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cDNA cloning reveals two mouse £5 integrin transcripts distinct in
cytoplasmic domains as a result of alternative splicing
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The integrin 45 subunit has only been found to form a hetero-
dimer with subunit «v which acts as a vitronectin receptor.
Integrin av/5 has been implicated in cell migration and growth
factor-induced angiogenesis. In the present study, a mouse liver
cDNA library was screened using a human 45 cDNA fragment
obtained by reverse transcriptase PCR (RT-PCR). Three of the
clones (MB5, MB15 and MB17) overlapped to give an open
reading frame, called £5A, which is homologous to the human 5
subunit. The sequence of another clone (MB26), called 5B, was
identical with £5A, except for a deletion of 29 bp near the 3’ end
of the open reading frame. The 29 bp deletion resulted in an
open-reading-frame shift and a completely different C-terminal
sequence in #5B. #5A and 5B were shown, by RT-PCR, to be
co-expressed in most mouse tissues tested, although 5B mRNA
was detected at much lower levels than F5A. f5A and $5B

mRNAs were also detected in the mouse monocytic cell line,
J774, and in isolated mouse peritoneal macrophages. Adhesion
of peritoneal macrophages has been shown to up-regulate the
expression of both f5A and #5B mRNAs. The 29 bp sequence
begins with a putative intron-splicing donor site (GTGAT ...). A
3’ fragment of the mouse integrin #5 gene was cloned by PCR
and sequenced showing that the 29 bp sequence was also im-
mediately followed by an intron. Therefore, the 29 bp sequence
was apparently expressed as part of the f/SA mRNA but was
spliced out as part of the downstream intron in £5B. Since the
cytoplasmic domains of the integrin £ subunits are important in
cytoskeleton attachment and signalling, the two alternatively
spliced /35 isoforms may have distinct roles in cell adhesion and
other cellular functions.

INTRODUCTION

Integrins are a family of cell-adhesion receptors that mediate cell
adhesion to extracellular matrix (ECM), plasma proteins (vitro-
nectin, fibrinogen, fibronectin, etc) and to other cells [1]. Integrins
are non-covalent o/ 4 heterodimers in which each subunit consists
of a large N-terminal extracellular domain, a single trans-
membrane domain and, in most integrins, a short C-terminal
cytoplasmic tail. The extracellular domains of the « and f
subunits bind to ECM components and other ligands while the
cytoplasmic tails attach to the cytoskeleton via cytoplasmic
adapter proteins [2,3]. To date, 14 « and 8 # subunits have been
characterized which together form more than 20 different integrin
heterodimers. Some integrins, e.g. A1 integrins, are widely
expressed in different tissues and cells whereas others, e.g. 2 and
f7 integrins, are restricted to certain cell types [4]. Integrins are
not merely mechanical anchors linking the cytoskeleton to
extracellular structures or ligands. They are also signalling
receptors that can co-ordinate cell adhesion and migration with
many other cellular functions, such as cell proliferation, differen-
tiation and apoptosis, and play key roles in many biological
processes, such as embryonic development, wound healing,
tumour metastasis and inflammation [1,5,6].

Integrin av/33 is a vitronectin receptor and has been implicated
in tumour-associated angiogenesis, an essential step for tumour
growth beyond a certain size [7,8]. This integrin also binds to the
endothelial adhesion receptor PECAM-1 (platelet-endothelial
cell-adhesion molecule-1) and is potentially involved in leucocyte
recruitment [9]. The subunit £5 was initially identified as a novel
S subunit that forms a heterodimer with subunit av [10]. Like
integrin avp3, avfS also mediates cell adhesion to vitronectin

[10,11]. However, studies have shown that it is distinct from av/3
in that, on certain cells, it only acquires significant affinity for
vitronectin upon stimulation with phorbol ester or insulin-like
growth factor [12,13]. This is similar to 42 integrins, which need
to be activated to acquire higher affinity for counter-receptors on
endothelial cells and leucocytes [14,15]. Platelet integrin «IIbs3
only binds to soluble fibrinogen upon activation of platelets, e.g.
by thrombin [16]. Incorporation of integrins into focal-adhesion
plaques requires integrin occupation with ligands and the intrinsic
signal in the cytoplasmic tails of the £ subunits [2,3]. Unlike wild-
type p1 integrins, chimaeric f1 integrins, having 5 cytoplasmic
tails when expressed on Chinese hamster ovary cells, could not
be recruited into focal-adhesion sites [17]. Also, av/5 has been
implicated in growth factor- or phorbol ester-initiated angio-
genesis [18].

Human p5 has been detected on many cell types, but not
lymphocytes [19]. It has also been detected in a variety of
embryonic organs [20]. Our recent work showed that expression
of 5 mRNA could be induced on monocytes immediately after
adhesion and serves as a marker of monocyte differentiation into
macrophages (S. M. Tan and J. Lu, unpublished work). In the
present study, two types of mouse £5 cDNA sequences have been
identified which are totally divergent in their C-terminal cyto-
plasmic domains as a result of alternative splicing.

MATERIALS AND METHODS

A mouse liver A ZAP cDNA library was purchased from
Stratagene (La Jolla, CA, U.S.A). o-[**P]dCTP and a random-
primed DNA-labelling kit were obtained from Amersham
(Amersham, Bucks, U.K.). Oligonucleotide primers were syn-
thesized in the National University Medical Institute, Singapore.

Abbreviations used: RT-PCR, reverse transcriptase PCR; ECM, extracellular matrix; MMR, macrophage mannose receptor.
! To whom correspondence should be addressed (e-mail nmilujh@leonis.nus.sg).
The cDNA nucleotide sequence data for integrin f5A and p5B presented in this paper will appear in the GenBank database under the accession

numbers AF043256 and AF043257, respectively.
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GGGGGCTCGGCGAGGTGCGTCCGGAGCAGCGACAACTCCGAGCGTCCCAGCGGGCCAGCG
61 AGGAGGATGGTGGCGGCCGGGCGCGGACCAGCCCGGCCGCGGGCGCCGTGAGCCGGAGCG
121 CAGCGCCCGGCATGCGGCTGCGGTCCCCGGCCTCGGCCCCGCTCCGCCCCCGCCGAGCGC
181 CCCAGCCGAGCGGCGCGCATCATGCCGCGGGTGCCCGCGACCCTCTACGCCTGTCTGCTC

1 m p r v p a t 1l vy a ¢ 1 1

241 GGGCTCTGCGCGCTCGTTCCGCGCCTCGCAGGGCTCAACATATGCACTAGTGGAAGTGCC
14 g 1 ¢ a 1 v p r 1 a G L N I C T S G S A

301 ACCTCGTGTGAAGAATGCCTGTTGATCCACCCAAAATGTGCCTGGTGCTCCAAAGAGTAC
34 T §s C E ECL L I HP K CAWTC S KE Y

361 TTTGGCAATCCACGGTCCATCACCTCTCGGTGTGACCTGAAGGCAAACCTCATCCGGAAT
54 F G N PR S I TSR CDILI KA ANILTITRN

421 GGCTGTGAAGGTGAGATTGAGAGTCCAGCCAGCAGCACCCACGTCCTCCGGAACCTACCT
74 6 C E G E I E S P A S S T HV L RNTUL P

481 CTCAGCAGCAAGGGTTCCAGTGCCACGGGCTCTGACGTCATCCAGATGACGCCGCAGGAG
949 L s S K G § S AT G S DV I Q M TP Q E

541 ATTGCAGTGAGCCTCCGGCCAGGCGAGCAGACTACGTTCCAGCTGCAGGTGCGCCAGGTG
114 I AV S L R P G E Q T TV F QL Q VR Q V

601 GAGGACTACCCTGTAGACCTGTACTACCTGATGGACCTCTCCCTCTCCATGAAGGATGAC
134 E D Y P VDL Y Y L M DUL S L S M K D D

661 TTGGAGAACATCCGGAGCCTGGGCACCAAGCTTGCGGAGGAAATGAGGAAGCTCACTAGT
154 L E N I R S L G T K L A E E M R K L T §

721 AACTTCCGCTTAGGTTTCGGGTCTTTTGTTGACAAGGACATCTCTCCTTTCTCCTACACG
174 N F R L G F G S F V D K DI S P F S Y T

781 GCACCGAGATACCAGACCAATCCGTGTATTGGTTACAAGTTATTCCCCAACTGCGTCCCC
194 A P R Y Q T N P C I G Y KL F P N C V P

841 TCCTTCGGGTTCCGGCATCTGCTGCCTCTCACAGACAGAGTCGACAGCTTCAACGAGGAA
214 S F G F R HL L PULTUDU RUVD S F N E E

901 GTGAGGAAGCAGAGGGTGTCCCGGAACCGAGATGCCCCCGAGGGGGGGTTTGATGCGGTC
234 VR K QO RV S RNURUDA AZPETGSGTF DAV
961 CTCCAGGCTGCTGTCTGCAAGGAGAAGATCGGATGGCGAAAAGATGCTCTGCACTTGCTG

5-3F

254 L Q A AV C K E K I G W K DAL HULL

1021 GTGTTCACAACAGACGATGTGCCCCACATCGCACTGGATGGAAAACTGGGTGGCCTGGTC
274 VvV F T T D D V P H I AL DG K L G G L V

1081 CAGCCCCACGATGGCCAGTGTCACCTGAATGAAGCCAATGAGTACACAGCCTCTAACCAG
294 Q9 P H D G Q CHL NEA ANETYTASNQ

1141 ATGGACTATCCATCGCTTGCCTTGCTTGGGGAGAAGCTGGCAGAGAACAATATCAACCTC
34 M D Y P S L AL L GEZ KU LA AENNTINTL

1201 ATTTTTGCTGTGACGAAGAACCACTATATGCTCTACAAGAATTTTACAGCCCTGATACCT
334 I F AV T KDNUHYMULYXKNTFTA ATL I P

1261 GGAACCACTGTGGAGATTTTGCATGGAGATTCCAAAAATATTATTCAACTGATTATCAAT
3% 6 T TV E I L HGD S KNTITIOQTL I I N
1321 GCGTACAGTAGCATCCGGGCTAAAGTGGAGCTGTCAGTGTGGGATCAGCCAGAAGACCTT
394 N L F F T A T C Q D G I S Y P G Q R K C

1441 GAGGGTCTGAAGATTGGGGACACGGCATCCTTTGAAGTGTCCGTGGAGGCTCGGAGCTGC
414 E G L K I G D T A S F E V s V EA R S C

Figure 1

1501 CCCGGCAGACAAGCAGCACAGTCTTTCACCTTGAGGCCCGTGGGCTTCCGGGACAGTCTG
434 P G R Q A A Q § F T L R P V G F R D S L
1561 CAGGTGGAAGTCGCCTACAATTGCACATGCGGCTGTAGCACGGGGCTGGAGCCCAACAGT

5-5R
454 Q V E V A Y ¢c TC G C S T G L E P N S

1621 GCCAGATGCAGTGGGAATGGAACATACACCTGTGGGCTGTGCGAGTGTGACCCCGGCTAC
474 A R C S G N G T Y T C G L C E C D P G Y

1681 CTGGGCACTAGGTGCGAGTGCCAGGAGGGGGAGAACCAGAGCGGGTACCAGAACCTGTGC
494 L G T R C E C Q E G E N Q S G Y Q N L C

1741 CGGGAGGCAGAGGGCAAGCCTCTGTGCAGCGGGCGTGGAGAGTGTAGCTGCAACCAGTGC
514 R E A E G K P L C S G R G EC S CN Q C

1801 TCCTGCTTCGAGAGTGAGTTCGGGAGGATCTACGGACCTTTCTGCGAGTGTGACAGCTTT
534 s ¢ F E S E F GR I Y G P F CECD S F

1861 TCCTGTGCCAGAAACAAGGGCGTCCTATGCTCAGGCCATGGAGAGTGTCACTGTGGAGAA
554 s C A RN XK G VL C S G HGETCHTC G E

1921 TGCAAATGCCACGCAGGTTACATTGGGGACAATTGTAACTGCTCAACAGACGTCAGCACA
574 C K C H A G Y I GDDNUCMNTZCSTDV S T

1981 TGCAAGGCCAAGGATGGGCAGATCTGCAGTGACCGAGGCCGTTGTGTCTGTGGGCAGTGC
594 ¢ K A K D G Q I ¢C S DURGU RTZCUVCG Q C

2041 CAGTGCACAGAGCCTGGAGCCTTTGGGGAGACGTGTGAGAAGTGCCCAACCTGCCCGGAT
614 9 C T E P G A F G E T CEIKTCU®PTTCUPD

2101 GCTTGCAGCTCTAAGAGAGACTGTGTCGAATGCTTGCTACTTCACCAGGGGAAACCTGAC
634 A C S S K R D C UV ECULLLHQGI K P D

2161 AACCAGACCTGCCACCACCAGTGCAAAGATGAGGTGATCACGTGGGTAGACACCATCGTC
654 N Q T C H H Q C K D EV I TWUVDTTI V

2221 AAAGATGACCAGGAGGCTGTGCTTTGCTTCTACAAAACTGCTAAGGACTGCGTTATGATG
674 K D D Q E A V L C F Y K T A K D C V M M

2281 TTCAGCTACACAGAACTGCCCAATGGGAGGTCCAACTTGACGGTCCTCCGGGAGCCAGAA
694 F S Y T E L P N G R S N L T V L R E P E

2341 TGTGGAAGTGCCCCCAATGCCATGACCATCCTGCTGGCTGTGGTTGGCAGCATCCTCCTG
714 ¢ G S A P N A M T I L L AV V G S I L L

2401 ATTGGGATGGCACTCCTGGCCATCTGGAAGCTGCTCGTCACCATCCACGACCGCCGAgéG

734 I_G M A L L A I W KL L V T I HDRR E

2461 ggTGCCAAGTTCCAAAGCCTCAAACCCCCTGTACAGAAAGCCCATCTCCACACACACTGT

74 F A K F Q s L K P PV Q KA HLHTH C

2521 CGATTTCGCCTTCAACAAGTTCAACAAATCCTACAATGGCTCAGTGGACTGAGGCTCCTG

774 R F R L 0 Q V. Q Q I L Q W L S G L R L L
2581 GATGGCTGGAGGGGGACTAAGGATGAAGACTCTGGCGTGCCTTGGACTTCCTGGACCATT

794 D G W R G T KD E D S GV P WT S W T I

2641 TGCTCACGCTAGCTAGGCACGCACGGATAATGGAGATGCCCTCCATTGAGCCCTAAGGGA
814 C S R *

2701 CCTGGTAGCCACACAGCGGGCCACAGGCACTTGGGGCCACTTCCCTCCAAGCCAGGGAAA
2761 GCAAGGAGACTCTGGTGTTCTCAGCTTCCCCTCTGCCGCCTCCAGCTTGCTGTCTCCATG
2821 AACCTCTGAAGGCCTGGCTGCCCTCTTCCCTGCTGGGCCAGACAAGAAGGTATCCGGAAG
2881 AGTCTGTGTGTACAAAGCTAGCGCGCAGCCTGGCTTTTTCCAGTTGATCGTTTTTTTTTC
2941 TATGAAATAAAAAGGTCACGCATTT.

B5-1R

¢DNA and derived amino acid sequences of mouse integrin subunit 5B

The sequence was obtained from a single mouse 55 cDNA clone, MB26. The derived amino acid sequence is in single-letter code. The putative 23 residue leader peptide is in lower-case letters.
The putative 23 residue transmembrane domain is underlined. Potential Asn-linked glycosylation sites are in bold. The putative polyadenylation signal, AATAAA, is also in bold. Oligonucleotide
primers synthesized according to this cDNA sequence are highlighted in italic and labelled with names of the primers, i.e. £5-3F, £5-5R, £5-7F and 5-1R.

Isolation and sequencing of mouse integrin 5 cDNA clones

Two primers, hp5c-F (5-GACCACCTTCCAGCTACA-3) and
hp5c-R (5-AGGCTGATCCCAGACTGA-3"), were synthesized
based on published human integrin £5 sequences [19,21], to
amplify a cDNA fragment of approx. 800 bp from a human liver
cDNA library (results not shown). The 800 bp human 5 cDNA
fragment was labelled with 2P and used to screen approx. 5 x 10°
plaques from a mouse liver A ZAP cDNA library. Positive clones
were purified and phagemid pBS SK~ in the A vectors that
contained the cDNA inserts was excised from the phage vectors
using the Exassist/SOLR system provided by the manufacturer
(Stratagene). Each clone was sequenced from both ends using T3

and T7 primers, which flank the cloning site. Selected clones were
completely sequenced from both directions. Sequencing was
performed on the automated ABI 373 sequencer (Applied
Biosystems, Inc., Foster City, CA, U.S.A.)

Cloning and sequencing of the 3’ fragments of mouse and human
integrin 5 genes

Two primers were synthesized, based on the mouse integrin /5
cDNA sequences obtained, and were designed to span the
alternative-splicing sites in the mouse S5 gene, i.e. f5-7F (§'-
GAGAGTTTGCCAAGTTCC-3') and p5-1R (5-GCGTGAC-
CTTTTTATTTCAT-3") (Figure 1). The primers were phos-
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phorylated and PCR was performed using mouse genomic DNA
as template. The PCR (100 xl) was carried out for 35 cycles, each
consisting of 94 °C, 30 s; 51 °C, 30 s; and 72 °C, 3 min. The PCR
product was purified and cloned into pBS KS* by blunt-end
ligation and sequenced. The corresponding region of the human
integrin 5 gene was similarly amplified by PCR from human
genomic DNA using two primers, hp5g-F (5'-CTGCTTGTCA-
CCATCCAC-3") and hp35g-R (5-TCTGATGAAAAGGATCA-
GAC-3'), designed on the basis of published sequences [19,21].
The PCR product was cloned into pBS KS* and sequenced.

Detection of #5A and #5B mRNAs in mouse tissues

Figure 2 shows 5" primers designed to be specific for f5A and
B5B. Primers p5A-as (5-TTGCCAAGTTCCAAAGTGA-3")
and #5B-as (5-TGCCAAGTTCCAAAGCCT-3") were different
only in 3 nucleotides at their 3" ends. RT-PCRs (reverse tran-
scriptase PCRs) were carried out with a common 3’ anti-sense
primer, £5-1R. The primer pairs were shown to be specific in the
amplification of #5A and /5B cDNA sequences since the f5A-
specific primer pair did not amplify the expected PCR product
from the 5B cDNA clone, MB26, and vice versa. RT-PCRs
were carried out on RNAs from 9 different mouse tissues, i.e.
liver, brain, colon, kidney, lung, spleen, uterus, skeletal muscle
and heart. Total RNA was isolated from these mouse tissues
according to the method of Chomczynski and Sacchi [22]. First
strand cDNAs were synthesized from each RNA sample (1 ug)
using a ¢cDNA synthesis kit and both oligo-dT and random
primers. The cDNA reactions (20 pl) were diluted to 100 ul with
water and 5 ul of each dilution was used in PCR. The PCRs were
carried out for 40 cycles, each consisting of 94 °C, 30 s; 51 °C,
30 s;and 72 °C, 30 s, and the reactions (10 pl) were examined on
a 19 (w/v) agarose gel. PCRs were also carried out using
primers common to both £5A and p5B (Figure 1), i.e. f5-3F (5'-
GCGAAAAGATGCTCTGCA-3") and p5-5R (5-GCCGCA-
TGTGCAATTGTA-3’), which amplify the 5 cDNA sequence
encoding part of the extracellular domain of mouse g5 (Figure
1). As indications of cDNA input in each PCR reaction, PCRs
were also carried out on each cDNA sample for the levels of
mouse f-actin cDNA using two primers, mfac-F (5-ATCC-
TGTGGCATCCATGA-3") and mpac-R (5'-ACGCAGCTCA-
GTAACAGT-3’), synthesized based on published mouse f-actin
cDNA sequence [23].

Detection of #5A and #5B mRNAs in mouse peritoneal
macrophages and in the mouse monocytic cell line J774

The mouse monocytic cell line, J774, was cultured in Dulbecco’s
modified Eagle’s medium containing 10 %, (v/v) fetal calf serum.
Total RNA was isolated from the cells for RT-PCR. RNA was
also isolated from J774 cells that had been treated with PMA
(25 ng/ml) for 24 h. Mouse peritoneal macrophages were col-
lected following a previously described method without using an
eliciting agent [24]. RNA was isolated from approx. 1 x 10 cells
harvested while the remaining cells (approx. 1 x 107) were plated
in six-well tissue-culture plates. After incubation for 1 h at 37 °C
in the presence of 59, CO,, the plates were washed three times
with PBS and adherent macrophages were then harvested 0, 2, 4,
8 and 24 h after washing. RNAs were similarly isolated from
these macrophage samples for RT-PCR. RT-PCRs with primer
pairs f5A-as/p5-1R, p5B-as/f5-1R and p5-3F/f5-5R (which
amplifies both pSA and p5B) were carried out as described
above. f-Actin cDNA was also similarly measured in the macro-
phage samples as an indication of cDNA input in each PCR. RT-
PCR was also carried out on the macrophage samples to assay

K L LV TTIHTDT RTERTETFA AT KTFTOQSETRS
B et (B5a-as) GTGAGCGCTCC

BsB AAGCTGCTCGTCACCATCCACGACCGCCGAGAGTTTGCCAAGTTCCAAA(BSB—aS)———
K L L v. T I HDIZRI®RETFAIKF Q

R A RY EMA AS NPL YRIKU®PTISTHT

B5A AGGGCCCGTTATGAAATG . . ot v veteeeveeneemeaeacaeeneaaenenensnn

BSB —------—m—mm - GCCTCAAACCCCCTGTACAGAAAGCCCATCTCCACACACACT
S L K P PV Q KA HTULHTH

vV DFATFNTZ KTFNTZ KT STYNGS SV D *
317

B5B GTCGATTTCGCCTTCAACAAGTTCAACAAATCCTACAATGGCTCAGTGGACTGAGGCTCC
C R F RL QOQVQOQQTIULQWIUL S G UL R L

17
BSB TGGATGGCTGGAGGGGGACTAAGGATGAAGACTCTGGCGTGCCTTGGACTTCCTGGACCA
L DGW®RGTI KTDETDSGV P WT S WT

7N
B5B TTTGCTCACGCTAGCTAGGCACGCACGGATAATGGAGATGCCCTCCATTGAGCCCTAAGG
I ¢ s R *

157N PPN
B5B GACCTGGTAGECACACAGCGGGCCACAGGCACTTGGGGCCACTTCCCTCCAAGCCAGGGA

157N PP
B5B AAGCAAGGAGACTCTGGTGTTCTCAGCTTCCCCTCTGCCGCCTCCAGCTTGCTGTCTCCA

317
B5B TGAACCTCTGAAGGCCTGGCTGCCCTCTTCCCTGCTGGGCCAGACAAGAAGGTATCCGGA

57
B5B AGAGTCTGTGTGTACAAAGCTAGCGCGCAGCCTGGCTTTTTCCAGTTGATCGTTTTTTTT

BSA ATGGTGTaaaaa aa
B5A ...ttt ..—————---33aaaaaa aaaa

(B5-1R)

B5A’aaaaa

Figure 2 Alignment of the cDNA and derived amino acid sequences of the
cytoplasmic domains of mouse integrin subunits, #5A and 5B

The 5A- and /5B-specific 5" primers (/45A-as and /5B-as) and the common 3" primer (45-
1R) used in RT-PCRs are in bold. The NPLY sequence is underlined. ... Denotes cDNA
sequences identical with the aligned sequence, and --- denotes gaps introduced for the
maximum alignment of the sequences. The sequence of a £5A cDNA clone, MB15 (/5A"),
which deviated from the sequences of MB17 (5A) and MB26 (/#5B) immediately in front of
the poly A tail by having an extra 7—8 nucleotides, is shown in italic.

for the mRNA of a macrophage-specific protein, the macrophage
mannose receptor (MMR). The MMR primers, mMR-F (5'-
GGCCTTTGGAATAATATCCA-3") and mMR-R (5-GCTC-
ATTCTGCTCGATGTT-3"), were synthesized based on pub-
lished ¢cDNA sequence for mouse MMR [25]. MMR is not
synthesized in circulating monocytes but can be induced to
express after monocyte adhesion acting as a monocyte dif-
ferentiation marker [26]. All the PCR products were examined
on 19, (w/v) agarose gels.

Quantification of #5A and 5B mRNA expression by GeneScan

RT-PCR was performed, with primers £5-7F and f5-1R, using
RNA isolated from different mouse tissues and peritoneal
macrophages as templates. PCR was carried out for 30 cycles,
each consisting of 94 °C, 30s; 51°C, 30s; and 72°C, 45s.
Fluorescence-labelled dCTP, [R110]dCTP (Applied BioSystems),
was used in a 1:200 ratio to unlabelled dCTP. The PCR products
(in 1 pl) were applied on to a 4.25 9, polyacrylamide sequencing
gel and separated on the Applied BioSystems Prism 377 DNA
sequencer. The separated PCR products were analysed with
GeneScan 2.1 software (Applied BioSystems) for sizes and
fluorescence intensities and the f5B/f5A ratio in each sample
was calculated.
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RESULTS
¢DNA and derived amino acid sequences of mouse integrin 5

Screening of the mouse liver cDNA library with an 800 bp
human A5 integrin cDNA fragment identified 30 positive clones,
MB1-MB30. The A ZAP clones were purified and the pBS SK~
phagemid, which is part of the A vector and contained the cDNA
inserts, was excised from each clone and purified for sequencing
analysis. These clones were initially sequenced using the T3 and
T7 primers which flank the cloning site in pBS KS, and mouse 5
sequences were identified by homology with human £5 cDNA
sequences [19,21]. Clones MBS, MB15 and MB17 were partial
clones which were sequenced from both directions and whose
sequences overlapped to give a complete open reading frame.
The assembled cDNA sequence encodes an amino acid sequence,
called 5A, which shares 93 9, sequence identity with human /5.

The longest clone, MB26, was also completely sequenced from
both directions (Figure 1). The sequence of clone MB26, named
/5B, is identical with that of F5A except for a 29 bp deletion
(Figure 2). The 29 bp sequence is close to the 3" end of the open
reading frame and encodes part of the cytoplasmic domain of
P5A. The deletion in 5B also led to an open-reading-frame shift
and, therefore, to complete divergence of the cytoplasmic C-
terminus of the 5B polypeptide which is consequently 18 residues
longer than that of S5A (Figure 2). The sequence divergence
occurs 16 residues from the transmembrane domain (Figure 2).

The entire open reading frames of f5A and 5B give rise to
two polypeptide sequences of 798 and 816 amino acid residues,
respectively, including a putative 23 residue leader peptide, a 696
residue extracellular domain, a putative 23 residue trans-
membrane domain, a 56 residue cytoplasmic domain for f5A
and a 74 residue cytoplasmic domain for #5B (Figures 1 and 2).
Fifty six cysteine residues are conserved in the extracellular
domains of known integrin £ subunits and these are also
conserved in the mouse 45 sequences (Figure 1). Of the potential
Asn-linked glycosylation sites found in the extracellular domain
of human fg5, six of the eight are conserved in the mouse S5
sequences (Figure 1). The potential Asn-linked glycosylation site
in human p5, N, FS, is lost in mouse 5 as a result of the
replacement of N, by a serine residue (S;,,FS) in the mouse
sequence (Figure 1) [19,21]. Another potential Asn-linked glyco-
sylation site in mouse 5 (CSGN,,,GT) deviates from a similar
glycosylation site in human £5 (CN,,.GSGT) (Figure 1). The
/5B cytoplasmic domain showed no obvious homology with that
of any known receptor and is also characterized by the presence
of two cysteine residues (Figures 1 and 2). There is very little
sequence divergence between mouse and human S5 sequences
over the N-terminal 410 residues, which contain ligand binding
sites, especially between residues T,,, and T . These are identical
between the mouse and human sequences. An NPxY sequence is
conserved in the cytoplasmic domains of many integrin /5 subunits
and, in 3, it has been shown to be essential for melanoma cell
metastasis and migration on vitronectin [27]. This NPxY se-
quence is conserved in mouse S5A, but it is absent in 5B as a
result of an open-reading-frame shift caused by the 29 bp deletion
(Figure 2).

Alternative splicing of the mouse integrin £5 gene

The lack of sequence divergence over other parts of f5A and 5B
suggested that the two sequences were probably derived from a
single gene and, like some other integrins [1,28], the 29 bp
deletion in MB26 was probably the result of alternative splicing.
In fact, the 29 bp deletion does begin with a putative intron
splicing donor sequence (GTGAG ... ) (Figure 2). A fragment of

GV

R E F A KV F Q S ER S R AR Y E M (B5n)
B5-7F

GAGAGTTTGCCAAGTTCCAAAGTGAGCGCTCCAGGGCCCGTTATGAAATGgtaagagggy

R E F A K F Q S (B5B)

gtggttaaaaaagaggttgctggcttagagccagggtcaaaggctaaaaacaatcaatca
aacaaacaaaaaaaagagctaggtgtggtagtattcacctataatcccagctgctttgga
ggctgagacaggagtttgaagttcaaagcttagectgggttacttaccaagecccttgtet
ggaaataaatgaccaaattttgagtgtagttcaatggtagtgtgcttgectaacatgege
a..approx.400 bp..aattccacagatgaaaagtaagagctcagagaaggaaaggga
ttgggggagagcacagaacaagtcagaagcaggcatccctgcaggtgctggacgggectg

aggctgaactaacacgtgtgcgctectectettgtgetcgcagGCCTCAAACCCCCTGTAC
AGAAAGCCCATCTCCACACACACTGTCGATTTCGCCTTCAACAAGTTCAACAAATCCTAC
AATGGCTCAGTGGACTGAGGCTCCTGGATGGCTGGAGGGGGACTAAGGATGAAGACTCTG
GCGTGCCTTGGACTTCCTGGACCATTTGCTCACGCTAGCTAGGCACGCACGGATAATGGA
GATGCCCTCCATTGAGCCCTAAGGGACCTGGTAGCCACACAGCGGGCCACAGGCACTTGG
GGCCACTTCCCTCCAAGCCAGGGAAAGCAAGGAGACTCTGGTGTTCTCAGCTTCCCCTCT
GCCGCCTCCAGCTTGCTGTCTCCATGAACCTCTGAAGGCCTGGCTGCCCTCTTCCCTGCT
GGGCCAGACAAGAAGGTATCCGGAAGAGTCTGTGTGTACAAAGCTAGCGCGCAGCCTGGC
TTTTTCCAGTTGATCGTTTTTTTTTCTATGAAATAAAAAGGTCACGC

B5-1R
)
L L v T I
hB5g-F
CTGCTTGTCACCATCCACGACCGGAGGGAGTTTGCAAAGTTTCAGAGCGAGCGATCCAGG

H DRI REVFAI KU F QS E R S R

A R Y E M
GCCCGCTATGAAATGgtaagcacgtgggaaatgggaagcagaggagacttcaagctcaga
ggcgtggttgagttcagecggtatgttagcaatagaggctcactaatgtctttggcattaa
aaacaaaagaatcaacaccagaaacgctgtgcccagttctggacagagagaattgcacag
ccccagtgcagagtgagctgcacagatccctgttccagacccaggtcaggaaggtcatgg
gggcagaagcgctgggcgtgcctcaggaagagtctgaccagtctcagagagagcacagac
caacaggaaagctcagattcttatggtccattacaacactcacacctgcagtctggtcac
cccaggcagactgcaaatgcccagaagactgagcgcagtcagtttectgetgaacctggge
ttggtttctgttaaagctggaagggacttcagagaccttctgacccaactcctectteca
gaggtggatagtgaaagcttatgaacctgggcttggtttctgttaaagctggaagggact
tcagagactttctgacccaattcttctttccagaggtggatagtgaaagecttagagaagg
cgatggctttcctggggaacacagagctgtecctagagecccacggeecgtectectectgagt
gctctgectgetgetgtegecagggggectgacctgggaagggatcctagggectgegtetyg
tcggtttgagtgtgtgagctaacatg

A S N P L Y R K P
tgtcctcatcctecttececegeecgtgttctgtagGCTTCAAATCCATTATACAGAAAGCCT

I s T T v D F T F N K F NI K S Y NG T
ATCTCCACGCACACTGTGGACTTCACCTTCAACAAGTTCAACAAATCCTACAATGGCACT

D *
GTGGACTGATGTTTCCTTCTCCGAGGGGCTGGAGCGGGGATCTGATGAAAAGGATCAGAC
hB5g-R

Figure 3 Intron/exon organizations of the regions of mouse (A) and human
(B) 85 genes encoding the cytoplasmic domains

(R) The 29 bp sequence that is absent in mouse 458, is underlined. The 29 bp sequence
begins with a putative intron-splicing donor sequence that is probably utilized in the maturation
of £5B mRNA and is in bold capital letters. The beginning of the 3" intron is highlighted in
bold and lower-case letters. (B) The 29 bp sequence in the human 45 genomic sequence is
underlined. The primers used to amplify the mouse and human £5 genomic fragments are in
italic, i.e. £5-7F, #5-1R, hp5g-F and h5g-R.

the mouse integrin #5 gene spanning a region containing the
29 bp deletion was amplified from mouse genomic DNA by PCR
using a 5" primer immediately upstream of the deletion (/#5-7F)
and a 3’ primer downstream of the deletion (#5-1R) (Figure 1).
A 1.4 kb product was amplified and cloned into the plasmid pBS
KS* vector. Sequencing of the genomic fragment showed that the
29 bp sequence was followed immediately by an intron of approx.
700 bp (Figure 3A). Therefore, the 29 bp sequence is flanked by
two intron-splicing donor sites and it is apparently expressed in
S5A when the 3’ donor site is utilized, whereas it is spliced out in
/5B as part of the downstream intron when the 5" donor site is
employed (Figure 3A).

The corresponding region of the human f5 gene was also
cloned and sequenced. An intron of similar size was found in the
genomic fragment at a position identical with that in the mouse
p5 gene (Figure 3). However, the corresponding 29 bp sequence
in human £5 does not begin with a typical intron-splicing donor
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Figure 4 Detection of 55 mRNA expression in mouse tissues

Total RNA was isolated from 9 different mouse tissues for RT-PCR using primer pairs /5A-
as/p5-1R (5A), p5B-as/p5-1R (45B), p5-3F/(5-5R [p5(A+B)], and p-actin primer.
Tissues examined include liver (lane 2), brain (lane 3), colon (lane 4), kidney (lane 5), lung
(lane 6), spleen (lane 7), uterus (lane 8), skeletal muscle (lane 9) and heart (lane 10). Lane
1 contains RT-PCR products amplified from RNA isolated from the mouse monocytic cell line
J774. The PCR products (10 ) were examined on a 1% (w/v) agarose gel.

sequence and such a signal is not found in the immediate 5’ region.
Therefore, a similar alternative splicing event may not occur in
human £5 gene expression. In fact, no human 45 cDNA sequence
has been found to bear the 29 bp deletion [19,21]. However,
human A5 cDNA sequences are known to differ, the main
difference being the presence of either an FNK or an FNKFNK
sequence near the C-terminus of the cytoplasmic domains [19,21].
Sequencing of the human £5 gene fragment showed no evidence
that this was due to alternative splicing (Figure 3B). Ten
independent clones containing the genomic fragment were
sequenced and all have the FNKFNK sequence (results not
shown). The origin and functional implication of the FNK
sequence variation is not known. Mouse £5B again does not
contain any FNK sequences due to open-reading-frame shift
(Figure 2).

Expression of #5A and #5B in different mouse tissues

To determine the tissue distribution of mouse integrin subunit
f5, 9 different mouse tissues were examined with RT-PCR, with
P5A- and p5B-specific primer pairs (Figure 2). The #5A-specific
RT-PCR, using the #5A clone, MB5, as a template, amplified an
expected product of approx. 550 bp, which is slightly larger than
that amplified from the f5B clone MB26 with the p5B-specific
primer pair (results not shown). The f5A-specific primers also

0 120

amplified a similarly larger product than the #5B-specific primers
from a mouse liver cDNA library. However, 5B cDNA was
detected at a much lower level than £5A in the library. Similar
RT-PCRs were then carried out on 9 different mouse tissues. As
seen in Figure 4, #SA was detected at similar levels in most
tissues except the spleen, in which very little SSA mRNA was
detected (Figure 4). /5B mRNA was detected in most mouse
tissues except spleen and its expression in uterus and skeletal
muscle was also very low (Figure 4, lanes 7, 8 and 9). The low
level of 25 mRNA in spleen has also been shown with primers
f5-3F and $5-5R, which detect the extracellular domain of both
F5A and 5B (Figure 4, lane 7). Therefore, whereas the cell(s) of
origin of mouse 5 integrin cannot be defined simply by these
RT-PCR assays, the cell(s) must be scarce in spleen compared
with many other tissues. It has been reported that human #5 was
not detectable in human lymphocytes [19]. The low level of 5
mRNA detected in mouse spleen could simply reflect the abun-
dance of lymphocytes in this lymph organ. Immunohistochemical
studies may help to define more accurately the £5-synthesizing
cells in spleen. A second, slightly larger, PCR product was
amplified from mouse brain and lung using the F5B-specific
primers, and this was shown by sequencing to be a novel
sequence unrelated to #5 and was probably amplified as PCR
artifact.

To determine the relative abundance of A5A and p5B,
fluorescence-assisted RT-PCR was carried out on mouse-tissue
and macrophage RNA samples using a pair of primers common
to both #5A and £5B. The expected f5A and 5B PCR products
were 536 bp and 507 bp, respectively, and the fluorescence
intensities associated with the corresponding PCR products were
measured using the GeneScan 2.1 software. Figure 5 shows a
typical presentation of the GeneScan results in which the
fluorescence intensities of the PCR products are represented by
the areas of the peaks. The 5B PCR product is generally 20-50-
fold lower than that of #5A in liver, brain, colon, kidney and
lung, and is not detectable by this method in spleen, uterus,
skeletal muscle and heart (results not shown).

Expression of mouse f£5 in monocytic cells

Human p5 is known to be expressed in monocytes as a
differentiation marker. It is not expressed in circulating mono-
cytes and is only induced to express upon monocyte adhesion
(S. M. Tan and J. Lu, unpublished work). PMA stimulation has
been shown to up-regulate 45 expression in the human monocytic
cell line, the THP-1 cells. RT-PCR was then performed on RNA
isolated from the mouse monocytic cell line, J774 cells in which
P5SA mRNA was detected (Figure 4, lane 1). The expression of
S5A mRNA in J774 cells was not clearly up-regulated by PMA,

160 200 240 280 320 360 400 440 480 520 560 600 640 680 720

o JU

Figure 5 Quantification of #5A and 5B mRNA expression by GeneScan

RT-PCR was carried out for 30 cycles using primers #5-7F and #5-1R, which are common to both £#5A and £5B. Fluorescence-labelled dCTP, [R100]dCTP, was incorporated into the reactions
in a ratio of 1:200 to unlabelled dCTP. PCR was performed in 15 I volume and 1 x| was loaded on to a 4.25% gel and separated on an Applied BioSystems DNA sequencer. The electrophoresis
profiles were analysed by the GeneScan 2.1 software for the fluorescence intensities of each PCR product. The overlining scale represents an electrophoresis standard to indicate the sizes of the

fluorescence-labelled PCR products.
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Figure 6 Detection of /5 mRNA expression in mouse peritoneal macro-
phages

Mouse peritoneal macrophages were isolated and cultured in tissue-culture plates as described
in Materials and methods. Non-adherent cells were removed by washing after incubation in
tissue-culture plates for 1 h and macrophages adherent to tissue-culture plastic were harvested
at serial time points after washing, i.e. 0 (lane 2), 2 (lane 3), 4 (lane 4), 8 (lane 5) and 24 h
(lane 6). RNA was isolated from these macrophage samples for RT-PCR. RNA was also isolated
from freshly isolated, non-adherent macrophages for similar RT-PCRs (lane 1). RT-PCRs were
carried out using primer pairs $5A-as/35-1R (/5A), £5B-as/#5-1R (/55B), £5-3F/55-5R 45
(A+B)], MR-F/MR-R (MMR), and S-actin primers (/-actin). The PCR products (10 zl) were
examined on a 1% (w/v) agarose gel.

probably because these cells are well differentiated (results not
shown). £5B mRNA was not detected in J774 cells at a significant
level (Figure 4, lane 1), even after PMA stimulation for 24 h
(results not shown).

F5A mRNA was found to be highly expressed in mouse
peritoneal macrophages. However, 5B mRNA was not de-
tectable in non-adherent peritoneal macrophages unless the cells
were adhered to plastic tissue-culture plates, which also up-
regulated f5A mRNA expression (Figure 6). The mRNA of the
macrophage-specific protein, MMR, was highly expressed in
peritoneal macrophages. Adhesion of the macrophages did not
further up-regulate the expression of the MMR mRNA (Figure
6), showing that these macrophages were well differentiated. f5A
mRNA in peritoneal macrophages was, as in other mouse tissues,
detected at much higher levels than f5B mRNA (Figure 6). This
study has, for the first time, shown the expression of 5 mRNA
in natural macrophages. The up-regulation of 5B mRNA
expression after macrophage adhesion was also determined by
GeneScan using RNA samples stated in Figure 6 (results not
shown). #5B PCR product was not detectable in non-adherent
macrophages. It was detectable 2 h after adhesion and the
expression increased by approx. 6-fold 24 h after adhesion (results
not shown).

DISCUSSION

The isolated mouse 5 cDNA clones revealed two types of
sequence, #5A and F5B, which are otherwise identical except
that a 29 bp deletion is present in the f5B cDNA (clone MB26).
This deletion resulted in a cytoplasmic C-terminus in mouse 5B
that diverged from those of mouse £5A and human f5 sequences.
Sequencing of a mouse 45 gene fragment showed that the 29 bp
sequence is positioned at an exon/intron boundary, which was
retained as part of the 5" exon in #5A but was alternatively
spliced out as part of the 3" intron in 5B (Figure 3A).
Alternatively spliced variants have been described for both the

o and S subunits of integrins. Sites of alternative splicing are
found in both the extracellular and cytoplasmic domains [28-35].
Some of the variants are expressed in a tissue-specific and/or
developmentally regulated manner and have been shown to have
distinct functions [30-33]. Four £1 variants have been charac-
terized, i.e. 51, f1B, p1C and f1D, which are different in their
cytoplasmic C-termini as results of alternative splicing [32-35].
£1D is only expressed in cardiac and skeletal muscle and f1C has
been shown to inhibit cell proliferation [36,37]. Integrin subunits
o3, a6 and o7 are alternatively spliced in the cytoplasmic domains
following a similar pattern which yields two isoforms, A and B,
for each subunit [38], whereas in addition, «7 has a third
similarly spliced variant («7C) [31]. Both the a7 and 47 subunits
are also alternatively spliced in the ligand-binding extracellular
domains [29,38]. This is the first report of alternative splicing of
the integrin 5 mRNA, although cDNA cloning of the baboon
£5 subunit indicated that human 5 mRNA sequences contained
a putative alternative splicing site in the 3" untranslated region
[39]. The three mouse 5 cDNA clones are indeed heterogeneous
in polyadenylation sites by having 1-8 extra nucleotides at the 3’
end that are clearly not due to alternative splicing (Figure 2).

The integrins comprise a large family of heterodimers as a
result of pairing between different o and /4 subunits, and
alternative splicing has further diversified this family of adhesion
receptors in both structure and functions. Alternative splicing in
the extracellular domains may yield variants with different
affinities and/or specificities for ECM and other ligands, which
may be important in the regulation of cell migration. Variation
in the cytoplasmic domains could allow the same type of integrin
to trigger different cellular responses in the same extracellular
environment. Together with tissue-specific and/or develop-
mentally regulated expression of the different variants, alternative
splicing has provided a dynamic mechanism for the fine ad-
justment of integrin functions in many biological processes.

Mouse 5 mRNA was detected in all the 9 tissues examined
(Figure 4). However, /5B mRNA was detected at much lower
levels in these tissues than #5A and was not detectable in spleen.
This was not due to the #5B-specific RT-PCR being less sensitive
than that for A5A, since both PCR assays showed similar
sensitivity on cloned #5A and 5B cDNA. f5A mRNA was also
detected in the mouse monocytic cell line J774, but no specific
PCR product was detected for #5B in these cells (Figure 4). 55A,
but not p5B, was detected in freshly isolated mouse peritoneal
macrophages (Figure 6). Adhesion of these macrophages to
tissue-culture plastic up-regulated #5A, and also induced $5B,
mRNA expression. Similar up-regulation of human 5 mRNA
has been observed in PMA-stimulated THP-1 cells, a human
monocytic cell line (S. M. Tan and J. Lu, unpublished work). In
general, the f5A and 5B isoforms are co-expressed in almost all
mouse tissues, although 5B is expressed at much lower levels.
Both f5 isoforms are expressed in adherent peritoneal macro-
phages. However, there is no evidence as to whether the two
isoforms may be preferentially expressed on different cell types in
certain mouse tissues.

The alternative splicing event in mouse integrin A5 has,
however, not been reported in human £5 despite the presence of
an intron at an identical position in the human £5 gene (Figure
3). Differences have indeed been reported in known human £5
cDNA sequences [19,21]. The most prominent is the presence of
either one FNK sequence or two tandem FNK sequences in the
cytoplasmic domains. Sequencing of the human /5 gene fragment
showed no evidence that this sequence variation was due to
alternative splicing (Figure 3B). The functional impact(s) of
sequence divergency in the cytoplasmic domains of mouse and
human integrin subunits £5 require further investigation of the
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different variants. The characterization of the mouse 5 cDNA
sequences should assist studies on the tissue/cell origin(s) of the
integrin subunit in adult and embryonic mouse tissues and on the
establishment of mouse models to assess the functions of this
integrin subunit. The role of A5 in monocyte/macrophage
functions also deserves further investigation.
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