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Cloning and Characterization of the Murine b3 Integrin
Gene Promoter: Identi®cation of an Interleukin-4
Responsive Element and Regulation by STAT-6

Kevin P. McHugh, Sohei Kitazawa, Steven L. Teitelbaum, and F. Patrick Ross*

Department of Pathology, Washington University School of Medicine, St. Louis, Missouri 63110

Abstract Expression of the avb3 integrin by murine bone marrow macrophages is regulated by cytokines such as
IL-4 and GM-CSF through transcriptional activation of the b3 subunit gene. To characterize the molecular mechanisms
by which such regulation occurs, we isolated the murine b3 integrin promoter. To this end, we ®rst cloned a full length b3

cDNA and used the 50UTR and leader peptide coding sequence to identify genomic clones containing the b3 promoter
region. The transcriptional start site, identi®ed by primer extension and S1 nuclease assay, is 34 nt upstream of the
translation initiation codon. A 1.1 kb fragment of the promoter region drives IL-4 responsive transcription in transiently
transfected murine bone marrow macrophages. Deletion analysis of the b3 promoter indicates the IL-4 responsive
element lies between ÿ465 to ÿ678 nt relative to the transcriptional start site. This promoter fragment contains two
overlapping STAT consensus recognition sites and nuclear extracts from BMMs contain an IL-4-inducible DNA binding
factor, identi®ed by super shift analysis, as STAT-6. Furthermore, an oligonucleotide which includes the two STAT
recognition sites residing in the IL-4 responsive region of the b3 promoter, competes for STAT-6 binding. Con®rming IL-4
induction of the integrin subunit is speci®cally mediated by STAT-6, b3 mRNA is not enhanced in BMMs derived from
STAT-6 deleted mice, which however, retain their capacity to respond to GM-CSF. J. Cell. Biochem. 81:320±332,
2001. ß 2001 Wiley-Liss, Inc.
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Integrins are heterodimeric transmembrane
receptors recognizing speci®c sequences in a
range of proteins residing in extracellular
matrix and on other cells and viruses. These
heterodimers not only mediate cell±cell and
cell±matrix attachment but also bidirection-
ally transmit signals across the plasma mem-
brane [Hynes, 1992]. Consequent to these
integrated activities, integrins contribute to a
range of activities including migration, spread-
ing, differentiation, apoptosis, and secretion of
matrix proteins [Filardo et al., 1996; Gille and
Swerlick, 1996; Ruoslahti, 1996].

The integrin avb3 is expressed in cells includ-
ing endothelium, migratory keratinocytes,
neutrophils, normal and metastatic epithelium

and osteoclasts and their precursors, mono-
cytes and macrophages. Given this distribu-
tion, it is not surprising that the blockade of
avb3 function impacts angiogenesis, wound
healing, metastasis, phagocytosis, and bone
resorption [Ross et al., 1993; Felding-Haber-
mann and Cheresh, 1993; Brooks et al., 1994;
Ylanne et al., 1995; Gille and Swerlick, 1996].

avb3 expression, in nontransformed cells, is
regulated by steroid hormones [Dedhar et al.,
1991; Mimura et al., 1994; Chiba et al., 1996]
and a range of cytokines [De®lippi et al., 1991;
Kitazawa et al., 1995; Kim and Yamada, 1997].
Treatment of murine osteoclast precursors
with IL-4, for example, prompts surface expres-
sion of avb3 via transcriptional activation of the
b3, but not the av gene [Kitazawa et al., 1995].
GM-CSF and TNF-a also modulate avb3 via
their effects on b3 and not av mRNA [Inoue
et al., 1998, 2000]. Given b3 is the regulatory
subunit of the integrin, we cloned the promoter
of the murine gene with the aim of determining
the molecular mechanisms governing b3 ex-
pression. Re¯ecting our observation that IL-4
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accelerates b3 transcription, the cytokine trans-
activates a b3 reporter construct in murine
marrow macrophages by a mechanism involving
activation of the transcription factor STAT 6.

METHODS

Bone Marrow Macrophage Isolation

Bone marrow cells were collected by ¯ushing
the femora and tibiae of 5-week-old male C3H/
HeN or C57/Bl6 mice (Harlan, Indianapolis,
IN) and STAT-6 deleted mice (generously pro-
vided by J. Ihle) [Shimoda et al., 1996] with a-
modi®ed Eagle's medium (a-MEM). Cells were
cultured for 24 h in a-MEM containing 10%
heat-inactivated fetal bovine serum (a-10) and
500 U/ml M-CSF. The non-adherent population
was harvested and mononuclear cells were iso-
lated by density gradient centrifugation on
Histopaque-1077 (Sigma, St. Louis, MO). Cells
isolated in this manner were used directly for
osteoclast generation in co-culture with ST2
cells, or grown for up to 7 days, in the presence
of 1000 U/ml M-CSF, for RNA isolation, trans-
fection, or nuclear extract preparation.

Construction of a Murine Osteoclast
cDNA Library

Poly(A)� RNA was isolated from in-vitro-
generated osteoclast cultures by collagenase-P
treatment, guanidiniun isothiocyanate extrac-
tion, and chromatography on oligo-dT cellulose.
A cDNA library was constructed in the Uni-
ZAP XR vector using the ZAP-cDNA Synthesis
Kit (Stratagene, La Jolla, CA). The mouse ge-
nomic DNA library in the lambda FIX II vector
was purchased (Stratagene).

Library Screening

cDNA probes were labeled to high speci®c
activity with a32PdCTP, using the Random
Primed DNA labeling Kit (Boehringer Mann-
heim). More than 2� 106 plaques were trans-
ferred to MAGNA LIFT membranes (MSI,
Westboro, MA) and UV-crosslinked. Filters
were pre-hybridized 2 h and subsequently hy-
bridized overnight in 5�SSPE, 5�Denhardt's
solution, 0.1% SDS, 1�Background Quencher
(Tel-Test, Inc., Friendswood, TX), and 50%
formamide. Low stringency hybridization was
at 35�C and ®nal washing was in 2�SSPE,
0.1% SDS, at 35�C for 15 min. High stringency
hybridization was at 42�C with a ®nal wash in
1�SSPE, 0.1% SDS, at 42�C for 15 min. Posi-

tive clones were rescreened at decreased plat-
ing density until single isolates were obtained.

DNA Isolation and Sequencing

cDNA clones in the Uni-ZAP XR vector were
rescued by in vivo excision of pBluescript (Stra-
tagene) and plasmid DNA was puri®ed with
the Magic Minipreps System (Promega, Madi-
son, WI). DNA from mouse genomic lambda
clones was puri®ed from plate lysates using
QIAGEN-tip 100 (Qiagen, Chatsworth, CA).
DNAs were sequenced from [32P] end-labeled
primers with Taq DNA polymerase using the
fmol DNA Sequencing System (Promega). Seq-
uencing products were fractionated by electro-
phoresis on 5% polyacrylamide/8 M urea gels in
0.6�TBE. Gels were dried and autoradiogra-
phed overnight.

Primer Extension Assay

One nanogram of end-labeled exon I anti-
sense primer (50-CTCCAACAACAACGCCCG-
CCAG-30) was added to 50 mg of murine
osteoclast total RNA, heat denatured at 95�C
for 5 min, and allowed to anneal at 55�C for
1.5 h in 0.15 M KCl, 10 mM Tris (pH 8.3), and
10 mM EDTA. The annealed primer was
extended in 30 mM Tris (pH 8.3), 15 mM
MgCl2, 8 mM DTT, 0.25 mg/ml actinomycin D,
and 0.22 mM 4dNTP mix with 5 U of AMV
reverse transcriptase (Promega) for 1 h at
42�C. Autoradiography was performed for 4
weeks with an intensifying screen at ÿ70�C.

S1 Nuclease Assay

A 71nt oligonucleotide was synthesized (Oli-
gosEtc, Wilsonville, OR) which is complemen-
tary to the ®rst 10 nt 30 of the translational
start site (ATG) plus 53 nt 50 of the transla-
tional start site with an additional 8 nt (under-
lined) of noncomplementary sequence as a
control for S1 activity (50-GCGCTCGCATCCT-
GTCCGCCGCCCTTCACGCCGCGCGCGCGC-
CACGGCGAGCCTGGCACCCGCCTAGTAGG-
30). The oligonucleotide was end-labeled with
[g32P]ATP and T4PNK (Promega) and 105 dpm
was added to 50 mg of murine osteoclast total
RNA in 1 M NaCl, 0.16 M HEPES (pH 7.5), and
0.33 mM EDTA in a total volume of 50 ml. The
mixture was heated to 90�C for 4 min and then
kept at 60�C overnight. After cooling to 37�C,
800 ml of S1 nuclease mix was added (500 U S1
nuclease (Boehringer Mannheim), 16 mg of
ssDNA, 0.3 M NaCl, 50 mM NaOAc, and
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4.5 mM ZnSO4). The reaction was incubated at
37�C for 60 min. The reaction was terminated
with the addition of EDTA to 2 mM, 1 mg of
tRNA was added, and nucleic acids were
ethanol-precipitated. The products were frac-
tionated by electrophoresis through a 5%
polyacrylamide/8 M urea gel in 0.6�TBE and
autoradiography was performed for 1 week
with intensifying screen at ÿ70�C. Fragment
lengths were determined by comparison with
previously characterized, unrelated, sequen-
cing products.

Restriction Mapping

Mouse genomic lambda clones were digested
with the restriction enzyme NotI to release
inserts from vector arms. Clones were subse-
quently digested with a battery of restriction
enzymes (Promega), fractionated on 0.7% agar-
ose gels, vacuum-blotted on nylon membranes
(Hybond-N Amersham), and probed with end-
labeled oligonucleotide probes from exon I
(exon I antisense primer above) and the human
exon II (nt 105±151) [Zimrin et al., 1990],
which shares 42 of 46 bp of the corresponding
mouse cDNA sequence. Hybridization and
washing were under the low stringency condi-
tions outlined above, except that formamide
was excluded from the hybridization solution.

Promoter Constructs

The promoter region between the 50 end of
genomic clone MG011 and translational start
site was ampli®ed by PCR using a T3 promoter
primer and the exon I antisense primer des-
cribed above. The 1.1 kb product was cloned in
the TA vector pCRII (Invitrogen, San Diego,
CA). The fragment was subsequently subclo-
ned in the luciferase reporter vector pGL3basic
(Promega) by PCR addition of a Bgl II site at
�32 (underlined) (50-AGATCTCCTGTCCGCC-
GCCCTTCACG-30), thereby incorporating the
entire 50 UTR and 1084 bp of promoter. Dele-
tions of the ÿ1084 promoter construct to ÿ678,
ÿ465, and ÿ227 were generated by restriction
digestion with SalI and SpeI, PstI, or SmaI,
respectively. The DNA was blunt-ended with
Vent DNA polymerase (New England Biolabs,
Beverly, MA) and the vector was religated.

Transient Transfection of Primary
BMMs and FD5 Cells

BMMs were grown on bacterial petri dishes
for up to 7 days in a-MEM containing 10% FCS,

with addition of 1000 U/ml mouse M-CSF
on days 1,3, and 5. Cells were washed with
PBS, scraped, pooled, and resuspended at
2.5� 107/ml in optiMEM (GibcoBRL, Gaithers-
burg, MD). 15� 106 cells were mixed with 60 mg
test DNA (or control) and 6 mg of CMV-b-
galactosidase for electroporation. 0.25 ml of the
cell/DNA mixture was pulsed using a GENE-
Pulser II (BioRad, Hercules, CA) at 950 mF and
250 V. Three such electroporations were
pooled, and plated in 10 ml a-10 containing
1000 U/ml M-CSF, with or without IL-4
(Genzyme, Cambridge, MA). Each pooled sam-
ple was considered one replicate with three
replicates per condition. After 8 h, cells were
lysed in 50 ml of Reporter Lysis Buffer (Pro-
mega). Luciferase and b-galactosidase activity
in the extract were determined using the
Luciferase Assay System and the b-galactosi-
dase Enzyme Assay System (Promega), with an
OPTOCOMP II luminometer (MGM Instru-
ments, Hamden, CT). The mouse IL-4-depen-
dent cell line FD5 [Welham et al., 1997] was
kindly provided by J. W. Schrader. For each
replicate of FD5 cells, 2.5� 106 cells, in 0.25 ml,
were mixed with 20 mg of test plasmid and
0.5 mg of CMV-b-galactosidase and electropo-
rated 950 mF and 250 V. Cells were plated in a-
MEM containing 10% heat-inactivated fetal
bovine serum, with IL-4 or vehicle, and grown
16 h before lysis.

Electrophoretic Mobility Shift Assay

Nuclear extracts were prepared from BMMs,
grown for 7 days on bacterial petri dishes, es-
sentially as described [Tetsuka et al., 1996]
with the addition of 5 mg/ml Pepstatin A and
Leupeptin in the nuclear extraction buffer. For
EMSA, nuclear extract, containing 2 mg pro-
tein, was mixed with 1 mg poly dI/dC (Pharma-
cia) in 10 mM Tris±HCl (pH 7.5), 100 mM
NaCl, 1 mM EDTA, 10% glycerol, 1 mM DTT,
and 5� 104 CPM of double-stranded oligonu-
cleotide probe from the FcgRI promoter IFN/
IL-4 response element 50-GTATTTCCCAG-
AAAAGGAAC-30 [Kotanides and Reich, 1993].
After 15 min incubation at room temperature,
50� unlabeled competitors or rabbit antibody
raised against STAT-6 (kindly provided by S.
McKnight) were added and incubation contin-
ued for an additional 2.5 h. Complexes were
resolved on a pre-cast 4±20% gradient poly-
acrylamide gel in 1�TBE (Novex, San Diego,
CA). Gels weredried and autoradiographed48 h.
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Ribonuclease Protection Assay

A fragment of the mouse b3 cDNA was sub-
cloned for use as template for anti-sense RNA
transcription. The b3 cDNA was digested with
KpnI and recircularized creating a clone (pM-
B3Kpn) containing the ®rst 517 bp of b3 cDNA
sequence immediately followed by the bacter-
iophage T3 promoter. For anti-sense riboprobe
generation, plasmid pMB3Kpn, digested to
completion with BbvI (New England Biolabs)
or control b-actin template (Ambion, Austin,
TX) was transcribed with the T3 Maxiscript kit
(Ambion) in the presence of [a32P]UTP (DuPont
NEN) at 18�C. The probe was puri®ed on
Sephadex G-25 Quick Spin columns (Boehrin-
ger Mannheim). This 182 nt transcript con-
tains 168 nt of b3 anti-sense sequence which is
homologous to human b3 cDNA sequence from
339 to 506 bp. This region spans the exon III/
exon IV splice junction [Zimrin et al., 1990] and
therefore genomic DNA contaminating the
RNA preparation will produce a 124 nt pro-
tected fragment in contrast to the 168 nt
fragment protected in mRNA. RNase protec-
tion assays were performed using the RPA II
kit (Ambion) with 20 mg of total RNA and
5� 104 CPM anti-sense probe or mouse b-actin
probe per sample. Samples were hybridized for
16 h at 43�C and digested with a T1/RNase
mixture for 45 min at 37�C. Samples were
precipitated, resuspended in sample-loading
buffer, heated to 95�C, and protected fragments
were resolved on a 5% polyacrylamide/8 M urea
sequencing gel. Autoradiography was per-
formed for 5 h at RT for b-actin samples or 3
days at ÿ70�C with an intensifying screen for
b3 probes.

RESULTS

Cloning the Mouse Integrin b3 cDNA

Poly-A� RNA was isolated from puri®ed
populations of generated osteoclasts and their
committed precursors [Shioi et al., 1994]. An
unampli®ed cDNA library, derived from osteo-
clast poly-A� RNA, was screened by low strin-
gency plaque hybridization with a rat b3

integrin partial cDNA (kindly provided by M.
Poncz). From 2� 106 clones screened, two con-
taining b3 cDNAs were isolated, one of which
(SMOc211) contains sequence-encoding amino
acids (AAs) homologous to 242 through 790 of
human b3 integrin [Fitzgerald et al., 1987] as

well as the 30 untranslated region (UTR) and a
poly-A tail. The second clone (SMOc631) con-
tains sequences comprising two 50 UTR nucleo-
tides, the translational start site (AUG), and
sequence encoding 204 AAs. A 510 bp restric-
tion fragment from the 50 end of SMOc631 was
used to screen an additional 1� 106 clones of
the mouse osteoclast cDNA library yielding a
single cDNA clone (SMOc152) containing 33 nt
of 50 UTR. The cDNA sequences thus isolated
represent the 50 and 30 ends of the mouse b3

cDNA molecule with an intervening gap. In
order to generate a full length mouse b3 cDNA,
we performed RT-PCR on mouse osteoclast
RNA using primers derived from the sequenced
partial cDNAs. This effort yielded a fragment
spanning the intervening gap, including
HindIII and SacI sites, at 528 and 1066 bp, rela-
tive to the human sequence. The resulting PCR
product was digested with HindIII and SacI
and ligated with HindIII digested SMOc152
and SacI digested SMOc211 ¯anking on the 50

and 30 ends, respectively. We co-expressed this
full length mouse b3 cDNA with human av in a
clone of the human erythroleukemic cell line,
K562 which lacks endogenous b3. These stable
transfectants form functional chimeric human
av/mouse b3 heterodimers [Blystone et al.,
1996]. The sequence of the full length mouse
b3 cDNA has been deposited in GenBank and
assigned the accession #AF026509.

The deduced amino acid sequence of the full
length mouse and human b3 integrins are
aligned in Figure 1. The DNA coding regions
(data not shown) and amino acid sequences of
the two species are 85.9 and 90% identical,
respectively. The cytoplasmic tails, which are
followed by tandem transcriptional termina-
tion signals, are identical. The leader peptides,
comprising 25 and 26 amino acids in the mouse
and human proteins, respectively, exhibit only
68% homology. All 56 cysteine residues are
conserved, a hallmark of b-integrin family
members with the exception of b8 [Moyle et al.,
1991].

Cloning and Mapping the Murine b3 Gene
Promoter Locus

To identify genomic exon I sequence, we
screened an SV129 mouse genomic lambda-
FIXII library with a 32P-labeled, PCR-ampli-
®ed fragment from nt 1 to 165 of clone
SMOc152. This 50 b3 cDNA was hybridized
with approximately three genome equivalents
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Fig. 1. Complete amino acid sequence for mouse and human
integrin b3 subunits. The deduced amino acid translation (single
letter code) of the mouse b3 integrin subunit (top) is compared
with that of the human (bottom). Identity is indicated by ``|'',
conservative changes are indicated by ``:'', and similar amino

acids are denoted ``.''. Transcription termination signals are de-
noted by asterisks. The human signal peptide sequence is
underlined. 56 conserved cysteine residues are shaded and the
cytoplasmic tail regions are boxed.



of lambda clones. Four overlapping clones
containing exon I were isolated. These four
genomic clones, MG011, MG041, MG171, and
MG172, were digested with both NotI (to
release inserts) as well as several restriction
enzymes. A restriction map of the murine b3

promotor/exon 1 locus is presented in Figure 2.
The distance of exon I from the nearest end of
all four clones, and the orientation of these
clones in vectors, was con®rmed by PCR with
exon I sense or anti-sense primers and lamb-
daFIX T7 or T3 primers (data not shown). An
exon II-speci®c oligonucleotide probe, derived
from the human b3 genomic sequence [Zimrin
et al., 1990], was found to hybridize to identical
HindIII, EcoRI, and XbaI fragments as the
exon I probe yet different size XhoI fragments
(data not shown). Given that the 1.3 kb HindIII
fragment is the smallest of the three hybridiz-
ing to the probe, we conclude that exon II is
within 1.3 kb of exon I. In addition, the DNA
sequence was obtained with MG011 template
using an exon III anti-sense primer (based on
the human genomic organization) [Zimrin
et al., 1990], locating exon III within 17 kb of
exon I (data not shown). Taken together, these
four mouse genomic clones represent
sequences which span more than 40 kb of the
mouse b3 locus, including exons I, II, and III.

Sequence of Murine b3 Integrin Promoter

A T3 promoter primer, complementary to
vector sequences in lambdaFIXII, and an exon
I anti-sense primer were used to PCR amplify
1.1 kb of sequence between the vector end of
MG011 and exon I. This DNA, immediately 50

of exon I, was subcloned in the pCRII vector.
Using additional primers derived from this
subclone, we sequenced, in the four genomic
clones, 1.1 kb of the promoter region, exon I,
and into intron I (GenBank accession
#AF026510). Each clone contains identical
sequence of this region, including the tetra-
nucleotide repeat, (TTTA)17 at ÿ869 to ÿ800
(see Fig. 6). The 50 UTRs and leader sequences
of the human and mouse b3 cDNAs, and corres-
ponding mouse genomic sequences, are compa-
red in Figure 3. The mouse cDNA and genomic
sequences diverge at a consensus 50 splice site
(mammalian consensus is 50-AGgt(a/g)agt-30,
with invariant bases in bold and intronic
sequence in lower case [Nelson and Green,
1989]).

Transcriptional Start Site Mapping

To identify the transcriptional start site of
the mouse b3 integrin promoter we ®rst map-
ped, by primer extension, the 50 terminus of the
mouse b3 mRNA. To this end, an anti-sense
primer (arrow in Fig. 3) was extended on osteo-
clast total RNA template. Figure 4 shows the
extension products compared with a DNA seq-
uence of genomic clone MG011 using the same
primer. The major, if not sole, transcriptional
start site is 34 nt 50 of the translational start
codon (ATG). The extension product is 1 nt
longer than the 50 UTR of the longest cDNA
clone, SMOc152. The position of the transcrip-
tional start site was con®rmed by S1 nuclease
mapping. An oligonucleotide was synthesized
corresponding to the noncoding strand of
mouse b3 genomic locus, which spans the start

Fig. 2. Restriction map of four mouse genomic DNA clones
containing the b3 promoter region, exons I and II. The restriction
sites of several restriction endonucleases were mapped on four
mouse genomic DNA clones by Southern hybridization with b3

exon I oligonucleotide probe (arrow in Fig. 3). The end of each
clone nearest to exon I is shown. Restriction enzyme cleavage

sites are indicated by B BgIII, BE BstEII, BX BstXI, C ClaI, ER
EcoRI, EV EcoRV, H HindIII, SC ScaI, SP SpeI, XB XbaI, and XH
XhoI. The positions of exon I and exon II are indicated by boxes.
Clone MG011 is 17 kb, clone MG041 is 26 kb, clone MG171 is
15 kb, and clone MG172 is 18 kb.
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site identi®ed by primer extension (Fig. 3).
Eight noncomplementary nucleotides were
included as a control for S1 nuclease activity.
As seen in Figure 5, the major protected frag-
ments are 44, 43, 42, and 41 nt and a minor one
of 63 nt. The 44 nt fragments correspond to 34
nt 50 of the translational start site. The 63 nt
fragment represents the oligonucleotide minus
the eight noncomplementary nts and the bands
of 43, 42, and 41 nucleotides probably re¯ect
the presence of partially degraded mRNA used
in the assay.

Mouse b3 Gene Promoter Sequence, Activity,
and Induction by IL-4

The sequence of the mouse b3 promoter
region, from ÿ1084 to �35, relative to the tran-
scriptional start site, including consensus
transcription factor binding sites for SP1,
PU.1, NF-kB and STATs, is presented in
Figure 6. Of particular interest are the two
overlapping potential STAT-6 sites between
ÿ646 and ÿ634. The 1.1 kb genomic fragment
was subcloned into a luciferase reporter vector
(pGL3basic), and M-CSF-dependent mouse
BMMs were transfected with the resultant 1.1
kb construct (ÿ1120LUC3) and CMV-b galac-
tosidase. As shown in Figure 7, mouse b3 pro-
moter-dependent transcription is induced,
dose-dependently, by IL-4. The cytokine, in
contrast, fails to impact the SV40 promoter-
driven construct, pGL3promoter.

Identi®cation of the IL-4 Responsive Region
Within the Mouse b3 Integrin Promoter

To identify the region of the b3 promoter
responsible for IL-4 induction, we prepared a
series of promoter 50 deletions of the intact
ÿ1084/Luc3 construct containing ÿ687, ÿ465,
or ÿ227 nt. These fragments, as well as the
complete ÿ1084 b3 promoter and SV-40 pro-
moter-driven reporters, were assayed for IL-4
responsiveness by transient transfection of the
IL-4-dependent mouse macrophage cell line,
FD5 [Welham et al., 1997]. As seen in Figure 8,
deletions of up to ÿ678 nt of the b3 promoter
respond to IL-4, whereas the ÿ465 and ÿ227
deletions do not. While IL-4 does not induce
ÿ465/Luc, basal transcription in this clone
mirrors that of IL-4-induced ÿ678/Luc, sug-
gesting that an inhibitory sequence resides
between ÿ678 and ÿ465.

IL-4 Induction of STAT6 in
Bone Marrow Macrophages

Loss of IL-4-dependent b3 gene activation
accompanying deletion of overlapping STAT-
like sequences at ÿ646 to ÿ634, is consistent
with the hypothesis that STAT-6, the only
STAT reported to be activated by IL-4, reg-
ulates transcription of the b3 integrin pro-
moter. In order to determine if the cytokine
activates and prompts nuclear translocation of
STAT-6 in BMMs, we performed EMSA, using

Fig. 3. Alignment of the human b3 cDNA, mouse b3 cDNA,
and mouse exon I. The human cDNA sequence (top) is the ®rst
140 nt of the published b3 cDNA. The mouse cDNA (middle) is
the ®rst 153 nt of a mouse cDNA clone (SMOC152) which was
isolated from an osteoclast cDNA library. The mouse genomic
sequence (bottom) represents 180 nt of a mouse genomic clone
which encodes exon I. Numbering is for the mouse genomic

sequence. The coding regions are upper case letters, the start
codon (ATG) is boldface, the putative exon I/intron I junction
and its consensus 50 splice site is boxed (mammalian consensus
is 50-AGgt(a/g)agt-30). The location of the exon I anti-sense
primer is denoted by an arrow and location of the S1 nuclease
probe is underlined.
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as a probe, a consensus STAT-binding sequence
(human FcgRI IFNg/IL-4 response element). As
seen in Figure 9, nuclear extracts from IL-4,
but not vehicle-treated cells contain a nuclear
factor which binds the FcgRI probe. Formation
of the DNA±protein complex is diminished by

Fig. 4. Primer extension mapping of the 50 terminus of mouse
b3 mRNA. The anti-sense primer in Figure 3 was extended with
reverse transcriptase using osteoclast total RNA as template.
Extension products (Lane E; arrow) are compared directly to the
DNA sequence of genomic DNA clone MG011 using the same
anti-sense primer (Lanes C, T, A, G). The sequence is the
complement of that presented in Fig. 1 and in part reads; 50-
cccttcacgccgcgcgcgcgcca-30 (bracketed), which is the comple-
ment to a portion of the 50 UTR in Figure 3. The extension
product includes 1 nt in addition to the 33 nt of 50 untranslated
sequence of the cDNA clone SMOc152.

Fig. 5. S1 nuclease mapping of the transcriptional start site.
Mouse osteoclast total RNA was annealed with a 71 nt oligo-
nucleotide (Fig. 3, heavy line), which spans the transcriptional
start site identi®ed by primer extension, and digested with S1
nuclease. The oligonucleotide contains an additional 8 nt of
noncomplementary sequence as a control for S1 activity. Lane
D shows the digested products. Fragment lengths were deter-
mined by comparison with unrelated, previously characterized
sequencing products (Lanes A/C and G/T). Arrows indicate the
63 and 44 nt protected fragments. The 63 nt fragment represents
the entire oligonucleotide minus the 8 noncomplementary nts.
The 44 nt fragment represents a protected fragment which in-
cludes 34 nt 50 of the translational start site plus 10 nt of the
coding region.
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either unlabeled homologous oligonucleotide or
a sequence comprising base pairsÿ656 toÿ622
of the murine b3 promoter containing two over-
lapping STAT-binding sequences. In contrast,
oligonucleotides comprising sequences contain-
ing the two more distal putative STAT-binding
sites (ÿ678 to ÿ718 and ÿ979 to ÿ1001) are
poor inhibitors of binding. The identity of the
protein moiety is provided by supershifting of

the retarded band with an anti-STAT-6 anti-
body.

STAT-6 is Required for IL-4 Dependent b3

Gene Induction

To determine if STAT-6 mediates IL-4 induc-
tion of the murine b3 gene, in vivo, we turned to
STAT-6 deleted mice. BMMs of these mutants,
and their wild-type counterparts, were treated

Fig. 6. Sequence of the mouse b3 promoter region fromÿ1084
to �35. Consensus-binding sites for PU.1, SP1, and NF-kB are
boxed and labeled. Potential STAT-binding sites are boxed.
Regions used as competitors in gel shift experiments are shaded.

The transcriptional start site is marked and the coding region is
in uppercase letters. The translational start codon is in larger
type.
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with IL-4, GM-CSF, or vehicle. Figure 10 shows
GM-CSF induces b3 message in BMMs of wild
type and STAT-6-de®cient mice (lanes 5 and 8).
Whereas IL-4 also increases b3 mRNA in wild-
type cells (lane 4), this cytokine does not alter
the integrin's message in STAT-6-deleted
BMMs (lane 7) in contrast to GM-CSF (lane 8).

DISCUSSION

In the context of bone biology, the integrin
avb5 is expressed abundantly in immature
osteoclast precursors while avb3 is undetect-
able. With differentiation and formation of
multinucleated osteoclasts, surface expression
of avb5 falls, as avb3 increases [Inoue et al.,
1998, 2000]. Thus, while avb5 functions as a
matrix receptor for precursors, blockade of avb3

blunts bone resorption by mature osteoclasts,
in vivo and in vitro [Horton et al., 1991; Ross
et al., 1993; Engleman et al., 1997]. We ®nd
that the osteoclastogenic cytokine GM-CSF,
promotes avb3 expression by enhancing b3 but
not av mRNA [Inoue et al., 1998]. This obser-
vation is consistent with the supposition that
synthesis of the ``monogamous,'' as opposed to
``promiscuous,'' integrin subunit is the rate-

limiting event in the appearance of a given
heterodimer. IL-4 is an immunoregulatory cy-
tokine which prompts development of macro-
phage precursors along a host-defense pathway
while at the same time dampening osteoclasto-
genesis. IL-4 also induces avb3 expression by
these same differentiating macrophages [Kita-
zawa et al., 1995]. This observation indicates
the integrin is not speci®c to the osteoclast
phenotype but is also present in members of the
monocyte/macrophage family whose primary
function is immunoregulatory. Similar to GM-
CSF induction of avb3, IL-4 mediates its effect
by transactivating the b3 gene. Because of its
central role in avb3 expression, and its regula-
tion by diverse cytokines, the b3 subunit pro-
moter presented itself as an attractive cloning
target.

The human b3 integrin gene promoter con-
tains a large ®rst intron which resisted cloning
by chromosome walking [Zimrin et al., 1990;
Cieutat et al., 1993]. This fact, taken with the
frequent conservation of intron/exon structure,
prompted us to approach the murine b3 pro-
moter by ®rst obtaining cDNA sequences repre-
senting the 50 UTR of the mouse b3 mRNA.
Having isolated murine b3 sequences (from

Fig. 7. Transient transfection of primary bone marrow macro-
phage with ÿ1084/Luciferase construct and response to IL-4.
Primary BMMs were transfected by electroporation with
ÿ1084Luc3 or pGL3promoter (an SV40-driven construct) and
CMV-b galactosidase. Cells were grown 8 h post-transfection
with M-CSF (500 U/ml)� IL-4 at the doses shown. Luciferase
activity was measured and normalized with cotransfected b-
galactosidase activity. Experiments were performed in triplicate;
the average� SD is shown.

Fig. 8. Transient transfection of FD5 cells with b3 promoter
deletion constructs and response to IL-4. FD5 cells were
transfected by electroporation with ÿ1084, ÿ678, ÿ465, and
ÿ227 bp promoter constructs. Cells were grown 16 h post-
transfection in medium containing WEHI-conditioned medium
(5%)� IL-4 0.75 ng/ml. Cells were harvested and lysed, and
luciferase activity was determined and normalized with
cotransfected b-galactosidase activity. Filled bars are without
IL-4 and open bars are with IL-4. Experiments were performed in
triplicate; the average� SD is shown.
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cDNA and RT-PCR) we constructed a full
length functional b3 cDNA. Our data, which
add 103 N- and 190 C-terminal amino acids to
the previously published partial mouse b3

integrin sequence [Cieutat et al., 1993], are
consistent with a recent report identifying the
®rst 66 amino acids of the mature mouse b3

integrin [Barron-Casella et al., 1999]. We ®nd,
in contrast to the reported sequence [Cieutat
et al., 1993], that the amino acid homologous to
human 105 is valine and not isoleucine, a
discrepancy perhaps re¯ecting the use of
degenerate primers for RT-PCR ampli®cation
in the earlier study.

Recent studies have led to the characteriza-
tion of the human b3 integrin gene, which
spans 63 kb and contains a 16.7 kb ®rst intron.
Three regulatory elements have been identi®ed
within the gene; those at�13 to�22 andÿ73 to
ÿ66, modulate gene expression in both mega-

karyocyte-like and non-myeloid cell lines, with
the region at ÿ73 to ÿ66 shown to bind the
ubiquitous transcription factor SP1. In con-
trast, the sequence ÿ115 to ÿ89 contains a
megakaryocyte-speci®c element, and binds an
unidenti®ed nuclear protein found only in
megakaryocytic cell lines [Villa-Garcia et al.,
1994; Wilhide et al., 1997; Jin et al., 1998].

Using b3 mRNA sequence as a probe, we
isolated four overlapping genomic clones which
contain the 50 UTR and leader peptide. The
transcriptional start is 34 nt 50 of the transla-
tion initiation codon. These data are consistent
with b3 mRNAs from other species which have
short 50 UTRs, with 20 nt in the human [Fitz-
gerald et al., 1987] and 42 nt in the chicken
[Cao et al., 1993]. Genomic DNA 50 of the b3

transcriptional start site is a functional pro-
moter and responds to IL-4 when transiently
transfected into mouse BMMs. Consistent with
a direct effect on the b3 promoter, by IL-4-acti-
vated transcription factors, cytokine-induced
transactivation occurs within 8 h of treatment.

Fig. 9. Nuclear extracts from BMMs treated with IL-4 contain
STAT6. Electrophoretic mobility shift assay with a consensus
STAT-binding site probe (FcgRI) and nuclear extracts from
vehicle-treated or IL-4-treated BMMs. The IL-4-induced com-
plex is denoted by ``S'' and an arrow. Unlabeled competitors
are; (competitor 1) homologous FcgRI probe, (competitor 2) b3

promoter region ÿ622 to ÿ656. (competitor 3) b3 promoter
region ÿ678 to ÿ718, (competitor 4) b3 promoter region ÿ979
to ÿ1011. The complex supershifted with rabbit anti-STAT-6 is
denoted by ``SS'' and an arrow.

Fig. 10. BMMs from STAT-6-de®cient mice cannot upregulate
b3 mRNA with IL-4 treatment but retain their response to GM-
CSF. Ribonuclease protection assay on RNA from wild-type
BMMs, Lanes 3±5, and STAT-6 ÿ/ÿ BMMs, Lanes 6±8, with a
b3 anti-sense probe (top) or mouse b-actin anti-sense probe
(bottom). Yeast tRNA control without RNase treatment, Lane 1,
and with RNase treatment, Lane 2. Control-untreated BMM
RNA Lanes 3 and 6, with RNA from IL-4-treated BMMs Lanes 4
and 7, and RNA from GM-CSF-treated BMMs Lanes 5 and 8. Full
length probes and protected fragments are indicated with
arrows.

330 McHugh et al.



A major component of intercellular signaling
mediated by GM-CSF and IL-4 involves activa-
tion of STAT family proteins which, once
phosphorylated on tyrosine, dimerize and trans-
locate to the nucleus, where they function as
transcription factors. STAT-binding sites con-
sist of the inverted palindrome TTC(N)xGAA
where x� 3 or 4 [Darnell, Jr. et al., 1994;
Schindler and Darnell, Jr., 1995; Schindler
et al., 1995]. Furthermore, 10% of STAT-bin-
ding sequences contain a single base substitu-
tion in one half-site [Schindler et al., 1995].
While the mouse b3 promoter contains a num-
ber of potential STAT-binding sites, our data
indicate that a pair of overlapping sequences,
located at ÿ646 to ÿ634, are responsible for
regulating IL-4 induction of the gene. Evidence
supporting this contention includes the obser-
vation that nuclear extracts from IL-4-treated
BMMs contain a macromolecule which binds to
a consensus STAT site oligonucleotide. Fur-
thermore, such binding is supershifted by an
anti-STAT-6 antibody, and binding is abro-
gated by the overlapping STAT sequences,
located at ÿ646 to ÿ634 of the murine b3

promoter. However, our most compelling evi-
dence that STAT-6 regulates IL-4 induced b3

expression is the fact that mice lacking this
transcription factor fail to express the integrin
subunit in response to the cytokine.
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