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The tetraspanin membrane protein CD151 is a broadly expressed molecule noted for its strong molecular
associations with integrins, especially a331, 61, o781, and a6f34. In vitro functional studies have pointed
to a role for CD151 in cell-cell adhesion, cell migration, platelet aggregation, and angiogenesis. It has also been
implicated in epithelial tumor progression and metastasis. Here we describe the generation and initial
characterization of CD151-null mice. The mice are viable, healthy, and fertile and show normal Mendelian
inheritance. They have essentially normal blood and bone marrow cell counts and grossly normal tissue
morphology, including hemidesmosomes in skin, and expression of a3 and a6 integrins. However, the CD151-
null mice do show phenotypes in several different tissue types. An absence of CD151 leads to a minor
abnormality in hemostasis, with CD151-null mice showing longer average bleeding times, greater average blood
loss, and an increased incidence of rebleeding occurrences. CD151-null keratinocytes migrate poorly in skin
explant cultures. Finally, CD151-null T lymphocytes are hyperproliferative in response to in vitro mitogenic

stimulation.

The tetraspanin family of membrane proteins consists of at
least 26 members in human cells, and many of these proteins
are widely expressed in different cell types and tissues. They
have a highly conserved overall structure, with four transmem-
brane passes interconnected by a small and a large disulfide-
bonded extracellular loop and their N and C termini located
intracellularly. They are represented throughout the phylogeny
of multicellular organisms, including schistosomes, Caenorhab-
ditis elegans, Drosophila melanogaster, mammals, and plants.
Tetraspanins form multimolecular complexes with each other
and with other membrane proteins, including integrins, major
histocompatibility complex antigens, signaling complexes, and
cell-associated growth factors. While their functions are poorly
understood at the molecular level, they are clearly involved in
cell-cell adhesion, migration, assembly of signaling complexes,
and modulation of signal transduction. In particular, they ap-
pear to function by regulating the organization and assembly of
signaling complexes in membrane microdomains (4, 34, 47;
reviewed in references 2, 5, 19, and 54).

Tetraspanins have a role in the pathogenesis of some human
diseases. Some are involved in oncogenesis and in the control
of metastasis: CD9, CD81, CD82, C0/029, and CD151 can all
modulate cancer cell motility both in vitro and in vivo (re-
viewed in references 5 and 49). Certain tetraspanins have also
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been identified as receptors or coreceptors for pathogenic mi-
croorganisms or toxins. For example, CD81 is a receptor for
hepatitis C virus and for malarial parasites (11, 41), and CD9
is a coreceptor for diphtheria toxin (21). Mutations in tet-
raspanins can also cause human disease; for example, muta-
tions in RDS cause retinal degeneration (50), and mutations in
A1S are linked with X-linked mental retardation (57).

The tetraspanin CD151 was initially identified as a marker of
human acute myeloid leukemia cells, platelets, and vascular
endothelial cells with a monoclonal antibody (1). The cDNA
encoding the corresponding antigen was cloned from
megakaryoblastic leukemia cells and shown to be a member of
the transmembrane 4 or tetraspanin family (10). Isolation of
c¢DNA encoding the same protein from an adult T-cell leuke-
mia line was subsequently reported (18). CD151 is broadly
expressed by a variety of cell types, notably epithelial and
endothelial cells, muscle cells, Schwann cells, megakaryocytes,
and platelets (42). Characteristically, the protein is present on
cells juxtaposed with basement membranes and, at least in the
case of epithelial cells, it is localized predominantly on the cell
surface in contact with this membrane (42). Unlike other tet-
raspanins that have been studied, CD151 complexes with a634
integrin and is a component of hemidesmosomes, which me-
diate attachment of epithelial cells to the basement membrane
(44). CD151 is also localized to cell-cell junctions in endothe-
lial cells (43, 53) and has, together with o3 integrin, recently
been shown to be a component of E-cadherin complexes in
epithelial cells (6).

Interaction of cells with the basement membrane and with
the extracellular matrix in general is mediated by integrins, a
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large family of heterodimeric proteins consisting of an « chain
and a B chain in various combinations (reviewed in reference
20). Different integrins interact with different extracellular ma-
trixes, although considerable redundancy occurs. The associa-
tion of CD151 with integrins has been extensively character-
ized at a biochemical level (6, 9, 23, 40, 43, 44, 53, 55, 56).
Based on differential detergent sensitivity, CD151 is consid-
ered to form very strong, stoichiometric complexes with o331
integrin, moderately strong complexes with a6 and o7 inte-
grins, and less stable, possibly indirect complexes with a2, a4,
and a5 integrins and other tetraspanins (2, 19).

CD151 has been reported to be the primary tetraspanin
complexing with a3 and o6 integrins, linking them indirectly to
other tetraspanins in the tetraspanin web (40). In addition,
CD151 is believed to link integrins to the signaling enzymes
phosphatidylinositol 4-kinase and protein kinase C (55, 58), to
participate in recruitment of a protein-tyrosine phosphatase to
cell-cell junctions (6), and to regulate adhesion-dependent ac-
tivation of Ras (38). Consistent with the role of CD151 as a
modulator of integrin function, monoclonal antibodies to the
protein block endothelial and epithelial cell migration but have
little effect on cell-matrix adhesion under static conditions (9,
43, 53; S. M. Geary, S. Fitter, and L. K. Ashman, unpublished
data). To further explore the function of CD151, we generated
mice with a homozygous deletion of the corresponding gene.

MATERIALS AND METHODS

Animals. All animal experimentation was carried out with approval from the
relevant institutional animal ethics committees.

Generation of CD151-null mice. Construct assembly was initiated by subclon-
ing fragments which spanned CD151 and included adjacent sequences from
previously isolated genomic clones (8). Two overlapping clones, pL4C8 and
pG8BCl (Fig. 1A), were isolated and sequenced by primer walking. A loxP
sequence that also contained an artificial HinclI site was introduced into intronic
sequences between exons 1c and 2 in clone pL4C8 (Fig. 1B) by overlapping PCR
as follows. Two primer sets were designed to amplify across unique restriction
sites AflIT and BstEII to facilitate introduction of exogenous sequences. The
primer pairs were 5'-GACCACTGCTTAAGCTTC and 5'-ATAACTTCGTATA
GCATACATTATACGAAGTTATGTCGACAGCTCAGCCAGCTATCTG plus
5'-GTCGACATAACTTCGTATAATGTATGCTATACGAAGTTATCCAAACT
GCAATCATCCG and 5'-CACTGCCATGACAGCCA (complementary se-
quences are italic). Fragments were amplified with Pfu polymerase according to
the manufacturer’s instructions (Promega, Madison, Wis.) at 95°C for 30 s, 50°C
for 45 s, and 72°C for 2 min for 30 cycles. Amplified products from the two
separate reactions were purified, mixed, and subjected to a further round of
amplification with primers unique to each of the initial PCR products. Amplified
products were digested with AflIT and BstEII, ligated into pL4CS, and sequenced
(pLA4CS8-HinclII/loxp).

Minimal FRT sequences were introduced to facilitate the specific removal of
the PGKNeo cassette to allow, if required, the efficient production of conditional
knockouts. Introduction of the minimal Flp recombinase target (FRT) sequence
5" of PGKNeo in the ploxp2PGKNeo construct was performed by overlapping
PCR (as described above) with primer pairs 5'-ATTAACCCTCACTAAAGG
and 5'-GAAGTTCCTATACTTTCTAGAGAATAGGAACTTCAACTCCTCTTC
AGACCTA plus 5'-GAAGTTCCTATTCTCTAGAAAGTATAGGAACTTCTAC
GTCCAGCCAAGCTAG and 5'-CCATCTGCACGAGACTAG (complemen-
tary sequences are italic). Amplified products were digested with Spel, ligated
into ploxp2PGKNeo, and then sequenced (ploxp2ZFRTPGKNeo). Introduction
of the minimal FRT sequence 3’ of PGKNeo in ploxp2FRTPGKNeo was per-
formed by PCR with Pfu (conditions as above) with primer pair 5'-GAGGATC
TCGTCGTGAC and 5'-CCCGGGGAAGTTCCTATACTTTCTAGAGAATA
GGAACTTCTTCGAGGGACCTAATAAC. Amplified products were digested
with Ncol, ligated into ploxp2FRTPGKNeo (digested with Xhol, end filled with
Klenow as per standard protocols, and Ncol digested), and then sequenced
(ploxp2FRT2PGKNeo). The loxP- and FRT-flanked PGKNeo cassette was lib-
erated from ploxp2FRT2PGKNeo with Smal and then ligated into Scal-digested
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FIG. 1. Targeting the CDI151 gene. (A) CD151 gene structure and
overlapping genomic clones pL4C8 and pG8BCI. (B) Targeting strat-
egy. Restriction maps are shown for the targeting vector (top), the
wild-type CD151 locus (middle), and the mutated CD151 locus after
Cre-mediated recombination (bottom). Coding exons are illustrated as
shaded boxes, and noncoding exons are shown as open boxes. loxP sites
are indicated by triangles. (C) Southern blotting of mouse tail DNA.
Germ line transmission was demonstrated by genotyping six litter-
mates derived from a chimeric mouse derived from a CD151-targeted
ES cell mated with a C57BL/6 mouse. A probe derived from a Hincll/
Xbal digest (B) detected a 4.5-kb wild-type and 3.5-kb mutant frag-
ment in HinclI-restricted DNA. (D) PCR analysis of mouse tail DNA.
The approximate positions of sequence homologous to oligonucleotide
primers (indicated by circled numbers in panel B) are shown.
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pG8BC (pGS8BC_PGKNeo). The backbone of the construct was then prepared
by subcloning the Xbal-BamHI fragment from pL4C8-HincII/loxp into pBlue-
script (KS+) (Stratagene, La Jolla, Calif.). This construct was then digested with
BamHI and EcoRV, ligated to the BamHI-Hpal fragment from
pG8BC_PGKNeo, and sequenced (pCd151_KOT1).

After linearization with Xbal and Hpal, 25 pg of target vector was electro-
porated into C57BL/6 embryonic stem (ES) cells (26). Transfectants were se-
lected with G418, and genomic DNA from resistant transfectant clones was
isolated by standard techniques. Homologous recombinants were identified by
Southern blotting. Briefly, a 364-bp 5’ probe, isolated by Hincll and Xbal
digestion of a segment of the CD151 gene upstream of the targeting vector, was
used to probe genomic DNA restricted with HinclI. The wild-type fragment was
4.5 kb, and the mutant fragment, created by the introduction of the artificial
HinclI site (see above), was 3.5 kb (Fig. 1C). Similarly, targeting at the 3’ end of
the gene was analyzed with a 752-bp probe isolated by digestion of an Hpal/Ncol
fragment located downstream of the final exon 7. Here, genomic DNA was
restricted with BamHI, and the wild-type band was 7 kb, whereas successful
integration of the pGKNeo cassette resulted in a larger 9-kb fragment.

Chimeras were generated from targeted ES cells with standard methods and
crossed with C57BL/6 mice to obtain germ line transmission. Mice that were
heterozygous for a correctly targeted mutant CD151 allele were crossed with
C57BL/6 Cre recombinase transgenic “deleter” mice to ubiquitously excise the
loxP-flanked exons 2 to 7 of the CD151 gene in all cells, including germ cells (39).

Deletion and subsequent genotype analysis were performed by PCR with the
strategy shown in Fig. 1B. A common reverse primer (designated 2 in Fig. 1B) is
homologous to sequence present downstream of exon 7 and has the sequence
5'-CAGCTTAGGACCTCTTCTCA. This primer was used in conjunction with
three different forward primers designed to distinguish wild-type, targeted
(floxed), and deleted alleles (see Fig. 1B). The forward primers were primer 1
(5'-GCTCCATGTTCCTGTACACT), homologous to sequence in exon 7 and
used to detect wild-type alleles; primer 3 (5'-GCCTCTGTTCCACATACACT),
homologous to sequence in the neomycin cassette and used to detect targeted
(floxed) alleles; and primer 4 (5'-ATGATAACCCACCATGTGTC), homolo-
gous to sequence in exon 1b and used to detect deleted alleles. Products were
approximately 400 bp in length and amplified with HotstarTaq (Qiagen, Hilden,
Germany) with one cycle of 94°C for 15 min, 55°C for 1 min, and 72°C for 30's,
followed by 35 cycles of 94°C for 1 min, 55°C for 1 min, and 72°C for 1 min.

RNA analysis. RNA was isolated from mouse lungs with the RNAshredder kit
(Qiagen). Northern blot analyses were performed with standard techniques.
Briefly, 15 pg of total RNA was electrophoresed in denaturing gels and trans-
ferred by capillary action to Zeta Probe filters (Bio-Rad, Hercules, Calif.). Filters
were then probed with 3?P-labeled CD151 cDNA (products amplified by primers
complementary to the 5" and 3’ ends of the CD151 ORF: 5'-ATGGGTGAAT-
TCAATGAGAA and 5'-TCAGTAGTGTTCCAGCTTGA). After exposure to a
Storm 480 phosphoimager (Molecular Dynamics, Kew East, Victoria, Australia),
filters were stripped and reprobed with a glyceraldehhyde-3-phosphate dehydro-
genase cDNA probe (amplified by primers 5'-ACAGCCGCATCTTCTTGT
GCAG and 5'-CCTAGGCCCCTCCTGTTATTATG).

cDNA was generated from lung RNA with a Moloney murine leukemia virus
reverse transcriptase H-point mutant (Promega, Annandale, New South Wales,
Australia) by the manufacturer’s protocol. cDNA was analyzed for CD151 with
the primers specific for the 5" and 3’ of the CD151 open reading frame (ORF)
(see above) or for B-actin with primers GTGGGCCGCTCTAGGCACCAA and
CTCTTTGATGTCACGCACGATTTC. The PCR was one cycle of 94°C for 15
min, 55°C for 1 min, and 72°C for 1 min, followed by 30 cycles of 94°C for 1 min,
55°C for 1 min, and 72°C for 1 min.

Peripheral blood and bone marrow analysis. Age- and sex-matched wild-type
and CD1517/~ mice were anesthetized with halothane applied continuously with
an anesthetic machine with flow rates of 3 liters of oxygen/min during anesthesia
and 5% halothane delivered into an anesthetic box. Whole blood was collected
from the ventricle of mice by cardiac puncture with a 26-gauge needle. Blood
(=700 wl) was withdrawn into a 1-ml syringe and transferred into 0.5-ml tubes
containing dipotassium EDTA. These anticoagulated samples were analyzed for
red blood cells, white blood cells, and platelet parameters by IDEXX Labora-
tories (Glenside, Australia) and used to prepare blood films by placing a drop of
blood onto a glass microscope slide and thinly spreading it over the glass surface.
Films were air-dried, fixed in methanol, and stained with Wright’s Romanovsky
stain. Bone marrow cells were extracted from the femurs by aspiration with
0.85% (wt/vol) normal saline. Bone marrow films were prepared and fixed as
above and stained with May-Grunwald Giemsa Romanovsky stain. Differential
counts were performed manually, with analysis of 500 cells per specimen.

Histology and immunohistochemistry. Two-to three-day-old C57BL/6 wild-
type and CD151-null mice were euthanized by decapitation, and the skin was
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removed from the ventral surface. For light microscopy, specimens were fixed in
4% formaldehyde in phosphate-buffered saline (PBS) and paraffin embedded,
and 5-pm sections were cut, dewaxed, and stained with hematoxylin and eosin by
standard procedures.

For electron microscopy, specimens were fixed in 2.5% glutaraldehyde, and
processed for Epon embedding by standard methods; 50- to 60-nm sections were
viewed at 80 kV in a Jeol 1010 transmission electron microscope at the Centre
for Microscopy and Microanalysis at the University of Queensland, Brisbane,
Australia. Images were captured digitally. For immunochemistry, 6- to 8-week-
old C57BL/6 and CD151-null mice were euthanized and perfused with 4%
(wt/vol) paraformaldehyde in PBS to preserve morphology and remove red blood
cells. Kidneys were surgically removed, decapsulated, halved, placed in 30%
sucrose solution overnight at 4°C, embedded in OCT compound (Tissue-Tek,
Torrance, Calif.), and frozen in liquid nitrogen-cooled isopentane; 5-pum cryostat
sections were placed on microscope slides coated with 3-aminopropyltriethox-
ysilane (Sigma Chemical Co, St. Louis, Mo.).

Sections were fixed in ice-cold methanol-acetone-formalin (47.5:47.5:5, vol/
vol) for 45 s, washed, and incubated with 0.3% (vol/vol) H,O, in PBS for 20 min
at room temperature to block endogenous peroxidase. Sections were washed and
treated with an endogenous avidin-biotin blocking reagent (Zymed, South San
Francisco, Calif.) and further blocked with 1% bovine serum albumin (wt/vol) in
PBS for 1 h at room temperature. Sections were incubated overnight at 4°C with
5 g of purified primary antibody (unless otherwise indicated) per ml in PBS—
0.1% bovine serum albumin-0.1% NaNj; containing 10% (vol/vol) heat-inacti-
vated normal equine serum.

The primary antibodies used were polyclonal rabbit antibody to mouse-human
a3 integrin, kindly provided by Fedor Berditchevski (University of Birmingham)
and monoclonal rat anti-mouse a6 integrin (clone GoH3; Immunotech, Mar-
seille, France). Negative control antibodies were rat immunoglobulin G (Sigma)
and normal rabbit serum (Invitrogen, Mulgrave, Australia). Following incuba-
tion with primary antibody, sections were washed and incubated for 1 h at room
temperature with a 1:500 dilution of biotinylated anti-rabbit or anti-rat immu-
noglobulin antibody (Chemicon, Temecula, Calif.) in PBS containing 10% (vol/
vol) equine serum. Sections were washed and incubated for 30 min at room
temperature with a 1:500 dilution of streptavidin-horseradish peroxidase
(Chemicon). After washing, sections were incubated for 15 min at room tem-
perature with a freshly prepared and filtered (0.45 wm) solution containing 1.25
mM 3,3’-diaminobenzidine tetrahydrochloride (Sigma) and 0.1% (vol/vol) H,O,
in Tris buffer. The reaction was stopped with 0.1% NaNj; solution, and sections
were counterstained with Lillie-Mayer hematoxylin (Australian Biostain, Victo-
ria, Australia).

Keratinocyte isolation and immunofluorescence. Two- to 3-day-old C57BL/6
wild-type and CD151-null mice were decapitated, and the skin was surgically
removed and sterilized by sequential washes in sterile PBS (plus penicillin G at
50 U/ml, streptomycin sulfate at 50 pg/ml, and amphotericin B at 0.25 pg/ml),
Milli Q water, 70% ethanol, and PBS (plus antibiotics) as described before (17).
For isolation of keratinocytes, the skin was incubated overnight at 4°C with
dispase (4 mg/ml in PBS). The epidermal layer was peeled off, and the cells were
dispersed by vigorous pipetting with trypsin-EDTA for 5 min. The cell suspen-
sion was treated with soybean trypsin inhibitor, washed, and cryopreserved until
required. Antigen expression was examined by indirect immunofluorescence and
flow cytometry as previously described (9). The antibodies used were described
above plus rat monoclonal antibodies to murine B1 integrin (clone 9EG7), ad
integrin (clone 346-11A), CD9 (clone KMCS), all from BD Pharmingen, San
Diego, Calif., and hamster antibody to murine CD81 (EAT?2), kindly provided by
Scott Todd, Kansas State University. Bound primary antibodies were detected by
biotinylated second-stage antibodies, followed by streptavidin-fluorescein iso-
thiocyanate (FITC).

Skin explant cultures. Punch biopsies were prepared aseptically from neonatal
skin (isolated as above) and cultured as described by Mazzalupo et al. (33). After
removal of excess fat, explants were generated with a 4-mm cutaneous punch and
allowed to adhere to 18-mm coverslips in 12-well tissue culture trays for 5 to 10
min prior to the addition of 1 ml of explant medium (1:1 Dulbecco’s modified
Eagle’s medium-F12 medium, pH 7.2) supplemented with fetal calf serum (10%
vol/vol), cholera toxin (0.1 nM), human epidermal growth factor (10 ng/ml), T3
(2 nM), transferrin (5 pg/ml), insulin (5 wg/ml), hydrocortisone (0.4 wg/ml),
penicillin G (50 U/ml), streptomycin sulfate (50 wg/ml), gentamicin (32 pg/ml),
amphotericin B (0.25 pg/ml), and r-glutamine (0.2 mM). Explant cultures were
set up in quadruplicate and maintained at 37°C and 5% CO, for up to 6 days,
with medium changes every 2 days. Where indicated, after 20 h (before out-
growth became evident), some cultures were treated with mitomycin C (Sigma),
10 pg/ml, for 2 h to block cell proliferation. Explants were washed twice and
cultured with explant medium as above. Outgrowth was quantitated by measure-
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ment with an eyepiece graticule at eight positions around the circumference of
each explant. The average width of outgrowth was calculated for each replicate
explant. Photographs were taken with a digital camera (Olympus Camedia
C-4040 zoom) attached to an inverted microscope (Olympus model CK40).

Tail bleeding assay of hemostasis. Six- to eight-week-old wild-type and
CD1517/~ mice were anesthetized with halothane applied continuously with an
anesthetic machine with flow rates of 3 liters of oxygen/min and 1.5% halothane
delivered via a mask placed over the nose of the mouse; a 2-mm diameter of tail
tip was selected with a template, and this portion of the tail was excised with a
sharp scalpel blade. The time taken for the flow of blood to cease was recorded.
The drops of blood were collected into an Eppendorf tube containing 100 ul of
3.8% (wt/vol) trisodium citrate or collected onto filter paper. The volume of
blood lost during the tail bleeding time was quantitated from the drops of
collected blood. If bleeding restarted within 1 min, this result was recorded as a
rebleed.

Splenocyte and T-cell proliferation. Splenocyte preparations were made in
RPMI 1640 medium (Gibco BRL, Grand Island, N.Y.) with 10% (vol/vol) fetal
calf serum and 0.1 m[/mu] 2-mercaptoethanol (complete RPMI) with 100-um
cell strainers (Becton Dickinson, Franklin Lakes, N.J.). Erythrocytes were lysed
with ACK lysis buffer (0.15 M NH,Cl, 1 mM KHCOs3, 0.1 mM disodium EDTA,
pH 7.2). Splenocytes (10° cells/well) were stimulated with 1 to 5 ug of concanava-
lin A (Sigma) or 1 pg of lipopolysaccharide (Sigma) per ml in 96-well plates for
various times. Splenic T cells were purified by being passaged twice over a nylon
wool column. CD4* or CD8" T cells were purified from either the spleen or
lymph node by antibody-bead depletion with monoclonal antibody against sur-
face molecules CD11b, GR-1, B220, TER119, and major histocompatibility com-
plex class II, and monoclonal antibody against either CD8a or CD4.

Two rounds of magnetic bead depletion were performed with goat anti-rat
immunoglobulin-coated beads (Paesel & Lorei GMBH, Frankfurt, Germany).
Purified T cells (2 X 10* cells/well) were stimulated with KT31.1 (anti-CD3)
(coated at 10 wg/ml) with or without anti-CD28 (1 pg/ml in solution) in complete
RPML. T cells were pulsed overnight with 1 wCi of [*H]thymidine (Amersham,
Little Chalfont, Buckinghamshire, United Kingdom), and incorporation was
measured with a scintillation counter (Top Count; Packard, Meriden, Conn.).
Data are expressed as mean counts per minute *+ standard error of the mean.

Immunization experiments and immunoglobulin detection. Groups of eight
mice, both wild-type and CD1517/~, were injected intraperitoneally with 100 pg
of NP ([4-hydroxy-3-nitrophenyl]acetyl) coupled to keyhole limpet hemocyanin
(KLH) (NP, s-keyhole limpet hemocyanin conjugation ratio, 18:1) precipitated in
alum. Mice were bled, and sera were collected at days 7, 14, and 21 postimmu-
nization. NP-specific antibodies were measured by enzyme-linked immunosor-
bent assay with 96-well plates (Dynex) coated with 20 pug of NP ,-bovine serum
albumin. Serially diluted serum samples were applied to the washed plates and
incubated for at least 4 h. Horseradish peroxidase-labeled anti-mouse immuno-
globulin G1 and immunoglobulin G2a (Southern Biotechnology Associates, Bir-
mingham, Ala.), at a concentration of 1:1,000, were applied for 2 h before
washing and signal detection with azinobis(3-ethylbenzthiazolinesulfonic acid)
diammonium salt substrate (Sigma). NP-specific monoclonal immunoglobulin
G1 was used to generate a standard curve from which relative units were derived.
Data are expressed as means =+ the standard error of the mean.

RESULTS

Generation of CD151-null mice. To study the function of
CD151 in vivo, a CD151-deficient mouse was produced. Maps
of the structure of the CD151 gene, the targeting construct,
and the targeted and the deleted alleles are shown in Fig. 1A
and B. Briefly, the targeting strategy was to introduce a loxP
site into the intron between exon 1c and the first coding exon
(exon 2) and a loxP-flanked neomycin cassette downstream of
the final coding exon (exon 7). Thus, Cre-mediated recombi-
nation would result in the excision of all six coding exons of the
CD151 gene. ES cells that had undergone homologous recom-
bination were identified by Southern blotting with probes ex-
ternal to the targeting construct at both the 5’ and 3’ ends
(data not shown). Mice carrying successfully targeted (floxed)
CD151 alleles were generated from ES cell-derived chimeras
by standard techniques and identified initially by Southern
blotting (Fig. 1C). Mice carrying CD151-null alleles were gen-
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FIG. 2. Confirmation of lack of CD151 mRNA. (A) In the North-
ern blot analysis, 15 g of total lung RNA was isolated from wild-type
(w/w) and knockout (o/0) mice, separated on an agarose gel (top,
ethidium bromide stain), and probed with CD151 ¢cDNA (middle).
After stripping, the filter was reprobed with glyceraldehhyde-3-phos-
phate dehydrogenase (GAPD) cDNA (bottom). (B) Reverse tran-
scriptase-PCR analysis. cDNA was transcribed from lung RNA iso-
lated from wild-type (w/w), heterozygous (w/o), and knockout mice
(0/0). CD151 and actin cDNAs were specifically amplified by the PCR.

erated by crossing floxed heterozygote mice to deleter mice
(39) to ensure ubiquitous deletion of loxP-flanked sequences.
These alleles were identified by PCR analyses of genomic tail
DNA (Fig. 1D). CD151-null homozygotes were generated by
interbreeding of heterozygotes and were produced in Mende-
lian ratios.

To confirm that gene targeting and Cre-mediated recombi-
nation had successfully inactivated the CD151 gene, Northern
blot analysis was performed on mouse lung RNA. Hybridiza-
tion with a mouse CD151 probe readily detected a 1.8-kb
message in wild-type mice. However this message was clearly
absent from RNA isolated from CD151-null mice (Fig. 2A).
To confirm that the CD151 gene had been inactivated by
targeting and Cre-mediated recombination, the more sensitive
technique of reverse transcription-PCR was used. Again, while
we could readily amplify CD151 ¢cDNA from wild-type and
heterozygous mice, CD151 message was consistently undetec-
ted in RNA isolated from CD151-null mice (Fig. 2B).

Blood and bone marrow composition. In humans, CD151 is
expressed abundantly on megakaryocytes and platelets but at
much lower levels by other leukocytes (42). However, both
megakaryocyte and platelet numbers and morphology were
normal in CD151-null mice (Tables 1 and 2). Relative to wild-
type C57BL/6 mice; the null mice showed a slight but signifi-
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TABLE 1. Circulating white blood cell counts, megakaryocytes, and
differential white blood cell counts for peripheral blood and bone
marrow in CD151 knockout mice

Value” (mean = SEM)

Parameter? pe
CDI51/* CDI51/~
WBC count (10/liter) 3.76 = 0.30 327+036  >0.05
PB neutrophils (%) 567+082 7375+1.16 >0.05
PB lymphocytes (%) 9350 £094 91.63 =130 >0.05
PB monocytes (%) 0.76 = 0.36 0.88 =034 >0.05
PB neutrophils (10%/liter) 0.23 = 0.04 024 £0.05 >0.05
PB lymphocytes (10%/liter) ~ 3.50 = 0.28 3.00 =034 >0.05
PB monocytes (10%/liter) 0.019 = 0.013  0.020 = 0.009 >0.05
BM megakaryocytes, no./  24.18 £ 1.07 24.63 =121 >0.05
film
BM promyelocytes (%) 888 x1.54 1236 £1.23  <0.0005
BM myelocytes (%) 8.88+096 10.87 =086 >0.05
BM metamyelocytes (%) 3.59 = 0.67 720 £0.98  <0.005
BM neutrophil band 13.65 091 1540+ 1.40 >0.05
forms (%)
BM neutrophils (%) 23.82+3.64 2531=x3.02 >0.05
BM lymphocytes (%) 51.00 £3.09 40.80 £3.81 <0.05
BM monocytes (%) 1.29 = 0.36 1.20 £ 0.28  <0.05

“ WBC, white blood cell; PB, peripheral blood; BM, bone marrow.
b Results are expressed as the mean + standard error of mean for 16 in each

group.
¢ P values of <0.05 and <0.0005 (Student’s ¢ test) were considered statistically
significant.

cant increase in the proportion of immature cells of the
myeloid lineage in bone marrow (promyelocytes and metamy-
elocytes) and a corresponding decrease in the proportion of
lymphocytes. The CD151-null mice showed no evidence of
overt anemia, but analysis of peripheral blood red cell param-
eters revealed a slight elevation in packed cell volume and
mean cell volume.

Tissue architecture and integrin expression. CD151 forms
strong complexes with integrins a3p1, a681, and a6p4. These
integrins play a crucial role in the architecture and function of
skin and kidney epithelia (7, 14, 27, 51). Histological examina-
tion of these tissues from CD151-null and wild-type mice re-
vealed no apparent morphological differences (Fig. 3A to D).
Integrin a6B4 is a component of hemidesmosomes, as is

TABLE 2. Circulating red blood cell and platelet parameters for
peripheral blood in CD151 knockout mice

Value (mean + SEM)?

Parameter” P€
CDI151+/+ CDI1517/~
RBC count (10"*/liter) 7.74 = 0.118 791 +0.119  >0.05
Hb (g/liter) 1229+ 1.75 12263 =181  >0.05
PCV (liters/liter) 0.39 = 0.006 0.48 =0.031  <0.05
MCV (fl) 51.19 = 0.400 61.1 =389  <0.05
MCH (pg) 15.88 =0.085  15.63 =0.125  >0.05
MCHC (g/liter) 309.88 = 1.81  268.00 = 14.08  <0.05
PLT (10°/liter) 7872 +39.16  776.15 5127  >0.05

“ RBC, red blood cell; Hb, hemoglobin; MCV, mean cell volume; MCH, mean
cell hemoglobin; MCHC, mean cell hemoglobin concentration; PLT, platelet
count.

b Results are expressed as the mean =+ standard error of the mean for 16 in
each group.

¢ P < 0.05 (Student’s ¢ test) was considered statistically significant.
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CD151, at least in human skin. Analysis of skin from CD151-
null mice by electron microscopy demonstrated the presence of
apparently normal hemidesmosome structures and numbers
(Fig. 3E and F). The expression of a3 and a6 integrins in
kidney tissues was examined by immunohistochemistry (Fig.
4). Expression of both o3 and o6 integrins could be seen,
especially in the glomeruli, in sections from both wild-type and
CD151-null mice. The data indicate that CD151 is not required
for expression of these integrins.

Expression of integrins and tetraspanins by isolated epider-
mal keratinocytes. To obtain more quantitative data on expres-
sion of integrins that are normally associated with CD151 and
of other tetraspanins, keratinocyte populations isolated from
neonatal skin were studied by indirect immunofluorescence
and flow cytometry. Levels of cell surface a3, o6, 81, and B4
integrin chains were indistinguishable between wild-type and
CD151-null cells (Fig. 5). CD9 and CDS81, other murine tet-
raspanins expressed in epithelia for which monoclonal antibod-
ies are available, were also examined. CD9 was strongly posi-
tive on epidermal keratinocytes, and its level was significantly
lower on CD151-null cells. CD81 was not detected on primary
keratinocytes from either wild-type or CD151-null animals,
although in both cases expression was induced on cells pas-
saged in vitro (data not shown).

CD151-null keratinocytes fail to migrate in vitro. Keratino-
cyte migration out of punch biopsies of skin from 3-day-old
mice in vitro was used as an assay of migratory ability. Kera-
tinocytes from wild-type mice displayed an extensive halo of
cells around the explant after 2 to 6 days of culture, whereas
reduced, patchy outgrowth was observed with skin from
CD151-null mice (Fig. 6). This result was replicated in four
separate experiments (see Fig. 7 for two examples). All of the
cells were positive when stained with a mixture of antibodies to
cytokeratins 5 and 10, confirming that they were keratinocytes
(data not shown).

To assess the contribution of proliferation relative to migra-
tion to outgrowth, skin specimens were treated with mitomycin
C to prevent DNA replication. While this resulted in reducing
the outgrowth of cells from explants of wild-type skin, a con-
siderable halo of cells was still observed, suggesting that both
proliferation and migration are important in this assay (Fig. 7).
Mitomycin C treatment eliminated outgrowth from CD151-
null skin explants, implying that the outgrowth that was ob-
served in the absence of drug was dependent on cell prolifer-
ation. The proliferation of isolated CD151-null keratinocytes
was indistinguishable from that of wild-type keratinocytes in
primary cultures over a period of 6 days (data not shown), and
together these data indicate that the reduction in outgrowth
from explants resulting from the lack of CD151 reflects altered
migratory ability.

CD151-null mice display unstable hemostasis. CD151 is ex-
pressed by both platelets and vascular endothelium in hu-
mans (42), and monoclonal antibodies to CD151 have plate-
let agonist activity (1). Therefore, the mice were examined
for abnormal hemostasis with an in vivo tail bleeding assay.
As shown in Fig. 8, there was a small but significant (P <
0.05) difference in the mean tail bleeding times for wild-type
and CD151-null mice, and the spread of the data for the
CD151-null mice indicated that some CD151-null mice had
prolonged bleeding times (Fig. 8A). Consistent with this
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FIG. 3. Skin morphology in wild-type and CD151-null mice. Sections of wild-type (A, C, and E) and CD151-null (B D, and F) skin were
examined by light and electron microscopy. Formaldehyde-fixed sections stained with hematoxylin and eosin were photographed at X400 (A and
B) and X1,000 (C and D) magnification. Electron microscopy (E and F) was carried out to visualize hemidesmosomes (arrowed). Bars, 500 nm.

feature, the mean volume of blood lost during tail bleeding
time was threefold greater for CD151 knockout mice than
for wild-type mice (Fig. 8B), and the difference between
groups was again significant (P < 0.05). The percentage of
rebleeds for CD151-null mice was significantly higher (35%
compared to 5%; P < 0.005) for the wild-type mice, indi-
cating unstable hemostasis (Fig. 8C). Based on this in vivo
bleeding defect, the CD151-null mice appear to have under-
lying functional endothelial and/or platelet defects.

CD151-null T lymphocytes are hyperresponsive to mitogenic
stimulation. To study the CD151-deficient immune response,
mice were immunized with the classical hapten carrier antigen
NP-keyhole limpet hemocyanin, and specific immunoglobulin
G1 responses were monitored (Fig. 9A). The antibody re-
sponses of the CD151-null mice were indistinguishable from
those of the wild-type controls. This result was consistent with
the proliferative responses of CD151-null splenocytes to the
B-cell-specific mitogen lipopolysaccharide (Fig. 9B), which
were again comparable to those of the wild-type controls.
However, when stimulated with the T-cell mitogen concanava-
lin A, CD151-null splenocytes reproducibly showed a two- to
threefold enhancement of proliferation. To examine the re-
sponses of CD151-null T cells in greater detail, T cells were
purified and stimulated by cross-linking with a monoclonal
antibody against CD3 and the costimulatory molecule, CD28.
Again, CD151-null T cells showed significant hyperprolifera-
tion (right panel, Fig. 9C). However, a more striking hyper-
proliferative effect was observed when T cells were stimulated
with CD3 in the absence of costimulatory signals (Fig. 9C, left
panel). The hyperproliferative phenotype was observed in both
CD4* and CD8* T cells (Fig. 9D).

DISCUSSION

CD151-null mice were normal, healthy, and fertile. That
CD151-null mice were normal, healthy, and fertile was some-
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FIG. 4. Normal expression of a3 and a6 integrins in kidneys of
CD151-null mice. Kidneys from CD151-null and wild-type mice, 6 to 8
weeks old, were fixed and embedded in OCT, and 5-pm cryostat
sections were cut. Sections were stained, as indicated, with polyclonal
rabbit antibody to a3 integrin, normal rabbit serum (control for upper
panels), rat monoclonal antibody to a6 integrin (GoH3), or normal rat
immunoglobulin G (control for lower panels). Magnification, X400.
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FIG. 5. Quantitation of integrin and tetraspanin expression on iso-
lated keratinocytes. Epidermal keratinocytes isolated from the skins of
wild-type and CD151-null neonatal mice (three in each case) were
tested for expression of the indicated integrin chains and the tet-
raspanin CD9 by indirect immunofluorescence and flow cytometry.
Since the antibody to a3 detects an intracellular epitope, in that case
cells were fixed with formaldehyde and saponin-permeabilized prior to
staining. In all other cases, cell surface expression was examined on
unfixed cells. (A) Data are shown as the mean and standard error of
the mean of the mean fluorescence intensity (MFI) for cells derived
from individual mice after subtracting the appropriate negative-control
value. Shaded bars indicate wild-type cells, and solid bars indicate
CD151-null cells. **, CD9 expression was significantly lower on
CD151-null cells (P < 0.005, Student’s ¢ test). No other significant
differences were observed. (B) Typical two-dimensional forward scat-
ter (FSC) plot indicating the gated cell population. (C) Comparison of
typical flow cytometry histograms for a wild-type (solid line) and a
CD151-null (dashed line) population stained for CD9 expression. The
normal rat serum immunoglobulin control is indicated by the dotted
line. RFI, relative fluorescence intensity (log scale).

what surprising because CD151 forms direct associations with
the o3 integrin chain that are uniquely strong among tet-
raspanin-integrin interactions, and it has been hypothesized
that CD151 might be required for surface expression of a3p1
(23, 43, 55, 56). Similarly, CD151 forms strong complexes with
a6 integrins and mediates a6B1 integrin-dependent cell mor-
phogenesis in vitro (59). Furthermore, in human skin, CD151-
a6B4 complexes are a component of hemidesmosomes, which
are specialized adhesion structures linking basal keratinocytes
to the basement membrane (44). Therefore, we had predicted
that the CD151 knockout might result in a phenotype similar
to that of mice with deletion of genes encoding a3, a6, or B4
integrins, all of which display neonatal lethality.

In the case of the a3 knockout, lethality was primarily due to
defects in kidney and lung development (27). Glomerular de-

MoL. CELL. BIOL.

FIG. 6. Keratinocytes from CD151~/~ mice display defective out-
growth in skin explant cultures. Skin explants from 2- to 3-day-old
wild-type (WT) (A and B) and CD151-null (KO) (C and D) mice were
cultured for 6 days, and outgrowth of cells was monitored by micros-
copy at days 4 (A and C) and 6 (B and D). The same fields were
photographed at the two time points. Bar, 200 wm. Dotted lines indi-
cate the extent of the outgrowth.
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FIG. 7. Residual outgrowth in CD151 /" explant cultures is depen-
dent on cell proliferation. Inhibition of cell proliferation with mitomy-
cin C reduced outgrowth from wild-type (WT) explants and abolished
outgrowth from CD151-null (KO) explants. The number of replicates
is indicated in parentheses, and error bars indicate the standard error
of the mean. (A) Experiment 1. For each explant, the outgrowth was
measured on day 4 at eight equally spaced points around the circum-
ference, and the average value was used for analysis. (B) Experiment
2. For each explant, the maximal outgrowth was measured after 2 days
of culture. The differences between groups were statistically signifi-
cant: *, P < 0.05; **, P < 0.005, relative to the control (wild-type)
group (Student’s ¢ test).
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FIG. 8. CD151-null mice have an in vivo bleeding defect. Hemo- 0 0

stasis in 6- to 8-week-old mice was assessed with a tail bleeding assay.
(A) Time taken for initial cessation of bleeding for wild-type and
CD151-null mice. (B) Volume of blood lost during tail bleeding for
wild-type and CD151-null mice. Horizontal bars indicate the mean
values of the tail bleeding time for each genotype, and each dot
represents an individual mouse. (C) Rebleeding occurrences in wild-
type and CD151-null mice. In each case the difference between groups
was statistically significant: panel A, P < 0.05; panel B, P < 0.05; panel
C, P < 0.005 (Student’s t test).

velopment was notably markedly abnormal, and the basement
membrane was disorganized. In the lungs, branching of the
bronchi was decreased (27). Subsequent studies revealed that
skin development was also abnormal in a3-null mice, with
detachment due to rupture of the basement membrane (7).
Knockouts of the a6 and B4 integrin chains have a remarkably
similar phenotype, reflecting the crucial role of the o634 het-
erodimer in adhesion of basal keratinocytes to the basement
membrane via hemidesmosomes. These mice, like those lack-
ing another hemidesmosome component, BPAG1/BP230, dis-
play skin blistering due to detachment of the epidermis from
the basement membrane (14, 51).

Although the a6p4 integrin complex (but not hemidesmo-
somes) is present in other tissues, such as some endothelial
cells, thymocytes, and Schwann cells, no abnormalities of these
cells were observed in a6- or B4-null mice. Surprisingly, no
structural abnormality of the skin or kidney of CD151-null
mice was detected at the light microscopy level, and hemides-
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FIG. 9. Immune responses in CD151-null mice. (A) NP-specific
immunoglobulin G1 serum antibody responses of wild-type (n = 8)
and CD151-null (» = 8) mice. Data are expressed as arbitrary units
calculated from a standard curve. (B) In vitro proliferative responses
of splenocytes isolated from wild-type (open squares) and CD151-null
(solid squares) mice, stimulated with 1 pg of lipopolysaccharide (left
panel) or concanavalin A (right panel) per ml. (C) In vitro proliferative
responses of T lymphocytes purified from wild-type (solid squares) and
CD151-null (open squares) mice stimulated with 10 pg of anti-CD3
(left panel) or 10 pg of anti-CD3 plus 1 g of anti-CD28 monoclonal
antibody (right panel) per ml. (D) In vitro proliferative responses of
CD4" (day 4) and CD8™" (day 3) T lymphocytes purified from wild-
type (open bars) and CD151-null (solid bars) mice stimulated with 10
pg of anti-CD3 monoclonal antibody (left panel) or 10 wg of anti-CD3
plus 1 pg of anti-CD28 monoclonal antibody (right panel) per ml. The
differences between groups were statistically significant: *, P < 0.05;
5 P < 0.005, relative to the control (wild-type) group (Student’s ¢
test).
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mosomes appeared normal by electron microscopy (Fig. 3).
Expression of a3 and a6 integrins was indistinguishable from
that in controls by immunohistochemistry on kidney sections
(Fig. 4) and by quantitative immunofluorescence analysis on
isolated keratinocytes (Fig. 5) CD151 also forms strong com-
plexes with the o7B1 integrin (45), and knockout of o7 results
in the development of a form of muscular dystrophy soon after
birth (32). No evidence of muscle abnormality was seen in
CD151-null mice observed for up to 1 year of age. These
observations indicate that CD151 is not essential for a3, a6, or
o7 integrin expression or function.

A murine tetraspanin sequence very closely related to
CD151 has been identified by database mining (19). BAB22942
displays a remarkable 57% identity to mouse CD151 at the
protein level; by contrast, the level of identity between CD151
and other typical tetraspanin molecules is on the order of 25%.
In general, the transmembrane domains of tetraspanins are
highly conserved, whereas the major extracellular domains are
relatively divergent. It is therefore remarkable that the extra-
cellular domains of CD151 and BAB22942 also display 57%
identity. The region of CD151 that mediates the interaction
with a3B1 integrin has been mapped to an 11-amino-acid motif
(RDHASNIYKVE) that resides in the large extracellular do-
main (3). The sequence of the equivalent region in the
BAB22942 is very highly conserved (RAHPSNIYKVE) and
differs at only 2 of the 11 amino acids. This suggests that
BAB22942 might also form tight associations with a3, a6, and
o7 integrins, possibly compensating for some functions of
CD151. Other tetraspanins, CD9 and CDS81, that complex with
a3 and a6 integrins are believed to interact indirectly via
CD151 (40). Interestingly, cell surface expression of CD9 was
significantly reduced on isolated CD151-null keratinocytes
compared to wild-type cells when examined by quantitative
immunofluorescence and flow cytometry (Fig. 5), possibly re-
flecting the requirement for CD151 for CD9 incorporation into
these integrin complexes (40). CD81 was not expressed on the
surface of either wild-type or CD151-null keratinocytes. It is
therefore unlikely that either of these tetraspanins compen-
sates for the lack of CD151 in skin.

Although deletion of the CD151 gene did not cause major
phenotypic disruption, it seemed likely that more subtle func-
tional effects might be seen in specific tissues. In humans,
CD151 is expressed in most tissues (10), notably in cells of the
platelet-megakaryocyte lineage and epithelial, endothelial, and
muscle cells (42). CD151 expression is abundant in megakaryo-
cytes, and we predicted that it might be required for interac-
tion of these cells with the endothelium in platelet generation.
However, both bone marrow megakaryocyte and blood platelet
numbers and morphology were normal in the null mice (Tables
1 and 2). Analysis of blood and bone marrow differential cell
counts indicated a slight but significant shift towards immature
cells in the myeloid lineage. This could arise from altered
interactions with bone marrow stromal cells in the null mice,
since these stroma normally express CD151 (10).

To look for defects in platelet and/or endothelial cell func-
tion, a study of in vivo tail bleeding time was carried out.
Although there was only a minor difference in the bleeding
time endpoint, the volume of blood lost and the tendency to
rebleed were greater in the CD151-null mice (Fig. 8). These
results support a moderate in vivo tail bleeding defect, indi-
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cating unstable hemostasis. As CD151 is expressed on the
surface of platelets and endothelial cells, this abnormality may
be attributed to a defect in either platelet-platelet or platelet-
endothelium associations. Further detailed studies will be re-
quired to resolve this issue.

Tetraspanins have been shown to regulate cell migration,
including that of keratinocytes (37). Integrins a3B1 and a6f4,
both of which form tight complexes with CD151, play a critical
role in this process (12, 15, 16). As a measure of cell motility,
we investigated the ability of keratinocytes from wild-type and
CD151-null mice to migrate out of punch biopsies of neonatal
skin in vitro. CD151-null keratinocytes were clearly defective
in their ability to migrate in this assay (Fig. 6). The assay is
regarded as a model for wound healing rather than skin de-
velopment (33). The lack of an obvious skin phenotype in
CD151-null mice suggests different regulation of these pro-
cesses. It will be important to extend the studies of CD151-null
mice to assays of in vivo wound healing.

CD151 expression is low on resting lymphocytes but is up-
regulated on T-cell activation (18). T-cell-dependent antibody
responses appeared to be normal in the CD151-deficient im-
mune system; moreover, CD151-null B cells responded nor-
mally in vitro to mitogenic stimulation. However, CD151-null
T cells were notably hyperproliferative in response to in vitro
stimulation, particularly when stimulated through the T-cell
receptor in the absence of costimulatory signals. Remarkably,
of the five tetraspanin knockouts so far reported, four show an
apparently similar hyperproliferative T-cell phenotype: CD81
(36), CD37 (52), TSSC6 (48), and now CD151. Given the
propensity of tetraspanins to associate with each other in su-
pramolecular complexes, it seems reasonable to speculate that
there is a common regulatory function for tetraspanins in T-
cell proliferation.

Thus, although mice lacking CD151 are grossly normal and
healthy, we have identified functional abnormalities in all the
systems that have been examined in detail in which CD151 has
been proposed to play a role. Several additional systems re-
main to be examined. For example, based on antibody inhibi-
tion studies in vitro, CD151 appears to influence angiogenesis
(43). A monoclonal antibody to CD151 was reported to block
human neutrophil motility in response to the chemotactic pep-
tide formyl-Met-Leu-Phe (55), and it will be important to ex-
amine CD151-null mice in models of inflammation. In the
nervous system, monoclonal antibody to CD151 inhibited neu-
rite outgrowth in vitro (46), and the protein is abundantly
expressed by Schwann cells in the peripheral nervous system
(42). CD151 is coexpressed with integrin o7B1 in smooth,
cardiac, and skeletal muscle (45), and it may regulate adhesion
strengthening to basement membrane laminin in these tissues.
Integrin a6B1-dependent adhesion strengthening on Matrigel
was enhanced in NIH 3T3 cells overexpressing CD151 (28).

Like CD151, and in contrast to knockouts affecting integrin
chains, knockouts of other tetraspanins have so far led to
relatively mild phenotypes. Similar to CD151, CD9 and CDS81
are widely expressed in tissues and also complex with integrins
(2, 40). However, homozygous deletion of CD9 resulted in a
highly specific effect on female fertility due to the failure of
sperm-egg fusion (22, 29, 35). Deletion of CDS81 resulted in
defects in B-cell function but increased T-cell proliferation (30,
36). More recently, it was shown that CD81-null mice have “big
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brains” because of loss of proliferative arrest of CD81-null
astrocytes as a result of contact with neuronal cells (13, 24).
The tetraspanin CD37 is not widely expressed, and CD37
knockout mice are viable but display defects in B-cell function,
B- and T-cell interaction, and T-cell proliferation (25, 52). The
expression of the recently described tetraspanin TSSC6 is re-
stricted to hematopoietic cells; knockout mice are viable, with
normal lymphoid development, but, like CD37 and CDS81
knockout mice, their T cells are hyperproliferative (48).

The relatively mild phenotypes of mice with knockouts of
tetraspanins may be due to complementation of function by
other tetraspanins or because tetraspanins function as modifi-
ers rather than essential components of the molecular com-
plexes in which they participate (31). In order to resolve this,
studies with combinatorial tetraspanin knockouts and further
biochemical experiments will be required.
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