the GenBank and multaneous incubation with unlabeled, irrelevant DNA probes. Sam-
ples were electrophoresed on 6% polyacrylamide gels that were pre-aligned to the human gene, and the Similarity Index was determined.

Plasmid constructs. The wild-type sequence upstream of the run at 100 V for 1 hour and run for 2.5 hours at 250 V and 47C.
This gel was dried for 1 hour at 807C and exposed to film (EastmanATG translation start codon to 0146 of the transcription start site

of the b3 gene was cloned into the luciferase reporter gene in the Kodak) for 12 hours at 0807C.
Luciferase assays. Plasmids (20 mg/sample) were transientlypGL2 Basic vector (Promega, Madison, WI) and called 0146Luc.

Mutations were introduced into the 0146Luc template using the transfected into K562 cells (harvested at a density of 1.5 to 2.0 1
105 cells/mL) by electroporation (1 1 107 cells/sample) using a geneSite-Directed Mutagenesis kit (Clontech, Palo Alto, CA) according

to the manufacturer’s recommendations; this construct was called pulser (Bio-Rad, Richmond, CA) set at 500 mF and 400 V. 293 cells
were transiently transfected using the CaCl2 method as described0146mutLuc.

Cell lines and culture conditions. The b3-expressing cell lines previously.45 Cells were incubated on ice for 10 minutes, resus-
pended in 25 mL of complete media, and incubated at 377C and 5%K562,37,38 Dami,39 and HEL40 were cultured as described pre-

viously.41 In some experiments, K562 cells were treated with 100 CO2 atmosphere. Cells were collected after 24 hours, washed twice
with media, lysed, and analyzed using the Luciferase Assay Systemnmol/L phorbol myristate acetate (PMA).41 The human microvascu-

lar endothelial cell (HMEC-1) line that expresses b3
42 was cultured (Promega). Luciferase activity of the promoterless (pGL2 Basic vec-

tor [Promega]), 0146Luc, and 0146mutLuc constructs was normal-in Endothelial Basal Medium (MCDB 131; Clonetic Corp, San
Diego, CA) supplemented with 10% fetal bovine serum (GIBCO ized to CAT activity by cotransfection of the pSV40-CAT construct

as described previously.30 To account for differences in transfectionBRL, Grand Island, NY), 10 mg/mL hydrocortisone (Sigma, St
Louis, MO), and 10 ng/mL epidermal growth factor (EGF; Collabo- efficiency between K562 and 293 cells (the latter producing much

higher activities with all 3 constructs), the data were normalized andrative Biomedical Products-Becton Dickinson, Bedford, MA). Two
additional non–b3-expressing cell lines were studied. Chinese ham- expressed as the fold activation over activity of the promoterless

construct, pGL2.ster ovary (CHO) cells, which do not express b3 (data not shown),
were cultured in a-modified eagle medium (GIBCO BRL) containing

RESULTS10% vol/vol fetal bovine serum (GIBCO BRL). The transformed
human embryonal kidney cell line 293 (ATCC, Rockville, MD), To determine the complete size of the b3 gene and in an
which expresses little or no b3 ,43 was cultured in Eagle’s Minimal initial effort to address the hypothesis that there may be
essential medium (GIBCO BRL) supplemented with 10% fetal bo- shared cis-acting elements on the long arm of chromosome
vine serum (GIBCO BRL).

17 that affect transcription of the genes for aIIb and b3 , weDNaseI footprint analysis. Crude nuclear extracts were prepared
isolated additional genomic DNA that flanks both genes.from K562 cells using the method of Andrews and Faller.44 Briefly,
Using primers A.S and A.A (Table 1), which flanked exoncells were lysed in buffer A (10 mmol/L HEPES-KOH, pH 7.9, at
‘‘i’’ of the b3 gene identified by Zimrin et al,29 we screened47C, 1.5 mmol/L MgCl2 , 10 mmol/L KCl, 0.5 mmol/L dithiothreitol,

and 0.2 mmol/L phenylmethyl sulfonyl fluoride [PMSF]) and centri- a human genomic DNA P1 library and obtained clone D12.
fuged, and the pellets were resuspended in buffer C (20 mmol/L D12 DNA was digested with a series of restriction enzymes
HEPES-KOH, pH 7.9, 25% glycerol, 420 nmol/L NaCl, 1.5 mmol/ (Fig 1A) and probed with an oligonucleotide primer (ex0.S)
L MgCl2 , 0.2 mmol/L EDTA, 0.5 mmol/L dithiothreitol, and 0.2 designed from DNA sequence upstream of the true first b3
mmol/L PMSF). Cellular debris was removed by centrifugation, and exon (Fig 1B). The probe hybridized with a single fragment
supernatants were stored at 0807C. A 176-bp fragment containing in each digest (except Xba I, which was only partially di-
the 0146 to /29 bp portion of the b3 gene was labeled with a

gested), and based on the position of this probe, we con-32P-deoxyguanidine triphosphate (dGTP; 3,000 Ci/nmol; Amersham,
cluded that D12 contained sequence at least 113 bp upstreamArlington Heights, IL) at its 5* end using Moloney’s murine leuke-
of the transcription start site. Subsequent studies showed atmia virus (MMLV) reverse transcriptase (Stratagene, La Jolla, CA).
least an additional 4 kb of upstream sequence (see below).The probe was purified by gel elution after electrophoresis through

a 5% native polyacrylamide gel (polyacrylamide; Boehringer Mann- To determine how much of the downstream portion of the
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WILHIDE ET AL3954

Fig 1. Plasmid D12 contains the entire human b3 gene. (A) Ethidium bromide-stained agarose gel of D12 restriction digests. Lane 1, standard
containing l DNA digested with HindIII plus fx174 DNA digested with HaeIII; lane 2, D12 digested with Xba I " Sma I; lane 3, 1,211-bp Xho
I " BamHI fragment of 5* b3 gene subcloned into pBluescript and digested with Xba I " Sma I; the remaining lanes are D12 cut with Xba I
(lane 4), Sma I (lane 5), HindIII (lane 6), Stu I (lane 7), Xho I (lane 8), Spe I (lane 9), and Acc I (lane 10). (B) Southern analysis of gel in (A) probed
with 32P-labeled oligonucleotide ex0.S from positions Ï113 to Ï95 from the transcription start site of the b3 gene (probe position shown in
Fig 3A). Lane 3 contains a positive control plasmid with genomic sequence from which the probe was designed.30 (C) Southern analysis of
PCR products using clone D12 as a template, probed with a 32P-labeled b3 cDNA containing the entire coding region. Using primers flanking
the indicated exons (Table 1), PCR reactions were performed on no template DNA (lanes 1, 4, 7, 10, 13, and 16), normal genomic DNA (lanes
2, 5, 8, 11, 14, and 17), and clone D12 (lanes 3, 6, 9, 12, 15, and 18). Under the same conditions, using the same PCR primers, no products were
obtained using a negative P1 plasmid as a control (not shown). DNA size marker was fx174 digested with HaeIII. Exons are numbered as
described in the text.

b3 gene was present in D12, we performed additional South- on plasmid D12 to construct a restriction map, determine
the size of the b3 gene, and link the first two exons. We usedern blot analysis on products derived from PCR amplification

of D12 using primers specific for exons 1, 2, 8, 10, 12, and probes designed or isolated from the previously published
sequences28,29,33 that were located upstream of exon 0, within14 (Fig 1C). Note that exon 14 is the 3*-most exon of the

b3 gene.29 Each exon was able to be amplified, and in all the first intron, and downstream of exon 2 (probe positions
shown in Fig 3A). (To avoid confusion with the numberingcases the major PCR products corresponded to the same

fragment size amplified from normal genomic DNA. Each system of Zimrin et al,29 in this report we call the true first
exon number 0.) Alignment of autoradiograms derived fromPCR product hybridized to a b3 cDNA probe (Fig 1C), indi-

cating that D12 contained genomic sequence through the 3* the sequential hybridization of the same filter with all three
probes demonstrated an overlapping approximately 30.5-kbmost exon in the gene.

We next performed pulsed-field gel Southern blot analyses Xho I fragment (indicated by the arrow in Fig 2A-G). Addi-
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INTEGRIN b3 GENE SIZE AND 5*UTR ENHANCER 3955

Fig 2. Pulsed-field gel and Southern blot analysis
of the b3 gene contained in clone D12. Two blots,
generated using different electrophoretic conditions,
are shown for each of the three probes. Panels are
presented according to the 5* to 3* orientation of the
probes (positions shown in Fig 3A). In all panels, the
arrow indicates the 30.5-kb Xho I fragment. The
same filter was probed, stripped, and reprobed in
(A), (C), and (F). Size markers are l DNA PFGE Mark-
ers (Pharmacia) in (A), (C), and (F); and 8- to 48-kb
(mixed digest of l) markers (Bio-Rad) in (B), (D), (E),
and (G). (A and B) Southern blot analysis with oligo-
nucleotide probe ex0.S, which is 5* of the first exon.
D12 DNA was digested with the indicated restriction
enzymes. The Pst I-Pst I fragment (from the Xho I "
Pst I digest) containing probe ex0.S is 1.49 kb and
has run off the gel. (C, D, and E) Southern blot analy-
sis with probe int0 between the first and second ex-
ons. The ethidium bromide-stained gel in (E) was
used for the Southern analysis shown in (D) and is
shown to demonstrate the ability to resolve the high
molecular weight fragments in these studies. D12
DNA was digested with the indicated restriction en-
zymes. Note that the Kpn I digested completely in
(C), but partially in (D) and (E). In (D) and (E), the
’’Marker‘‘ in lane 1 contains 8- to 48-kb (mixed digest
of l) markers (Bio-Rad); in (E), lane 0 contains l DNA
digested with HindIII.

tional experiments using conditions that permitted better res- with these enzymes plus Xho I confirmed that the 3 probes
had hybridized to the same 30.5-kb fragment generated byolution of these high molecular weight fragments are shown

in Fig 2B, D, E, and G. Prior sequence information had the single Xho I digest in Fig 2A, C, and F. These studies
permitted the construction of a map that joins the first twoidentified the position of one Mlu I and two Kpn I restriction

sites located between exons 1 and 2,29 and double digests exons (Fig 3A). Note the large 16.7-kb intron between exons
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Fig 2. (cont’d). (F and G) Southern blot analysis
with probe ex2.A, which is 3* of exon 2. D12 DNA
was digested with the indicated restriction enzymes.
The Kpn I-Kpn I fragment (from the Xho I " Kpn I
digest) containing probe ex2.A is less than 2 kb and
ran off the gel.

Fig 3. Map of the 5* region of the human b3 gene. (A) Southern blot data from Fig 2 were used to generate the map of the 5* region of the
b3 gene. The previously isolated sequences by Villa-Garcia et al30 and Zimrin et al29 are indicated above. Sp, Spe I; X, Xho I; P, Pst I; R, EcoRI;
M, Mlu I; and K, Kpn I. The Pst I site with an asterisk is based on the data in Fig 2C. Underlined enzymes indicate clusters of sites. Exons 0
through 4 are indicated as black boxes; probe locations are indicated by small open boxes and labeled ex0.S, int0, and ex2.A. Gaps and dots
in horizontal line indicate portions that have not been sequenced; dots represent new information from the current study. It is not known
whether additional Pst I, Spe I, or EcoRI sites are contained within the dotted region. (B) Long-range restriction map for the b3 gene. D12 was
digested with Sfi I (S) and/or Not I (N), and pulsed-field gel and Southern blot analyses were performed with probes synthesized from the
sequences at the SP6 and T7 ends of the P1 plasmid. The entire D12 insert is shown as the horizontal line. Probe ex13 was a 1.5-kb cDNA 3*

to the EcoRI site in exon 13.36 The 5* ex2.A and 3* ex13 probes are positioned in the approximate location of the appropriate exon. Numbers
are kilobases between indicated restriction sites. The horizontal line with arrow indicates the extent of the b3 gene.
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INTEGRIN b3 GENE SIZE AND 5*UTR ENHANCER 3957

0 and 1. In data not shown, we also sequenced both ends of protein interaction was detected. Functional activity of this
sequence was tested with a reporter gene construct con-the insert in plasmid D12, synthesized oligonucleotide

probes from these sequences, and used pulsed-field gel anal- taining sequences 0146 to /29 of the human b3 gene. This
construct had previously been shown to be active in K562ysis to determine a long-range Sfi I and Not I restriction map

for the b3 gene (Fig 3B). This mapping indicated that clone and 293 cells (Wilhide et al47 and manuscript submitted).
The footprinted region was mutated at the positions shown inD12 had a genomic DNA insert of approximately 80 kb and

there was approximately 4 kb of genomic DNA upstream of Fig 5A, thus altering 7 of the 10 bp of the 5*-UTR regulatory
sequence. As shown in Fig 5C, this disruption of the wild-the first exon. Note that neither of the two Sfi I sites had been

previously identified, presumably because not all intronic type sequence caused an approximately 2.6-fold loss of lucif-
erase activity in both K562 and 293 cells, indicating thatsequence had been determined. Note also the two 5* Not I

sites that are separated by only 70 bp.30 this sequence was necessary for maximal gene expression.
Because an equivalent decrease was also seen in 293 cells,We also isolated three different overlapping P1 plasmids

that contained the entire aIIb gene (data not shown). Restric- this regulatory sequence is not tissue specific.
tion mapping by pulsed-field gel electrophoresis showed that

DISCUSSIONthese clones contained a total of approximately 130 kb, in-
cluding and flanking the aIIb gene. Probing aIIb P1 plasmid Previous studies have provided information about the in-
DNA on pulsed-field gel Southern blots with oligonucleotide tron-exon structure of the b3 gene, but have not determined
probes from each end of the D12 insert indicated that the the size of the entire gene. Despite the isolation of 22 clones
genomic DNA contained within the aIIb and b3 P1 plasmids and the DNA sequencing of more than 36 kb of genomic
did not overlap. These studies and additional analyses of sequence,29,30 no one clone had contained both the first and
genomic DNA (not shown) indicated that the genes for aIIb second exons and no overlapping clones had linked these
and b3 are separated by a distance of greater than 50 kb. two exons. In this report, we have used the large capacity

Because transcriptional regulatory sequences have been of P1 plasmids to isolate the entire b3 gene on a single
identified in other genes with large first introns,46 we used contiguous fragment of normal human genomic DNA. P1
intron 0 sequence to search several databases. The only se- plasmids are cloning vectors that accommodate very large
quence with substantial homology was the 5* region of the (typically 75 kb to 95 kb) fragments of DNA.31 These vectors
avian b3 gene, and further comparisons identified three re- accommodate larger fragments than do cosmid vectors, but
gions that showed 59.2%, 52.2%, and 55.3% sequence iden- do not have the recombination problems associated with
tity, respectively (Fig 4A). To begin to assess the significance yeast artificial chromosomes (YACs). Pulsed-field gel analy-
of the homology of these regions, the human and avian se- sis indicated that the full length of the b3 gene is 63 kb.
quences were aligned. The two regions of the human gene Intron 0 of the b3 gene is quite large (Ç16.7 kb), and this
that correspond to the vitamin D responsive sequence in the may provide a partial explanation for previous difficulties in
avian gene had relatively little homology and did not match determining the complete genomic structure. Because of the
any known consensus vitamin D responsive element (VDRE; numerous prior references to the exon numbering of Zimrin
Fig 4B and C). Dot matrix analysis was also performed, et al29 (designated exons i, ii, iii, etc), to maintain consis-
allowing comparison of these sequences over the entire re- tency, we propose referring to the first exon of the b3 gene
gions of homology. These alignments and comparisons sug- as exon 0. We believe that our clone contains the entire gene
gested that only regions H1 and H3 might possess significant because (1) Southern blot and PCR mapping show it contains
similarities (Fig 4D and E). The first region (H1) was studied sequence 5* of the transcription start site and 3* of the last
in more detail because the corresponding region of the avian exon, as well as 5 internal exons that are evenly distributed
gene has been shown to regulate transcription.25 To investi- throughout the gene, and (2) our long-range Sfi I and Not I
gate the possibility of a nuclear protein interaction with this map is consistent with sequences previously deposited in
sequence, we performed DNaseI footprint analysis with ex- GenBank.29

tracts from the b3-expressing K562 cells (Fig 5A). A pro- Previous estimates on the distance between the aIIb and b3

tected region was observed corresponding to the sequence genes were based on cross-hybridization to an Sfi I fragment
CCGCGGGAGG, located at positions /13 to /22 from the ranging in size from 125 kb36 to 260 kb.19 Our studies were
transcription start site. This 5*-UTR sequence was identical not able to refine these previous measurements. Neverthe-
in 9 of 10 bp to the homologous region of the avian sequence less, this distance between the two genes remains compatible
(Fig 5A and the last 10 bp of Fig 4B). Using a DNA probe with the possibility that the genes could share enhancer ele-
containing the CCGCGGGAGG sequence in an EMSA (Fig ment(s), considering the large distances involved between
5B), a DNA-protein interaction was observed. A shifted band other enhancers and the genes they regulate.48

was observed in all tissues examined, although nuclear pro- Cao et al25 cloned the first exon and promoter region of the
teins from the megakaryocytic cell lines showed a more avian b3 gene and determined the sequence of the upstream
prominent interaction with the DNA probe (compare lanes approximately 800 bp. The avian sequences 702 bp and 161
2 through 7 with lanes 8 through 10). This DNA-protein bp upstream of the translational start site showed the greatest
interaction was specific, because it was not competed by an activity, ie, 34-fold and 48-fold, respectively, over the 80-
irrelevant DNA probe (Fig 5B, lane 4), but was competed bp minimal promoter. Because birds and humans diverged

in evolution 290 to 320 million years ago,49 we were in-by an excess of unlabeled probe (lane 3). No other DNA-
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Fig 4. Homology between
the human and avian b3 genes.
(A) Schematic representation
showing the homologous re-
gions of the 5* regions of the hu-
man and avian b3 genes. Se-
quences were compared as
described in the Materials and
Methods. A1 refers to exon 1 of
the avian gene.25 Nucleotide po-
sitions are relative to the tran-
scription start sites. The num-
bers between the horizontal
lines refer to the percentage of
homology between regions H1,
H2, and H3 of each gene. B, Bsm
I; H, HindIII; X, Xba I; E, EcoRI;
S, Sac I. In (B) through (E), the
human and avian sequence
numbering is according to the
GenBank entry. (B) Alignment of
the H1 region of the human and
avian b3 genes. The thick under-
line indicates the VDRE of the
avian gene. (C) Alignment be-
tween the avian VDRE with the
corresponding human sequence
from the H2 region. Dot matrix
plots of the H1 (D) and H2 (E) re-
gions of the human and avian b3

genes.

trigued that computer alignment programs showed consider- contained an area corresponding to the avian VDRE, but
neither human sequence conforms to any known VDRE. Inable sequence identity between the avian promoter region

and the promoter and first intron of the human b3 gene. addition, preliminary transfection studies using the 0146
luciferase construct showed no response to treatment withHowever, the dot matrix plots showed less impressive ho-

mologies. Determining whether this degree of homology is vitamin D (data not shown).
We were able to use the homology information to directsignificant is not a simple matter. One approach would be

to compare this degree of homology to homologies between studies that identified a non–tissue-specific sequence in the
5*-UTR of the human b3 gene that augmented gene expres-other regions of the human and avian b3 genes, primarily

intronic sequences, because they might be expected to be no sion (Fig 5). Regulatory sequences in the 5*-UTR of genes
typically affect gene expression by enhancing50 and inhib-better than random. However, the rest of the avian gene

sequence is not known. As another approach, we compared iting51 translation and possibly by increasing mRNA stabil-
ity.52 We used two different techniques that showed a nuclearthe human H1 sequence with 8 avian genes randomly se-

lected from the GenBank. Using the same parameters we protein interaction with double-stranded DNA (Fig 5A and
C), and it is tempting to speculate that the CCGCGGGAGGused in Fig 4A, the average similarity index was 30.1% {

1.7%, which is considerably lower than that which we ob- sequence acts as an enhancer of transcription. The mecha-
nism by which this sequence modulates gene expression isserved for the avian b3 gene. We concluded that this degree

of homology may be significant and may prove to be useful not known, but other genes have been described in which
5*-UTR sequences enhance53 or repress54 transcription. Thein directing further studies on transcriptional regulation—

particularly sequences that share the highest homology and only matches found from a search of the transcription factor
data base were sequences characterized by long strings ofthat are known transcription factor binding sites. Along these

lines, two of the homologous regions with the human gene G’s, and we could not find a consensus similar to CCGCGG-
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Fig 5. Identification of a 5*-UTR sequence modulating b3 gene expression. (A) DNaseI footprint analysis. DNaseI footprint analysis was
performed using a 32P-labeled probe of the b3 promoter from position Ï146 to "29 (shown above), incubated without (lane 1) and with (lane
2) K562 nuclear extracts. The protected region in the human b3 gene is from position "13 to "22 relative to the transcription start site and
corresponds to a region of high human-avian sequence homology. The sequence mutated for subsequent functional analysis (C) is indicated.
(B) EMSA using the 32P-labeled oligonucleotide probe incubated with nuclear extracts of K562 and K562 cells treated with PMA, Dami, HEL,
HMEC-1, 293, or CHO cells. Equivalent amounts of labeled probe were added to each experiment per lane. The amount of probe associated
with the shown K562 complex was approximately 20% of the total amount of free probe. The free probe was deliberately run off the gel to
maximize resolution of the DNA-protein complex; no other gel shifts were observed. Competitors were used in a 50-fold molar excess and
included both an unlabeled EMSA (c.c., cold competition) and an irrelevant (Irrel.) oligonucleotide. A lane with probe but no nuclear extract
(lane 1) showed only the fast-migrating radiolabeled probe. (C) Functional assessment of the CCGCGGGAGG sequence. Sequence substitutions
in the footprinted region (shown in [A]) were introduced into construct Ï146mutLuc. K562 and 293 cells were transfected with equivalent
amounts of the promoterless (pGL2), Ï146Luc, and Ï146mutLuc constructs and assayed for luciferase activity, and all values were normalized
for transfection efficiency within each cell line by cotransfection with pSV40-CAT. An approximately 2.6-fold difference between Ï146Luc and
Ï146mutLuc was observed. To account for differences in transfection efficiency between K562 and 293 cells (the latter producing much higher
activities with all three constructs), the data were normalized and expressed as fold activation over activity of the promoterless construct,
pGL2. The Ï146mutLuc construct contained the mutated sequence shown in Fig 5B. Each experiment was performed four times.
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4. Hynes RO: Integrins: Modulation, and signaling in cell adhe-GAGG. However, inspection of the 5*-UTR of the aIIb gene
sion. Cell 69:11, 1992shows the sequence CCTGGGAGG at positions /8 to /16.

5. Debili N, Issaad C, Masse J-M, Guichard J, Kats A, Breton-This matches the b3 sequence (starting at /14) in 7 of 9
Gorius J, Vainchenker W: Expression of CD34 and platelet glyco-positions, but has not been studied functionally. In addition,
proteins during human megakaryocytic differentiation. Bloodgiven the high degree of homology between species as diver-
80:3022, 1992

gent as birds and humans, together with the functional activ- 6. Molla A, Andrieux A, Chapel A, Schweitzer A, Berthier R,
ity we have shown for the human b3 gene, it will also be Marguerie G: Lack of transcription and expression of the IIb integrin
interesting to analyze the corresponding sequence in the in human early haematopoietic stem cells. Br J Haematol 82:635,
avian gene for its ability to enhance gene expression. 1992

7. Bray PF, Rosa J-P, Johnston GI, Shiu DT, Cook RG, Lau C,It is interesting to note that two regions of the human gene
Kan YW: Platelet glycoprotein IIb: Chromosomal location and tissueappear homologous to the first 84 bp of the reported avian
expression. J Clin Invest 80:1812, 1987sequence (Fig 4A). This could represent an artifact of the

8. Fitzgerald LA, Steiner B, Rall S Jr, Lo S-S, Phillips DR: Pro-DNA alignment program or a true duplication of DNA.
tein sequence of endothelial glycoprotein IIIa derived from a cDNAThere is no obvious pseudogene in intron 0 of the human
clone. J Biol Chem 262:3936, 1987gene and there is not another translation start site correspond-

9. Brown SL, Lundgren CH, Nordt T, Fujii S: Stimulation of
ing to the avian start site. Perhaps enhancer sequences are migration of human aortic smooth muscle cells by vitronectin: Impli-
buried in the human first intron, but our preliminary attempts cations for atherosclerosis. Cardiovasc Res 28:1815, 1994
to test that region of the human gene (H3) that corresponds to 10. Davies J, Warwick J, Totty N, Philip R, Helfrich M, Horton
the region of the avian gene showing the greatest functional M: The osteoclast functional antigen, implicated in the regulation of

bone resorption, is biochemically related to the vitronectin receptor. Jactivity have been inconclusive or negative.
Cell Biol 109:1817, 1989In summary, we have completed and refined the organiza-

11. Suda T, Takahashi N, Martin TJ: Modulation of osteoclasttion of the human b3 gene. Knowledge of the genomic struc-
differentiation. Endocr Rev 13:66, 1992ture of b3 has been essential for the elucidation of novel

12. Fadok V, Savill J, Haslett C, Bratton D, Doherty D, Campbellmechanisms of mutagenesis in Glanzmann thrombasthenia.55

P, Henson P: Different populations of macrophages use either theThe information provided in this report may permit a greater
vitronectin receptor or the phosphatidylserine receptor to recognize

understanding of the molecular pathogenesis of this disorder, and remove apoptotic cells. J Immunol 149:4029, 1992
particularly those with type II disease, and also allow more 13. Savill J, Dransfield I, Hogg N, Haslett C: Vitronectin receptor-
comprehensive gene regulation studies. The observed ho- mediated phagocytosis of cells undergoing apoptosis. Nature
mology with the avian b3 gene directed studies to the identi- 343:170, 1990

14. Bates RC, Rankin LM, Lucas CM, Scott JL, Krissansen GW,fication of a human sequence that promoted gene expression.
Burns GF: Individual embryonic fibroblasts express multiple bOther such homologies may prove useful in identifying tran-
chains in association with the av integrin subunit. J Biol Chemscriptional regulatory elements. Of potential interest, but as
266:18593, 1991yet untested, is the sequence CCACACCC in the 5*-UTR of

15. Stomski FC, Gani JS, Bates RC, Burns GF: Adhesion tothe avian gene.25 This is a 7 of 8 bp match with the corre-
thrombospondin by human embryonic fibroblasts is mediated bysponding sequence in the human gene (not shown) and is
multiple receptors and includes a role for glycoprotein 88 (CD36).

identical to a sequence in the human b-globin gene promoter Exp Cell Res 198:85, 1992
and in the GT-I motif of the SV40 enhancer, which have 16. Vanderpuye OA, Labarrere CA, McIntyre JA: A vitronectin-
previously been identified as transcription factor binding receptor-related molecule in human placental brush border mem-
sites.56,57 Given the structural similarities among the human branes. Biochem J 280:9, 1991

17. Nesbit M, Herlyn M: Adhesion receptors in human melanomab integrins, it will be important to consider elements down-
progression. Invasion Metastasis 14:131, 1994-95stream of the transcription start site when studying the ex-

18. Brooks PC, Montgomery AM, Rosenfeld M, Reisfeld RA,pression of these genes. Similarly, the identification of the
Hu T, Klier G, Cheresh DA: Integrin avb3 antagonists promote tumortranscription factor binding the CCGCGGGAGG sequence
regression by inducing apoptosis of angiogenic blood vessels. Cellmay help us to understand how b3 expression is regulated
79:1157, 1994and may provide insight into the molecular pathogenesis of

19. Bray PF, Barsh G, Rosa J-P, Luo XY, Magenis E, Shuman
thrombasthenia. MA: Physical linkage of the genes for platelet membrane glycopro-

teins IIb and IIIa. Proc Natl Acad Sci USA 85:8683, 1988ACKNOWLEDGMENT
20. Luo XY, Bray PF, Magenis E: Precise localization of the gene
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