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Structural characterization of mouse CD97 and study of its specific interaction with
the murine decay-accelerating factor (DAF, CDS55)
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SUMMARY

CD97 is a newly identified, activation-associated human leucocyte antigen with seven putative
transmembrane domains. It has an extended extracellular segment containing several adhesion
molecule structure motifs, and has been shown to interact with the human complement regulator,
decay-accelerating factor (DAF, CDS55). To understand further the interaction between CD97
and DAF, as well as the structure and function of CD97 in general, we have cloned the mouse
CD97 ¢cDNA and studied the encoded protein for its membrane association property and ability
to interact specifically with the murine decay-accelerating factor. The full-length mouse CD97
cDNA that we have cloned and characterized encodes a protein that is 60% identical to the three
epidermal growth factor (EGF) domain-containing form of human CD97 but does not contain
the Arg-Gly-Asp (RGD) motif which is present in human CD97. Two other alternatively spliced
forms of mouse CD97 were also identified. These forms differ by the number of EGF-like sequence
repeats present in the N-terminal region. Northern blot analysis revealed that CD97 is expressed
widely in mouse tissues and in resting as well as activated cultured mouse splenocytes. Transient
transfection of human embryonic kidney (HEK) 293 cells with the mouse CD97 ¢cDNA in a
green-fluorescence protein vector (pEGFP-N1) showed plasma membrane targeting of the
expressed protein. Western blot analysis confirmed its membrane association and identified the
existence of a processed C-terminal fragment, supporting the notion that CD97 on the cell
membrane is composed of post-translationally generated subunits. Adhesion studies demonstrated
that normal, but not DAF knockout mouse erythrocytes and splenocytes adhered to mouse
CD97-transfected HEK cells. The interaction of CD97 and DAF was found to be species-
restrictive in that human erythrocytes were unable to bind to mouse CD97-transfected HEK cells.
These results indicate that the general structure, membrane association property and DAF-binding
ability of CD97 are conserved and that the adhesive interaction between CD97 and DAF is
independent of the RGD motif. The finding that CD97 is distributed widely among various mouse
tissues suggests that CD97 may have other roles beyond lymphocyte activation.

INTRODUCTION

CD97 is a leucocyte antigen originally recognized on activated
human lymphocyte.!? Activation of lymphocytes by a variety
of stimuli rapidly induces the surface expression of CD97.!:2
This up-regulation apparently results from a redistribution of
preformed CD97 protein as well as from increased mRNA
synthesis at the transcriptional level.!”® Molecular cloning
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studies of the human CD97 cDNA have revealed some highly
unusual structural features of the encoded protein. Human
CD97 was predicted to be a seven-transmembrane protein
with sequence homology to the secretin receptor superfamily
of G-protein-coupled receptors.>* However, unlike the pre-
viously characterized peptide hormone receptors, human CD97
has an extended extracellular domain containing multiple
epidermal growth factor (EGF)-like repeats, calcium-binding
sites and an Arg-Gly-Asp (RGD) motif.>* Furthermore, bio-
chemical studies have revealed that human CD97 exists on the
cell membrane as a processed heterodimer, consisting of an
extracellular o-subunit non-covalently linked to a seven-
transmembrane B-subunit.

Since EGF-like domains, calcium-binding sites and the
RGD motif are all typical structural features of proteins
involved in protein—protein interaction,>® a role for human
CD97 as an adhesion molecule was initially suspected and
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later established.>” Thus, human decay-accelerating factor
(DAF, CD55), a glycosylphosphatidylinositol (GPI )-anchored
membrane regulator of complement activation has been ident-
ified as a ligand for human CD97.7-® Besides its potential role
in cell adhesion, the fact that human CD97 is a seven-
transmembrane protein with sequence homology to G-protein-
coupled receptors also suggests that the protein may function
as a cell surface receptor to participate in signal transduc-
tion.>*? At the present time, however, the significance of its
interaction with human DAF and the physiological role of
human CD97 in general remain a matter of speculation. A
cell-free form of CD97 was found to be present in body fluids
from inflamed human tissues,* raising the possibility that the
RGD-motif-containing CD97 a-subunit may be shed from the
cell membrane and function as a ligand during inflammatory
reactions.* To facilitate the functional study of CD97 in an
animal model, and to extend the structural characterization of
human CD97, we have cloned and characterized the mouse
CD97 cDNA. Here, we report the deduced amino acid
sequences of multiple alternatively spliced forms of mouse
CD97, its tissue expression pattern and membrane association
characteristics. We also describe our characterization of the
specific interaction between mouse CD97 and mouse DAF
using erythrocytes and splenocytes from DAF knockout mice
recently generated in our laboratory.'°

MATERIALS AND METHODS

Cloning of mouse CD97 cDNAs
Human CD97 cDNA was used as a probe to screen a murine
129] genomic library to clone the mouse CD97 gene. One
genomic fragment was initially isolated and selective sequen-
cing analysis revealed the nucleotide sequence of exons 6 and
7 (Haino et al., unpublished data). Two oligonucleo-
tide primers, 5-TGTTCCCAGATGTGAATGAGTG-3' (P1,
upstream) and 5-CTTCCAACCTGGACGGCAGT-3" (P2,
downstream), which correspond to the 5-end and 3’-end of
exon 6 and 7, respectively, were synthesized and used to
amplify a 257-base-pair (bp) cDNA fragment by reverse-
transcription polymerase chain reaction (RT-PCR). Parallel
to the above experiment, the human CD97 cDNA sequence
was used as a query sequence to search the European
Molecular Biology Laboratory (EMBL) expressed sequence
tag (EST) database for related mouse cDNA sequences. One
mouse EST clone (ID number: 1122207) was found to contain
a cDNA sequence highly homologous to exon 13 of human
CD97,* and the concerned cDNA clone was obtained from
Research Genetics, Inc (Huntsville, AL) and analysed. A
downstream primer, 5-"TCAGGTCGGTCGTCATACAAC-3’
(P4), based on the EST #1122207 sequence information was
synthesized and used in conjunction with primer P1 to amplify
by RT-PCR a 1-6-kb cDNA fragment. To obtain the remaining
5"-half of the mouse CD97 c¢cDNA, the 5-RACE (Rapid
Amplification of cDNA Ends) protocol'! was employed
with a Marathon cDNA amplification kit from Clontech
(Palo Alto, CA). The two nested specific downstream pri-
mers used were P2 and P5 (5-GACCACGGAGGG-
ACCCAGAAGTT-3).

The complete cDNA sequence of mouse CD97, which
contains three EGF-like sequence repeats, was deduced
from the overlapping PCR clones and the commercial cDNA

clone. Based on the deduced cDNA sequence, new primers
were synthesized to amplify the full coding region of mouse
CD97 in a two-step nested RT-PCR reaction. The
four primers used in the nested RT-PCR reaction
were  5-GTCCCAGACGCTGTCCGTT-3 (P7) and
5-GCTGCTGTCCTTCATGGAACT-3" (P8) for the first
round, and 5-CACCATGAGGGGCGTCAGAT-3’' (P9) and
5-GCCTTCACATCCCTGATTCTG-3' (P10) for the second
round. In order to increase DNA amplification fidelity, PCR
reactions were performed with a proof-reading polymerase
mixture (Pfu/Taq, 1/6). All amplified PCR fragments were
cloned into the pCR2 vector (TA cloning Kit, Invitrogen, Palo
Alto, CA) and sequenced on an automatic DNA sequencer
(Cell Center, University of Pennsylvania).

Northern blot analysis of CD97 expression in mouse tissues

Total RNAs from various mouse tissues or from cultured
splenocytes of normal and DAF knockout mice!® were isolated
using the Trizol Reagent (Gibco/BRL, Grand Island, NY).
Splenocytes were prepared by grinding macerated fresh spleen
in cold Hanks’ balanced salt solution. The tissue mixture was
first passed through a cell strainer and splenocytes were
collected by low-speed centrifugation (500 g). Contaminating
erythrocytes were removed by lysis in ACK lysing buffer
[150 mm NH,CI, 1 mm KHCO;, 0-1 mM ethylenediaminete-
traacetic acid (EDTA), pH 7-3]. Cells (10°/ml) were then
cultured in Xvivo 20 (Biowhitka, Walkersville, MD) for vari-
ous lengths of time in the presence of anti-CD3 (0-5 pg/ml)
as a T-lymphocyte activator. RNA samples (10 pg each lane)
were separated on a 1-0% formaldehyde-agarose gel and
transferred onto a nylon membrane (Hybond-N, Amersham,
Arlington Heights, IL) via capillary action overnight in
5 x sodium-sodium citrate buffer (SSC). Membranes were
cross-linked under ultraviolet (UV) light and hybridized with
a ¥?P-labelled full-length mouse CD97 ¢cDNA probe synthe-
sized with random primers. RNA hybridizations were carried
out in QuikHyb solution (Stratagene, La Jolla, CA) at 68° for
1 hr. The membranes were washed, first in 2 x SSC-0-1%
sodium dodecyl sulphate (SDS) at 55° for 15 min and then in
0-1 x SSC-0-1% SDS at 55°, and exposed to X-ray film.

Construction of mouse CD97 expression plasmids

The form of mouse CD97 containing three EGF domains was
expressed in HEK 293 cells for cell adhesion and membrane
association studies. For cell adhesion studies, the full-coding
cDNA was subcloned into the mammalian expression vector
pCDNA3 (Invitrogen) at the EcoRI site. Plasmid DNA of
pCDNA3 containing mouse CD97 in the sense or antisense
orientation was prepared using a Qiagen (Chatsworth, CA)
plasmid purification kit (CD97 in the antisense orientation
was used as a negative control in transfection experiments).
For membrane localization studies, the mouse CD97 was
expressed as a fusion protein with the green fluorescence
protein (GFP) attached to its C-terminal. For this purpose,
PCR reaction was performed to remove the stop codon in the
mouse CD97 ¢cDNA and to add the sequence GGATCC which
corresponds to a BamHI site to facilitate subcloning. The
modified coding sequence of mouse CD97 cDNA was first
cloned into the pCR2 vector and then subcloned into the
GFP-fusion protein expression vector pEGFP-N1 (Clontech,
Palo Alto, CA) at EcoRI and BamHI sites.
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Membrane targeting studies

For transient transfection of HEK 293 cells with the mouse
CD97-GFP fusion protein construct, 1 x 103 cells were seeded
onto a two-well chamber slide (Lab-Tek, Scotts Valley, CA)
in complete Dulbecco’s modified Eagle’s minimal essential
medium (DMEM) containing 10% fetal bovine serum (FBS).
Cells were transfected using Lipofectamine Plus (Life
Technologies, Grand Island, NY) 24 hr later. Briefly, 0-75 pg
of pEGFP-N1-CD97 plasmid or pEGFP-N1 vector control
DNA was mixed with 5Sul PLUS reagent and 3pl
Lipofectamine and added to the cells in 0:6 ml Opti-Mem
(Life Technologies). After 3 hr incubation, an equal volume
(0:6 ml) of DMEM containing 20% FBS was added. After
48 hr, the cells were fixed with 4% paraformadehyde in situ
and the slide was mounted with Aqua Polymount (Biomedia
Corp., Foster City, CA). GFP protein (vector transfection) or
GFP-CD97 fusion protein was visualized under a confocal
fluorescence microscope. In separate experiments, HEK 293
cells were grown in 100-mm plates and 4 pg of plasmid DNA
(either pEGFP-N1 or pEGFP-N1-CD97) was used for transi-
ent transfection as described above. After 48 hr, membrane
and cytosolic proteins were prepared from the transfected cells
for Western blot analysis using a monoclonal antibody against
GFP (Berkeley Antibody Co., Richmond, CA). Cells were
first sonicated in ice-cold buffer (20 mm Tris, pH 8-0, 1 mm
EDTA, 1 mm dithiothreitol, 1 mm phenylmethylsulphonyl flu-
oride). The cell lysate was then centrifuged at 10000 g for
15 min to collect the cytosolic fraction. The pellet containing
membrane fragments was re-suspended and taken as the
membrane fraction. Denatured membrane and cytosolic pro-
teins were electrophoresed on 10% SDS-polyacrylamide gels
(10 pg per lane), transferred onto Hybond enhanced chemi-
luminescence (ECL) nitrocellulose membranes (Amersham,
Life Science) and probed with the GFP monoclonal antibody.
Immunodetection was performed with the ECL Western blot-
ting detection system from Amersham.

Cell adhesion assays

HEK cells grown in 35-mm plates were transiently transfected
as described above with pCDNA3 containing mouse CD97 in
the sense or antisense (negative control). After 48 hr, 1 x 10®
mouse or human erythrocytes or 1x 107 mouse splenocytes
were overlaid onto the transfected cells. Mouse erythrocytes
were obtained by tail vein bleeding from normal and DAF
knockout mice (C57B6/129] mixed background).!® Human
erythrocytes were obtained from a healthy volunteer. The
plates were left undisturbed for 30 min at room temperature
(22°) and non-adhering erythrocytes or splenocytes were
removed afterwards by gentle washing with PBS (three times).
The degree of erythrocyte binding was quantified by measuring
haemoglobin release after hypotonic lysis of the bound erythro-
cytes (optical density measurement at A4;5). A similar strategy
was used for determining the degree of splenocyte binding.
For this purpose, splenocytes (freshly prepared or treated with
anti-CD3 for 18 hr) were first loaded with a fluorescent dye,
calcein-AM (Molecular probes Inc., Eugene, OR; 1 mg/ml in
DMEM), for 1 hr at 37°. They were then washed three times
in PBS and used in the binding assay. Bound splenocytes were
lysed with 0-1% Triton X-100 and the amount of fluorescent
dye released was determined by a fluorospectrophotometer
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(excitation: A,gs, emission: As,s) and used as measure of
splenocyte binding.

RESULTS

To clone the mouse CD97 ¢cDNA, RT-PCR reactions were
performed to amplify overlapping cDNA sequences. Based on
a partial genomic sequence (Haino et al., unpublished results),
two primers, P1 and P2, were used to generate a 257-bp
fragment by RT-PCR using total RNA isolated from the
mouse testis (Fig. 1). Simultaneously, scanning of the EMBL
expressed sequence tag (EST) data bank using human CD97
cDNA sequence as a reference identified a mouse cDNA clone
(ID #1122207) whose 5’-sequence is highly homologous to
exon 13 of human CD97.# The cDNA clone was obtained
from Research Genetics Inc and its insert was analysed by
sequence analysis. This confirmed that EST #1122207 rep-
resented a 1-2-kb partial cDNA clone of mouse CD97.

Using the sequence information of EST #1122207, a down-
stream primer P4 was synthesized and used with P1 to generate
a 1-6-kb cDNA fragment by RT-PCR (Fig. 1). The fragment
was cloned into the pCR2 vector and its sequence was deter-
mined. Subsequently, a new primer P5 (3’ to P2) was synthe-
sized and used with P2 in a nested PCR reaction to amplify
the remaining 5-end of the cDNA by the 5-RACE method.!!
This produced a 500-bp cDNA fragment which after cloning
and sequence analysis was found to contain the expected
translation initiation codon (ATG) and a short (58 bp)
S’-untranslated region (Fig.1). Subsequently, a 2-2-kb full-
coding region containing mouse CD97 cDNA was obtained
after nested RT-PCR reactions using primers P7, P8, P9 and
P10 (Fig. 1). From these overlapping cDNA clones (EST
#1122207 and PCR fragments), a full-length 2762-bp mouse
CD97 ¢cDNA was derived (Fig. 2). The complete sequence of
this ¢cDNA contains a single open reading frame and is
predicted to encode a protein of 724 amino acids with a
calculated molecular weight of 80 298. Hydrophobicity analysis
indicated seven putative transmembrane domains'? at the
C-terminal part of the molecule (Fig. 2, underlined). At its
N-terminal end, three EGF-like domains (underlined),> with
two of them containing a calcium-binding site, 3! were recog-
nized. Thus, this cDNA sequence is homologous to the three
EGF-like sequence repeat-containing form of human CD97
cDNA 24

EST # 1122207
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I —————————
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P7 =~
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Figure 1. Schematic representation of overlapping mouse CD97
cDNA clones. Coding regions are shown as black horizontal bars and
non-coding regions as thin lines. The position and direction of PCR
primers used are indicated by arrows. The 5-ends of the cDNAs are
to the left and the 3'-ends are to the right.
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GGGCTCGAGCGGCCGCCCTGGCAGGTCCCAGACGCTGTCCGTTCCGTGCCGCGCCACCATGAGGGGCGTCAGATGCCCCGGCCTGCTT
M R G VvV R C P G L L
GTGGTGTGCATTTTACTGAGTCTCTCAGGAGCTGGAACCCAGAAGGCAGAGAGTAAGAACTGTGCCAAGTGGTGCCCTATCAACTCAAAA
vv¢cIULUL S L S G A G T Q K A E S K N C A K W C P I N S K
TGTGTCAGTAACAGAAGCTGTGTCTGCAAGCCCGGCTTCAGCTCGGAGAAGGAATTGATCACTAACCCTGCAGAGAGCTGTGAAGACATC
c vV S N R S C vV C K P G F S S E K E L I T N P A E S C E D I
AACGAGTGTTTACTACCTGGATTTTCCTGTGGAGACTTTGCCATGTGTAAGAACTCAGAGGGGAGTTACACCTGCGTCTGTAACCTGGGA
N E C L L P G F S C G D F A M C K N S E G S Y T C V C N L G
TATAAGCTCCTTTCTGGTGCAGAATCTTTTGTTAACGAGAGTGAGAATACATGTCAAGATGTGGATGAGTGCAGCTCTGGGCAGCATCAA
Y K L L S G A E S F V N E S E N T C Q D V D E C S S G Q H Q
TGTCACAATTCCACCGTCTGCAAAAACACCGTAGGCTCCTACAAGTGCCACTGCCGTCCAGGTTGGAAGCCAACTTCTGGGTCCCTCCGT
c H N s T V ¢ K N T V 6 S ¥ K C H C R P G W K P T S G S L R
GGTCCAGACACCATATGCCAAGAGCCACCGTTCCCTACTTGGACACTGCTGCCCACAGCCCACAGTCAGACTCTCTTGAGATTCTCTGTT
G p D T I C Q E P P F P T W T UL L P TAH S Q T L L R F S V
GAAGTCCAGAATCTGCTCCGAGACTTCAATCCAGCCACGGTCAACTACACCATCCAGAAACTCATCGAGGCTGTGGACAAGCTGCTGGAA
EVQNTLILRDVFNPATVNY TTIQZXILIEA AVUVDI KTLTUL E
GACCCCATGGAGACTCAAACCCAACAAGTAGCTGCCCAGTTGCTCTCGAACCTGGAACAAAGCCTTCGGACCTTGGCCCAGTTCTTACCC
O P M E T Q T Q Q VA A QL L § N L E Q S L R T UL A Q F L P
AAAGGCCCCTTCACCTACACGTCCCCTTCAAATACTGAACTGTCCCTGATGGTGAAGGAGCAAGACAACAAAGATGTTACCACAGTGCAC
XK G P F T Yy TS9P S NTETILSLMUVI KEQDNI KDV T T V H
CACGGCCAAACTTGGATGGAGCTGGACTGGGCTGTGACAGCTGGAGCCAAAATCTCAGAAAATGGCTCCTCGGTGGCAGGCATCCTGTCC
H G6GQTMWMETLDWA AV TAGA AZ KTISENGS SsSs V A G I L S
AGCCCAAACATGGAAAAGCTGCTGGGCAACACCCCGCTGAACTTGGAGCAGAGAAGGGCCTCCTTGGAGGACTTCTATGGAAGCCCGATT
s P NME K L L G N TPLDNILEI QI RIRASTLEUDF FY G S P I
CCGAGCGTCTCACTTAAACTTCTCTCAAACATCAATTCTGTCTTCCTGACCAACACGAACACTGAGAAGCTTGCCTCGAATGTCACGTTC
P SsSvVvs L K L L S NTINJ SV F L TNTNTEIZ KT LA ASNUV T F
AAGTTCGACTTTACTTCTGTGGAGTCAATTGAGCCACGTCACGAGTTGATATGTGCCTTCTGGAAAGCCCACAACGGGAATGGGTACTGG
K F D F T s Vv E S I E P RHE LTI CA AUV FWI K AIHNUGNG Y W
GACACCGACGGCTGCTCAATGAATGGCACTGGCTCCTGCCACTGCAACCACCTGACCAGCTTTGCCATCCTAATGGCTCAGTACCATGTG
b TD G CSMNGTGS CHCNUHTLTSFATIILMMATZQYHV
CAGGACCCAAGGCTGGAATTGATCACCAAGGTGGGGCTGTTGTTGTCCCTGATCTGCCTGCTGCTGTGCATCCTGACCTTCCTGCTGGTG
Q D P R L E L I T K V 6 L L L S L I ¢C L L L C I L T F L L V
AAGCCCATCCAGAGCTCTCGAACCATGGTGCACCTGCACCTGTGCATCTGCCTCTTCCTGGGCTCAATCATATTCCTGGTCGGCGTGGAG
K P I Q9 $ S R T M V H L H L C I C L F L G S I I F L V G V E
AATGAAGGGGGTGAGGTGGGCCTGCGCTGCCGCCTGGTGGCCATGATGCTGCATTTCTGCTTCCTGGCCGCCTTCTGCTGGATGGCACTG
N E G G E VvV 66 L R C R L V A M M L H F C F L A A F C W M A L
GAGGGCGTGGAGCTCTACTTCCTGGTGGTGCGTGTGTTCCAGGGCCAAGGCCTGAGTACATGGCAACGCTGCCTGATTGGCTACGGGGTG
E G vV E L Y F L V.V R V F Q 6 Q G L § T W_0Q R C L I G Y G V
CCCCTCCTCATCGTGGCCATCTCAATGGCAGTTGTCAAAATGGATGGCTATGGGCATGCAACATACTGCTGGCTGGACTTTAGGAAGCAG
P L L I v A I S M A V V KM D G Y G HAT Y CWUL D F R K Q
GGCTTTCTCTGGAGCTTTTCGGGACCCGTGGCCTTCATCATTTTCTGCAATGCTGCCATTTTCGTGATCACTGTCTGGAAGCTCACAAAG
G F L Ww 8 F S G P Vv A F I I F C N A A I F V I T V W K L T K
AAGTTTTCTGAAATCAACCCAAACATGAAGAAGTTAAGGAAGGCGAGGGTGCTGACCATCACCGCCATCGCCCAGCTCCTTGTGCTGGGC
K F S E I N P NM K K L R K AR V L T I T A I A Q L L V L G
TGCACCTGGGGCTTCGGCCTGTTCCTCTTCAACCCCCATAGCACATGGCTATCCTACATCTTTACCCTGCTCAACTGCCTGCAGGGCCTA
¢ T W GG F 6 L F L F NP HS T WL S Y I F T L L N C L Q G L
TTCCTCTATGTGATGCTCTGCCTGCTCAACAAARAGGTGAGGGAAGAGTACTGGARATGGGCCTGCATGGTCACTGGGAGCAAGTACACA
F L ¥y v M L ¢ L L NX K VREEYWI KW ACMUV TG S K Y T
GAGTTCAACTCTTCCACAACAGGCACTGGCACCAGCCAAACACGGGCTCTCAGGTCCTCAGAATCAGGGATGTGAAGGCGAGTTCCATGA
E F NS s TTGT GT S Q TR AULIR S S E S G M *
AGGACAGCAGCACATACTCACGGCTGTCATCCTGCCTTCTGTTCCTGCCACCTTTCTGCCTTTGACCCCACTTCATATAAAGAAGGGATG
CAAACCCAGCAATGAGCCCTGCCACGGGGCAAGGGGTCGCTGGTCCTGCTTCTGGTTGTCTCTGCCTCACCACAGCTACTGCCTACCAGA
GAAACAGAATGCAGCCAGCCCAGACCTGCAGCCCACTGCCTGGTACACGAGGCAGGCAGTCCTAGGACAAAGGGAAAGCCCTTGAGACCT
GGGCTCTTTGCCAGGGTGCTGGGTTCAGTTTCCTTAAGCTAAGACTGTGGATGCCACGTCAGCCACTGAAGCCCGCCTGCTGCTGAGGCT
CACGGTACAAGGCCTCGCTGCTCCACATCCAGGGCAAAGGTCTCACAGCTAAAGACTAGGTTTTGTAATTTTTTTAACCTGTAAACCTTT
CAATGTTGACACACAAAATTAAATATCATATTGATARAAAAAAAAAARAARAAAAAAAAAAANA
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Figure 2. Nucleotide and deduced amino acid sequences of the cloned mouse CD97. The three EGF-like repeats at the N-terminal
region and the seven-transmembrane domains at the C-terminal region are underlined. Putative N-glycosylation sites in the

extracellular domain of the protein are double underlined.

There are seven putative N-glycosylation sites (Fig. 2,
double underlined) in the extracellular region, suggesting that
the mouse CD97 may exist as a highly glycosylated protein
in vivo. Comparison of the mouse sequence with the three
EGF-domain-containing form of human CD97 shows a 60%
overall sequence identity (Fig.3). The highest sequence
identity is found in the seven transmembrane and the cyto-
plasmic tail region (75%), followed by the EGF-like sequence
repeats at the N-terminus (62%). The regions between the

EGF-like repeats and the putative transmembrane domains
only share 46% sequence identity. It is of interest that the Arg-
Gly-Asp (RGD) motif present in human CD97%* is not found
in the mouse sequence.

Multiple alternatively spliced forms of human CD97 are
known to exist which differ by the number of EGF-like
sequence repeats they contain at their N-terminus.* To deter-
mine if the same is true with the mouse CD97, primers (P5
and P9) that flank the region containing the three EGF-like

© 1999 Blackwell Science Ltd, Immunology, 98, 303-311
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HCD97 MGG-RVE -LAF - CVWLTLPGAETQD- - SRGCARWCPQNSSCV -NATACRCNPGFSSFSET 60
MCD97 MRGVRCPGLLVVCILLSLSGAGTQKAESKNCAKWCPINSKCVSNRS CVCKPGFSSEKEL
HCD97 ITTPTETCDDINECATPSKVSCGKFSDCWNTEGSYDCVCSPGYEPVSGAKTFKNESENTC 120
MCD97 I TNPAESCEDINECLLEGF - SCGDFAMCKNSEGSYTCVCNLGYKLLSGAESFvﬁééé&%é
HCD97 QDVDECSSGQHQCDSSTVCENTVGSYSCRCRPGWKP- - - - - RHGIPNNQKDTVC-EDMTF 180
MCD97 éﬁ&ﬁééééééﬁGCHNsTVCK&%&&éQKCHé&Eé&ﬁETSGsLR G-P----DTICQEPP-F
HCD97 STWTPPPGVHSQTLSRFFDKVQDLGRDSKTSSAEV - - TIQNVIKL- - - VDELMEAPGDVE 240
MCD97 pTWTLLPTAﬁéééﬂLRFSVEVQNLLRDFNP—-ATVNYTIQ--—KLIEAVDKLLEDPM-—E
HCD97 ALAPPVRHLIATQLLSNLEDIMRILAKSLPKGPFTYISPSNTELTLMIQERGD-KNVTM- 300
MCD97 TQTQQVA- - -A- éiié&iéQSLRTLAQFié%éé;%;Téééﬁ%éLSLMVKEQ DNKDVTTY
HCD97 - ~GQSSARMKLNWAVAAG- - - - EDPGPAVAGAILS IQNMTTLLANASLNLHSKKQ- -AEL 360
MCDS7  HHGQTW--MELDWAVTAGAKISEN-GSSVAG- 118SPNMEKLLGNTPLNLE- - -ORRASL
HCD97 EEIYESSIRGVQLRRLSAVNSIFLSHN-NTKE-LNSPILFAF - - - SHLESSDGEAGRDPP 420
MCDS7  EDFYGSPIPSVSLKLLSNINSVELT-NTNT-EKLASNVTFKFDETSV-ESI--E----P-
HCD97 AKDVMPGPRQELLCAFWKSDSDRG - GHWATEVCQVLGSKNGSTT - COCSHLSSFTILMAH 480
MCD97 ~ —------- RHELTCAFWKAHN- - GNGYWDTDGC - - - - SMNG-T TGSCHCNHLTSFAILMAQ
HCD97 YDVEDWKLTLITRVGLALSLFCLLLCILTFLLVRPIQGSRTTIHLHLCICLFVGSTIFLA 540
MCD97 YHVQDPRLELITKVGLLLSLIéiiﬂéiﬂ%ﬁﬂﬂQKPIQSSRvaﬁﬂﬁﬂéiéLQLGSIIFLV
HCD97 GTENEGGQVGLRCRLVAGLLHYCFLAAFCWMSLEGLELYFLVVRVFQGQGLSTRWL-CLI 600
MCD97 GVéﬁﬁééE&éﬂﬁéﬁﬂéiMMLHFééﬂiigéﬁﬁALEGVELQEﬂ&éﬁ&éééééﬂé& WQRCLI
HCDS7 GYGVPLLIVGVSAAIYS- - - -K- -GYGRPRYCWLDFE-QGFLWSFLGPVTFIILCNAVIF 660
MCD97 GYGVPLLIV---A-T- sMAVVKMDGYGHATQ&&LBERKéééiﬁéESGPVAFIIFCNAAIF
HCD97 VTTVWKLTQKFSEINPDMKKLKKARALTITAIAQLFL-LGCTWVFGLFIFDDRSLVLTYV 720
MCD97 VI%&%éiéK%;ééi&éNMKKLRKARVL%i%AiAéL LVLGCTWGFGLFLFNPHSTHLSYT
HCD97 FTILNCLQGAFLYL- LHCLLNKKVREEYRKWACLVAGGSKYSEFTS - TTSGTGHNQTRAL 780
MCD97 FTLﬂﬁéﬂééLFLYVML CLINKKVREEYWKWACMVTG- SKYTEFNSSTT- GTGTsé%ﬁii
HCD97 RASESGI 787
MCDS7  RSSESGM

Figure 3. Alignment of the amino acid sequences of the three EGF domain-containing forms of mouse and human CD97. Identical
amino acid residues in the two sequences are indicated. Note that the degree of sequence identity is higher in the N-terminal and
C-terminal regions and much lower in the middle part of the sequence.

sequence repeats in the initially cloned full-length cDNA
(Fig.2) were used in further RT-PCR experiments. This
amplified in several mouse tissues the expected 488-bp fragment
(containing the three EGF-like sequence repeats) as well as
two larger fragments (Fig. 4a). All three PCR products were
cloned and sequenced. The sequences of the three fragments
were found to be identical at the 5'- and the 3’-end, but each
of the two larger fragments contained an insertion (of different
length) between EGF domain 2 and 3 of the full-length
sequence shown in Fig. 2. The shorter insertion in the medium-
sized fragment clearly corresponds to a fourth EGF domain
(Fig. 4b). The longer insertion in the largest fragment contains
the same fourth EGF domain plus a 45-amino acid sequence
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which lacks the critical cysteine residues present in the four
EGF-like sequence modules (Fig. 4b).

To provide direct evidence that CD97 is a plasma mem-
brane-associated protein, mouse CD97 was expressed in
HEK 293 cells as a fusion protein with the green fluorescence
protein attached to its C-terminus. The subcellular localization
of the expressed CD97-GFP fusion protein was evaluated by
direct observation under a confocal fluorescence microscope
and by Western blot analysis using a GFP-specific antibody.
When HEK 293 cells were transfected with the control GFP
vector, GFP was found to be localized to the cytoplasm as
expected (Fig. 5a). In contrast, the CD97-GFP fusion protein
was found to be targeted almost exclusively to the plasma
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Figure 4. Identification of alternatively spliced forms of mouse CD97.
RT-PCR of the N-terminal region of mouse CD97 isoforms was
performed with primers PS5 and P9 (see the Materials and Methods)
and with total RNAs from thymus (Th), testis (Te) and spleen (Sp).
(a) Three fragments were amplified from all the tissues examined but
not from the negative control reaction (—, no first-strand cDNA
added). The smallest fragment corresponds to the three EGF domain-
containing form of mouse CD97 shown in Fig. 2. Positions of molecu-
lar weight markers (in base pairs) are shown on the right. (b)
Nucleotide and amino acid sequences of the insertions in the two
larger fragments shown in (a). Nucleotide sequence of the insertion is
shown in lower case letters. The medium-sized fragment in (a) contains
a 147-bp insertion which encodes a fourth EGF-like sequence repeat
(underlined). The largest fragment in (a) contains a 282-bp insertion
which encodes the same extra EGF-like sequence repeat plus a 45
amino acid sequence. In both fragments, the insertion occurs between
EGF-like sequence repeat 2 and 3 of the cloned full-length mouse
CD97 shown in Fig. 2. The numbering of nucleotide and amino acid
sequences is the same as that shown in Fig. 2.

membrane (Fig. 5b). Thus, the sequence information con-
tained in mouse CD97 was sufficient to convert GFP from
a cytosolic protein to a protein anchored on the plasma
membrane. On Western blot analysis, the free GFP protein
appeared as a narrow band found only in the cytosolic fraction
(Fig. 5¢). In contrast, the mouse CD97-GFP fusion protein
was recovered from the membrane fraction and the protein
bands appeared to be broad, suggesting that the fusion protein
was glycosylated (Fig. 5¢). Additionally, two distinct
CD97-GFP fusion protein bands, estimated to be 116000 MW
and 47000 MW, respectively, were observed on Western blot
analysis (Fig. 5¢). Since the antibody used in the Western blot
analysis was GFP-specific and the GFP protein was localized
C-terminal to CD97, the 47000 MW band must have rep-
resented a fusion protein with its N-terminal portion removed.

We next examined the specific interaction between mouse
CD97 and mouse DAF. HEK 293 cells were transfected with
a pCDNA3 plasmid containing the full-coding sequence of
mouse CD97 cDNA either in the sense or antisense orientation.

When normal mouse erythrocytes were added to HEK 293
cells, they were found to bind to cells tranfected with the
mouse CD97 cDNA in the sense orientation only (Fig. 6a).
No binding was observed between erythrocytes and HEK cells
which had been transfected with the cDNA in the antisense
orientation (Fig. 6b). When erythrocytes from DAF knockout
mice'® were used in similar experiments, no binding was
detected to HEK 293 cells which had been transfected with
mouse CD97 cDNA either in the sense or antisense orientation
(Fig. 6¢). These results established that mouse CD97 and
DAF can interact specifically with each other. To evaluate
possible cross-species interaction between the two molecules,
human erythrocytes were tested in a similar way for their
ability to bind to mouse CD97 cDNA-transfected HEK 293
cells. Surprisingly, no binding of human erythrocytes was
detected (Fig. 6¢). Finally, we investigated if DAF expressed
on mouse splenocytes was also able to function as a cellular
ligand for mouse CD97. Normal and DAF knockout mouse
splenocytes were loaded with a fluorescent dye and tested for
their adhesion to mouse CD97 cDNA transfected HEK 293
cells. Figure 6(d) shows that normal but not DAF-deficient
mouse splenocytes showed increased binding to CD97-
expressing HEK 293 cells.

To evaluate the tissue distribution pattern of CD97,
Northern blot analysis was performed on total RNAs isolated
from various mouse tissues. Mouse CD97 was found to be
expressed widely, with particularly high levels of expression in
the lung and the thymus gland (Fig. 7). To compare the
steady-state level of CD97 mRNA in resting and activated
mouse lymphocytes, splenocytes isolated from normal and
DAF knockout mice were cultured in the presence of an anti-
CD3 antibody. Total splenocyte RNAs were prepared at
various time-points after anti-CD3 stimulation and were sub-
jected to Northern blot analysis for CD97 mRNA. Anti-
CD3-dependent T-cell activation in the cultured cells was
confirmed by markedly increased thymidine incorporation into
cellular DNA (*H-labelled thymidine added at time 0, incor-
poration assay performed at 48 hr, data not shown). No
increase in the steady-state CD97 mRNA level was observed
during anti-CD3-induced T-cell activation (Fig. 7). On the
contrary, there was a significant time-dependent decrease in
the CD97 mRNA level up to 24 hr post stimulation. This
decline in CD97 mRNA level was reversible and by 48 hr,
CD97 expression returned almost to control level (Fig. 7). No
difference between wild-type and DAF knockout mice was
observed in their splenocyte expression of CD97, either before
or after anti-CD3 stimulated T-cell activation (Fig. 7).

DISCUSSION

CD97 belongs to a group of proteins with a hybrid structure
of EGF-like repeat-containing proteins and seven-
transmembrane G-protein-coupled receptors. These proteins
have been referred to as the EGF-TM7 family of leucocyte
surface antigens® which, in addition to CD97, also include
F4/80, a mouse macrophage-restricted antigen, and the
human EGF module-containing mucin-like hormone receptor
1 (EMR1).1 The biological function(s) of these molecules are
not yet known at the present time. The structural character-
istics of their extracellular domains suggest that they may
function as cell adhesion molecules.’ Additionally, the presence
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Figure 5. Membrane localization of mouse CD97. HEK 293 cells were transfected either with the GFP vector as a control or with
the mouse CD97-GFP fusion protein vector. (a) Under a confocal fluorescence microscope, simple GFP protein was shown to be
present in the cytoplasm of the cells. (b) In contrast to simple GFP, CD97-GFP fusion protein was shown to be localized to the
plasma membrane. (c) Western blot analysis of cytosolic (C) and membrane (M) fractions of GFP or CD97-GFP vector transfected
HEK 293 cell lysates. Simple GFP was a 27000 MW protein which was detected only in the cytosolic fraction. Mouse CD97-GFP
fusion proteins were detected only in the membrane fraction. Two distinct fusion protein bands, with apparent molecular weights
of 116000 and 47000, respectively, were recognizable. Sizes and positions of protein molecular weight markers (in kilodaltons)

are shown on the right side.
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Figure 6. Specific interaction of mouse CD97 with mouse DAF.
HEK 293 cells were transfected with a pCDNA3 plasmid containing
mouse CD97 cDNA either in the sense or antisence orientation.
Erythrocyte and splenocyte-binding assays were performed 48 hr later
as described in the Materials and Methods. (a) Normal mouse
erythrocytes bound to HEK 293 cells transfected with mouse CD97
cDNA in the sense orientation. (b) Normal mouse erythrocytes failed
to bind to HEK 293 cells transfected with mouse CD97 ¢cDNA in the
antisense orientation. (c) In contrast to wild-type mouse erythrocytes
(WT), DAF knockout mouse erythroctes (KO) and human erythro-
cytes (hE) did not bind to HEK 293 cells transfected with mouse
CD97 cDNA either in the sense (filled bar) or antisense (open bar)
orientation). (d) Normal but not DAF knock-out mouse splenocytes
had higher binding to HEK 293 cells transfected with mouse CD97
cDNA in the sense orientation (filled bar) than to cells transfected
with the cDNA in the antisense orientation (open bar).

© 1999 Blackwell Science Ltd, Immunology, 98, 303-311

of seven transmembrane domains with homology to G-protein-
coupled peptide receptors has led to the speculation that
EGF-TM?7 proteins may also act as cell surface receptors to
transduce signals across the cell membrane.® Evidence was
obtained from previous studies which suggested that human
CD97 exists on the cell membrane as a processed heterodimer,
consisting of an extracellular a-subunit non-covalently linked
to a seven-transmembrane B-subunit.* In a separate line of
investigation, human DAF, a GPI-linked membrane regulator
of complement activation,!”!® has been identified as a cellular
ligand for human CD97.7-8

In this study, we have cloned and characterized the mouse
CD97 cDNA. We found that the overall structure of mouse
CD97 is remarkably similar to that of human CD97. Both
possess a seven-transmembrane region and an extended extra-
cellular domain which contains multiple EGF-like sequence
repeats and calcium-binding sites. Like human CD97, several
alternatively spliced forms of mouse CD97, differing in the
number of EGF-like sequence modules, exist in the mouse
(Fig. 4). This indicates that alternative splicing of CD97 is
not a species-specific phenomenon and suggests that different
forms of CD97 may have distinct biological functions. It is of
interest to note that the seven-transmembrane and the EGF-
like repeat domains of CD97 from the two species are con-
served to a higher degree (75% and 62%) than the regions in
between (46%) (Fig. 3). This suggests that these domains may
be more important for the biological function(s) of CD97,
which is consistent with the two suspected roles of CD97 in
cellular adhesion and signal transduction, respectively. One
significant difference between the mouse and human CD97
proteins is that an RGD motif present in the human protein#
is not found in the mouse sequence. Thus, interaction of CD97
with other cellular integrins via the RGD motif probably is
not a central mode of action for its physiological function(s).
The same may be true for other EGF-TM7 proteins. An RGD
motif is present in the mouse macrophage-restricted antigen
F4/80 but is not present in its human homologue EMR1.13:1¢
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Figure 7. Northern blot analysis of mouse CD97 expression in various mouse tissues (a) and in cultured splenocytes of normal
and DAF knock-out mice (b). (a) Total RNAs from brain (Br), heart (He), kidney (Ki), liver (Li), lung (Lu), spleen (Sp), testis
(Te) and thymus (Th) were analysed. (b) Splenocytes from normal (DAF (+/+)) and DAF knock-out (DAF (—/—)) mice were
cultured in the presence of 10 pg/ml anti-CD3 for various lengths of time and total RNAs were prepared and analysed for CD97

expression.

Our expression studies of mouse CD97-GFP fusion protein
have provided direct evidence for its plasma membrane anchor-
ing property. Both by direct observation under a fluorescence
microscope and by Western blot analysis, CD97-GFP fusion
protein was found to be targeted to the plasma membrane
(Fig. 5). Earlier characterization of endogenous and expressed
human CD97 using a panel of specific antibodies revealed that
the protein was processed to an extracellular o- and a trans-
membrane B-subunit.* Our finding from Western blot analysis
of mouse CD97-GFP fusion protein expressed in HEK 293
cells supports the conclusion of post-translational processing
of CD97. Thus, a distinct C-terminal fragment of mouse
CD97-GFP fusion protein, presumably representing the
B-subunit, was detected from membrane preparations of the
transfected cells (Fig. 5).

Our cell adhesion studies using normal and DAF knockout
mouse erythrocytes have established the interaction between
mouse DAF and mouse CD97. In the mouse, there is a second
DAF gene which encodes a non-conventional transmembrane
form of DAF (TM-DAF).1%1® Although the TM-DAF gene
is still intact in our DAF knockout mice,'® the fact that
erythrocytes from these mice were unable to bind to mouse
CD97-transfected HEK cells suggests that either TM-DAF is
not expressed on erythrocytes or that it does not interact with
CD97. It is of interest to note the species specificity of DAF
as a ligand for mouse CD97. In contrast to mouse DAF,
human DAF apparently was unable to interact with mouse
CD97 (Fig. 6¢). This probably is not very surprising consider-
ing the relatively low sequence identity between the mouse
and human DAF (50% at the amino acid level).!® Thus,
although the structures of mouse and human DAF have
diverged substantially during the course of evolution, their
ability to interact with CD97 within a given species has been
conserved. This would again argue for a specific biological
function for the interaction between CD97 and DAF. We also
demonstrated increased binding of normal but not DAF
knockout mouse splenocytes to mouse CD97-transfected
HEK 293 cells (Fig. 6d). Thus, the interaction between CD97
and DAF may play a role in leucocyte migration in vivo. This
hypothesis can now be tested in animal models of inflammation

using the DAF knockout mice. A further conclusion derived
from our results is that the interaction between CD97 and
DAF is independent of an RGD sequence motif since it is not
present in the mouse protein.

Human CD97 was initially identified as a lymphocyte
activation-associated antigen which was also expressed consti-
tutively on monocytes and neutrophils.!'?> Its mRNA level
in peripheral blood mononucleated cells was transiently
up-regulated after in vitro activation of T cells within the
population.!> We found in this study that CD97 mRNA was
relatively abundant in isolated resting mouse splenocytes
(Fig. 7). Interestingly, treatment of cultured mouse splenocytes
with soluble anti-CD3 as a T-cell activator transiently
decreased CD97 mRNA levels (Fig. 7). No apparent difference
was observed in the kinetics of the steady-state CD97 mRNA
levels between splenocytes of normal and DAF knockout mice
(Fig. 7). This suggested that CD97 mRNA transcription was
not regulated in a feedback mechanism by its interaction with
DAF (the splenocytes were cultured in a density that was high
enough for CD97 and DAF interaction to occur between
neighbouring cells). Although human CD97 was initially ident-
ified as a leucocyte antigen, it was later found to be expressed
on a variety of non-haematopoietic cell types as well.> In our
Northern blot analysis, we have similarly found that mouse
CD97 was expressed in many non-haematopoietic mouse
tissues. These findings together suggest that CD97 may have
other biological roles beyond leucocyte activation and
trafficking. At the present time, the pattern of CD97 protein
expression is unknown, and evaluation of this question awaits
antibody reagents that detect mouse CD97. Human CD97 has
been shown recently to be a dedifferentiation marker in thyroid
carcinoma cells.? Tt is conceivable that CD97-DAF inter-
action, either between tumour cells and leucocytes or between
tumour cells and the surrounding tissues, may play a role in
tumour progression and metastasis.?® In this regard, it is
relevant to note the similarly wide tissue distribution pattern
of human and mouse DAF'>?!22 and the well-described
observation that human DAF is up-regulated on many types
of human cancer cells.?*2°
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