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Deficiency of the Tetraspanin CD63 Associated with Kidney Pathology
but Normal Lysosomal Function�
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CD63 is a member of the tetraspanin superfamily that constitutes a main component of the lysosomal
membrane. In mice, two CD63 gene loci are present, with only one of these two being functional. We generated
and analyzed mice deficient for active CD63. Disruption of CD63 results in a complete loss of CD63 protein
expression. Despite its abundance in late endosomes/lysosomes, the lack of CD63 does not cause obvious
endosomal/lysosomal abnormalities. CD63 knockout mice are viable and fertile without gross morphological
abnormalities in the majority of tissues. No alterations in the populations of immune cells and only minor
differences in platelet function were observed. This suggests that the lack of CD63 could be successfully
compensated for, most likely by other tetraspanins. However, CD63 deficiency leads to an altered water
balance. CD63 knockout mice show an increased urinary flow, water intake, reduced urine osmolality, and a
higher fecal water content. In principle cells of the collecting duct of CD63-deficient mice, abnormal intracel-
lular lamellar inclusions were observed. This indicates that the sorting of apical transport proteins might be
impaired in these cells. CD63 knockout mice provide an important tool for analyzing the various postulated
functions of CD63 in vivo.

CD63, also called lysosomal integral membrane protein
LIMP-1 (21), belongs to the family of tetraspanins (also known
as the transmembrane 4 [TM4] superfamily, TM4SF, 4TM,
and the tetraspan family). This family is composed of 33 mem-
bers in mammals, spanning the membrane four times and
forming a small and a large extracellular loop (7, 76). Tet-
raspanins are present in the plasma membrane as well as in the
membranes of a variety of subcellular compartments, like mul-
tivesicular bodies (for a review, see reference 7). Conserved
polar amino acid residues in the transmembrane domains
probably mediate stable protein assembly through their inter-
action with polar residues of other transmembrane helices
(46). Many tetraspanins have the tendency to associate with
other molecules, such as proteins of the immunoglobulin su-
perfamily, proteoglycans, complement regulatory proteins,
growth factors, growth factor receptors, signaling enzymes, in-
tegrins, and other tetraspanins (28, 49). These interactions led
to the proposal that tetraspanins have a role as “molecular
facilitators.” Tetraspanins group specific cell surface proteins
and thereby increase the formation and stability of functional
signaling complexes. Such complexes are involved in diverse
cellular processes, such as cell activation, adhesion, motility,
differentiation, and malignancy (29, 49, 86).

CD63 is an exceptional tetraspanin since at steady state it is
usually found as a heavily glycosylated protein in late endo-
somes/lysosomes (7). Using a tyrosine motif in the cytoplasmic
carboxy-terminal tail (Tyr 235) and interaction with adaptor
protein complex 3, it is directed to lysosomes (67). CD63 is also
present in various lysosome-related vesicles of different leuko-
cytes, like the �-granules of megakaryocytes (27), the cytotoxic
granules of T lymphocytes (61), the crystalloid granules of
eosinophils (50), the secretory granules of basophilic granulo-
cytes (59), and mast cells (20). CD63 is also expressed in the
Weibel-Palade bodies of the vascular endothelium (42) and in
the dense granules and �-granules of platelets (27, 58). These
granules are translocated to the surface after cell activation,
transferring CD63 into the plasma membrane. This surface
expression of CD63 in platelets serves as an important diag-
nostic activation marker (39, 64).

Surface-expressed CD63 may be involved in different adhe-
sion processes. Monoclonal anti-human CD63 (anti-hCD63)
antibodies enhanced the adhesion and spreading of monocytic
cells on serum-coated plastic (44). On the other hand, an
impairment of adhesion of neutrophilic granulocytes to lipo-
polysaccharide- or thrombin-pretreated endothelium was ob-
served (79). Additionally, another antibody induced rapid in-
ternalization of hCD63, which was accompanied by an
increased migration ability among dendritic cells in vitro (52).
A role for CD63 in platelet adhesion and spreading has also
been described (35). CD63-mediated adhesion events may in-
volve integrins. CD63 associates with �1 integrins in human
melanoma cells (65), the �3/�1 complex in lymphocytes and
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melanoma cells (6, 9), the �4/�1 complex in T lymphoblasts
(51), and the �6/�1 complex in various cell lines (6).

In basophilic granulocytes and mast cells, CD63 interacts
with the high-affinity immunoglobulin E (IgE) receptor
(FcεRI) (38). Therefore, CD63 might be involved in mediating
FcεRI signals that lead to a release of inflammatory mediators.
These mediators might then cause allergic reactions (45). Sim-
ilarly, in cytotoxic T cells, CD63 was found in a complex with
the T-cell receptor. A CD63 specific monoclonal antibody trig-
gered strong T-cell activation, which is characterized by pro-
nounced induction of proliferation, strong interleukin-2 pro-
duction, and enhanced T-cell responsiveness to restimulation
(62).

The importance of CD63 in cell signaling is highlighted by
the observation that CD63 associates with a 55-kDa type II
phosphoinositide 4 kinase in intracellular vesicles as well as in
focal adhesions at the plasma membrane (8, 85). The latter
interaction also involves CD81 and the integrin �3/�1 (8).

CD63 is also associated with intracellular major histocom-
patibility complex class II molecules in immature dendritic
cells and B lymphocytes (17, 18, 26). CD63 surface expression
is increased in neutrophils undergoing apoptosis due either to
aging or to stimulation of the Fas receptor (5). CD63 is ex-
pressed strongly during the early stages of tumor progression
of melanomas and was accordingly called melanoma-associ-
ated antigen (ME491) (1, 2, 73). It is also expressed in other
types of tumors, such as neuroendocrine tumors, adenocarci-
nomas, and colorectal carcinomas (2, 19).

Based on experiments using monoclonal antibodies against
CD63, a possible role for CD63 in human immunodeficiency
virus type 1 infection of macrophages was suggested. CD63
might inhibit human immunodeficiency virus type 1 infection
in a step after fusion of the virus with the plasma membrane
but prior to reverse transcription (82).

Despite the abundant data on the presumed role of CD63 in
isolated cell types, its function in vivo remains largely un-
known. To address this question, we have generated and char-
acterized a CD63-deficient mouse strain. The phenotype of
these mice suggests a redundant role for CD63 in development
and distribution of immune system cells, very mild effects on
platelet adhesion, and an important role in kidney physiology.

MATERIALS AND METHODS

Materials. Restriction enzymes and other reagents for molecular biology were
purchased from Fermentas (Burlington, Canada). Primers were purchased from
Sigma Aldrich (Steinheim, Germany). Protein standards were obtained from
Invitrogen (Carlsbad, CA). The BCA protein assay kit and Western blotting
reagents were purchased from Pierce (Rockford, IL) and Amersham (Little
Chalfont, United Kingdom), respectively.

Expression plasmid generation. To generate the CD63 expression plasmid,
total RNA of wild-type mouse embryonic fibroblasts (MEF) (C57/BL6J) was
prepared using RNeasy columns from Qiagen (Hilden, Germany). mRNA was
transcribed into cDNA by using the Omniscript reverse transcriptase system
(Qiagen, Hilden, Germany). For amplication of the CD63 cDNA in a standard
PCR, primers which generated EcoRI and BamHI restriction sites (underlined)
were used (fw_Chrom10/18, 5�-TTGAATTCTTCCATGGCGGTGGAAGGAG
GAATG-3�; and bw_Chrom10, 5�-TTGGATCCTTCCAGCCCTACATTACTT
CATAGC-3�). For cloning of the CD63-related gene, DNA was isolated from
wild-type MEF (C57Blc6) by using an InnuPrep DNA minikit (AJ Innuscreen;
Jena, Germany). The CD63-related gene was amplified using the following
primers: fw_Chrom10/18, 5�-TTGAATTCTTCCATGGCGGTGGAAGGAGG
AATG-3�; and bw_Chrom18, 5�-TTGGATCCTTCCAGCCCTACATTACTTC
ATGGC-3�. The resulting PCR products were subcloned into the pEGFP-C1

expression vector (Invitrogen, Carlsbad, CA). All recombinant sequences were
determined to be free of PCR errors by nucleotide sequence analysis (MWG
Biotech AG, Martinsried, Germany).

Generation of mutant mice. A �-EMBL3-129SV mouse phage library from
Stratagene, Inc. (La Jolla, CA) was screened with a partial cDNA of mouse
CD63 comprising exons 2 to 5. The isolated mouse CD63 phage contained the
murine CD63 (mCD63) gene comprising exons 1 to 6. HindIII-digested phage
DNA comprising exons 1 to 4 of mouse CD63 was introduced in pBluescript KS
(Stratagene, La Jolla, CA). The neo expression cassette (Stratagene, La Jolla,
CA) was inserted by mutagenesis PCR as an XbaI fragment into an NheI
restriction site introduced in the third codon (coding for valine) of exon 2 of the
CD63 gene. The targeting vector was electroporated into the embryonic stem
(ES) cell line E14 (32). The thymidine-kinase cassette at the 3� end of exon 4
allowed negative selection by 25 �g/ml ganciclovir. G418-resistant colonies (335
�g/ml) were screened by Southern blot analysis of DNA digested with BglII,
XbaI, or NheI. A HindIII/BamHI fragment was used as probe A. The mutated
ES line was microinjected into blastocysts of C57BL/6J mice. Chimeric males
were mated to C57BL/6J females. Mice were genotyped for the CD63 gene
mutation by Southern blot analysis or by PCR analysis using a neo expression
cassette-specific PCR (69) and an exon-specific PCR with primers (5�-GGAGA
CGTGGGTCTGACCGCG-3� and 5�-CCAGCTGCCTTCATCTCTGGT-3�)
flanking exon 2.

Northern blot analysis and reverse transcriptase PCR (RT-PCR). RNA of
kidney and MEF was prepared using RNeasy columns from Qiagen (Hilden,
Germany).

For Northern blot analysis, a radioactive, mCD63 mRNA-specific hybridiza-
tion probe was generated by amplification of a 368-bp fragment encompassing
exons 2 to 5 of mCD63 cDNA, using the primers 5�-GCGGTGGAAGGAGGA
ATGA-3� and 5�-ATAGTGGCTGTTTTGTTGT-3�. A GAPDH (glyceralde-
hyde-3-phosphate dehydrogenase)-specific hybridization probe was generated by
conventional PCR using the primers 5�-CGCATCTTCTTGTGCAGTGC-3� and
5�-GGTGGTCCAGGGTTTCTTAC-3�.

For RT-PCR, 2 �g of total mRNA was used for cDNA synthesis, using the
Omniscript reverse transcriptase system (Qiagen, Hilden, Germany) and the
oligo(dT)15 primer (Promega, Madison, WI). For amplification of the CD63 or
actin cDNA, specific primers were used in a standard PCR (30 s at 94°C, 120 s
at 55°C, and 60 s at 72°C for 36 cycles, using primers CD63fw [5�-CGGTGGA
AGGAGGAATGAAG-3�], CD63bw [5�-CTACATTACTTCATAGCCACTTC
G-3�], ACTfw [5�-GACGAGGCCCAGAGCAAGAC-3�], and ACTbw [ATCTC
CTTCTGCATCCTGTC-3�]).

Cell lines. MEF from CD63-deficient and wild-type mice were generated from
E12.5 embryos according to reference 31. Primary cell lines between passages 3
and 6 were used for the experiments. Cells were transiently transfected using
Fugene 6 (Roche, Mannheim, Germany).

Antibodies and antibody generation. The following antibodies were used: rat
anti-mouse LAMP-1 (1D4B) and rat anti-mouse LAMP-2 (Abl93) (Develop-
mental Studies Hybridoma Bank, Iowa City, IA), rabbit anti-mouse cathepsin D
(sII9) (63), rabbit anti-mouse MPR-46 (MSC1) (40), and rabbit anti-rat MPR-
300 (12).

Anti-mouse CD63 peptide antibodies were raised in specific pathogen-free
rabbits at Eurogentec (Seraing, Belgium) against two peptides (C-ATILDKLQ
KENN [amino acids {aa} 132 to 143 of mCD63] and CGNDFKESTIHTQG [aa
176 to 189 of mCD63]). The resulting antiserum was affinity purified over a
mixture of ACH [N�-(ε-aminocaproyl)-DL-homoarginin-hexylester]- and cyano-
gen bromide-Sepharose covalently coupled with the peptide encompassing aa
132 to 143.

Antisera raised against the native mCD63 protein were generated by cDNA
immunization. A CD63 expression construct containing the CD63 DNA (chro-
mosome 10) cloned into the BamHI and EcoRI restriction sites of the
pcDNA3.1-Zeo(-) vector (Invitrogen, Carlsbad, CA) was conjugated to 1-�m
gold particles (Bio-Rad), and rabbits were immunized by ballistic DNA immu-
nization (pressure setting at 400 lb/in2). Animals received four immunizations at
three 6-week intervals, with eight shots of plasmid-conjugated gold particles (1
�g DNA/mg gold/shot). Serum samples were obtained at 10 days postimmuni-
zation (43). Horseradish peroxidase-conjugated secondary antibodies for immu-
noblotting were obtained from Sigma Chemical Co. (St. Louis, MO).

Immunocytochemistry. For immunostaining, cells were grown on glass cover-
slips, fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS) for 20
min, and permeabilized with PBS-0.2% saponin. The primary and secondary
antibodies were diluted in PBS-3% bovine serum albumin (BSA)-0.2% saponin
and applied to the cells for 1 h. Alexa Fluor 488- or 594-conjugated antibodies
were from Molecular Probes (Eugene, OR). Cells were embedded in Mowiol
containing Dabco (Sigma Aldrich, Steinheim, Germany) as an antifading agent.
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Photographs were taken using an Axiovert 200 M microscope equipped with an
ApoTome for optical sectioning, using Axio Vision 4.6 software (Carl Zeiss,
Jena, Germany).

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis and immunoblot-
ting. Peritoneal macrophages and polymorphonuclear leukocytes were isolated
for 3 h and 96 h, respectively, after thioglycolat injection. Erythrocytes were
removed from bone marrow and spleen preparations by incubation with eryth-
rocyte lysis solution (155 mM NH4Cl, 15 mM KHCO3, 1 mM EDTA, pH 7.3). All
cells were lysed and proteins solubilized in 0.1% Triton X-100–PBS supple-
mented with complete protease inhibitor cocktail (Roche, Mannheim, Ger-
many). Lysates were purified by centrifugation, and proteins were deglycosylated
overnight by incubation with recombinant N-glycosidase F (Roche, Mannheim,
Germany) according to the manufacturer’s instructions. Proteins (5 �g/lane)
were separated by Laemmli sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis and transferred to polyvinylidene fluoride membranes (Millipore Corp.,
Bedford, MA), using a semidry electroblotter (Bio-Rad, Hercules, CA). Immu-
noblots were blocked in 5% low fat milk powder in Tris-buffered saline contain-
ing 0.1% Tween 20 and then probed with a polyclonal rabbit anti-mouse CD63
antibody at a 1:400 dilution in 1% BSA–0.1% Tween 20–Tris-buffered saline,
followed by an incubation in 0.1 �g/ml of an appropriate horseradish peroxidase-
conjugated secondary IgG in 1% BSA. All blots were developed using an en-
hanced chemiluminescence detection system (Amersham, Little Chalfont,
United Kingdom).

Histology. For conventional light and electron microscopic examination, four
CD63-deficient mice (aged 14 months) and two age-matched wild-type mice
were used. Tissues were perfused with glutaraldehyde (6% in PBS). Tissue blocks
were processed for light and electron microscopic examination (embedding in
araldite) according to routine procedures. Tissue blocks were rinsed in phos-
phate buffer, postfixed in OsO4 for 2 h, and embedded in araldite according to
routine procedures. For light microscopy, 1-�m semithin sections were stained
with Toluidin blue. Ultrathin sections were contrasted with uranyl acetate and
lead citrate and observed with a Zeiss EM 900 microscope.

Analysis of platelets. Mice were bled under ether anesthesia from the retro-
orbital plexus. Blood was collected in a tube containing 10% (vol/vol) 0.1 M
sodium citrate or 7.5 U/ml heparin. Platelet-rich plasma was obtained by cen-
trifugation at 300 � g for 10 min at room temperature. Murine platelets were
prepared according to established protocols (57). Tail bleeding time was deter-
mined as described in reference 66. Adhesion under flow conditions (thrombus
formation) was assessed as described previously (56). Aggregometry was per-
formed as described in reference 66.

To analyze platelets by flow cytometry, heparinized whole-blood samples were
diluted 1:30 in modified Tyrode’s solution-HEPES buffer (134 mM NaCl, 0.34
mM NaH2PO4, 2.9 mM KCl, 12 mM NaHCO3, 20 mM HEPES, 5 mM glucose,
1 mM MgCl2, pH 6.6) and stained against the following surface glycoproteins
(GPs) with the indicated antibodies (54, 55): rat anti-mouse GPVI (JAQ1), rat
anti-mouse �2-integrin (Sam.G4), rat anti-mouse GPIIbIIIa (JON1), rat anti-
mouse GPV (DOM1), rat anti-mouse GPIb (p0p4), rat anti-mouse GPIX (p0p6),
rat anti-mouse CD9 (ULF1), and rat anti-mouse �1-integrin (9EG7; BD Phar-
mingen, Franklin Lakes, NJ).

To activate platelets, samples were stimulated with the indicated concentra-
tions of ADP (Sigma Aldrich, Steinheim, Germany), U46619 (1 �M; Alexis
Biochemicals, San Diego, CA), collagen-related peptide (CRP; a kind gift from
Steve P. Watson, Department of Pharmacology, University of Oxford, United
Kingdom), or thrombin (Roche, Mannheim, Germany) for 10 min at room
temperature, stained against activated GPIIbIIIa (JON/A-PE) or P-selectin, and
directly analyzed with a FACSCalibur (Becton Dickinson, Franklin Lakes, NJ).

Flow cytometry of leukocytes. Single-cell suspensions were prepared from the
thymuses, spleens, bone marrow, and lymph nodes of 3-month and 12-month-old
mice. Peritoneal cavity cells were obtained by peritoneal lavage with 0.9% NaCl
solution. Red blood cells were lysed by a 12-min incubation in a hypotonic
solution containing 155 mM NH4Cl, 15 mM Na2CO3, and 1 mM EDTA (pH 7.3),
followed by washing in PBS containing 2% newborn calf serum, 0.1% NaN3, and
0.2 mM EDTA and staining with antibodies against cell surface molecules. For
flow cytometric analysis, the indicated unlabeled, biotinylated, or phycoerythrin-,
allophycocyanin-, or fluorescein isothiocyanate-conjugated antibodies against
the following cell surface molecules were used: CD3ε (145-2C11), CD4 (RM4-5),
CD8� (53-6.7), CD11b (M1/70), CD45R/B220 (RA3-6B2), CD49b (DX5), CD69
(H1.2F3), IgD (11-26c.2a), IgM (R6-60.2), and Gr1 (RB6-8C5) (all from BD
Biosciences) and CD31 (390) and Ly-6C (HK1.4) (Southern Biotechnology).
Biotinylated antibodies were visualized with fluorescein isothiocyanate- or allo-
phycocyanin-conjugated (BD Pharmingen, Franklin Lakes, NJ) or phyco-
erythrin-conjugated (Biosource International, Camarillo, CA) streptavidin. In
order to prevent unspecific binding, all samples were preincubated with Fc Block

or unlabeled, isotype-matched unspecific antibodies (BD Pharmingen, Franklin
Lakes, NJ). Samples were analyzed with a FACSCalibur flow cytometer (Becton
Dickinson, Franklin Lakes, NJ) according to standard protocols. Gates on viable
cells were set according to the exclusion of propidium iodide staining. Analysis of
different cell populations in bone marrow according to CD31 and Ly-6C expres-
sion was performed as described in reference 14.

Metabolic analysis. For investigation of intake and excretion, 11- to 12-month-
old female CD63-deficient mice and age- and sex-matched control animals were
kept in mouse metabolic chambers (Harvard Apparatus, Holliston, MA) with
free access to water and a conventional mouse diet (Ssniff, Soest, Germany).
After 24 h, final blood samples were taken from the abdominal vein under
short-term anesthesia with 2.5% Forene in 500 to 1,000 ml/min air (Abbott,
Wiesbaden, Germany) (Dräger Vapor; Dräger, Lübeck, Germany), and mice
were sacrificed. Urine osmolality was determined using a Fiske micro-osmometer
(model 210; Fiske Associates, Norwood, MA). Urinary concentrations of Na�,
K�, Cl�, Ca2�, urea, creatinine, and glucose were measured with a Roche
Modular P analyzer (Roche Diagnostics, Germany). To determine the dry weight
of feces, a defined portion was dried at 37°C until the weight remained constant.

Statistical analysis. Statistical analyses were performed by Student’s t test.

RESULTS

The mouse genome contains two CD63 loci on chromosomes
10 and 18. Genetic localization of the murine homologue to
hCD63 revealed two distinct loci in the mouse genome (25).
The genuine CD63 locus was found on chromosome 10, but a
CD63-related locus without any intronic sequences localized to
chromosome 18. Alignment of both genes revealed five amino
acid substitutions (Fig. 1A), including an exchange of tyrosine
to histidine at position 235 in the cytoplasmic targeting motif.
By use of in silico promoter analysis, a considerable promoter
activity was found for the locus only on mouse chromosome 10
(data not shown). Consistently, the UniGene database (www
.ncbi.nlm.nih.gov/unigene) contains 925 expressed sequence
tags for the genuine CD63 locus (UGID:1414132) but only 7
expressed sequence tags for the chromosome 18 locus (UGID:
2026693). To further address the physiological role of the ad-
ditional, presumably silent gene locus on chromosome 18, we
transfected MEF with expression vectors encoding chromo-
some 10-associated enhanced green fluorescent protein
(eGFP)-CD63 and chromosome 18-associated eGFP-CD63
(Fig. 1B). Whereas the protein encoded by the chromosome 10
gene localized as expected to lysosomes, the exogenous expres-
sion of the chromosome 18 gene led to a diffuse and mainly
plasma membrane staining.

Targeting of the CD63 gene on the mouse chromosome 10
locus leads to loss of CD63 expression. A gene targeting vector
was constructed to disrupt mouse CD63 (Fig. 2A), and homol-
ogous recombined ES cell clones were used to generate chi-
meras that transmitted the introduced mutation to their off-
spring (Fig. 2B). Northern blotting (Fig. 2C) and RT-PCR
(Fig. 2D) demonstrated a complete absence of CD63 RNA in
homozygous CD63-deficient mice. Since no functional anti-
bodies against mouse CD63 were available, we generated poly-
clonal rabbit antibodies directed either against a synthetic pep-
tide from the second large luminal domain or against the entire
native protein by cDNA immunization. The anti-peptide anti-
body clearly detected deglycosylated mCD63 in immunoblot
analyses (Fig. 2E, panel a) but reacted only weakly with the
fully glycosylated protein (Fig. 2E, panel b). Note that the
anti-peptide serum is directed against a sequence that is iden-
tical in the predicted products of the two loci. The finding that
this serum did not show any detectable bands in various iso-
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lated CD63�/� cells (Fig. 2E) further underscores the lack of
significant expression of the intronless locus on chromosome
18. These data were confirmed by immunocytochemical anal-
ysis of MEF with the rabbit antiserum directed against the
native CD63 protein (Fig. 3A to F). The lack of the protein
does not lead to any other marked morphological alterations of
the late endosomal/lysosomal compartment, since normal dis-
tribution and staining with lysosomal markers were observed
(Fig. 3G to L). Lysosomal enzyme activities, autophagic and
phagocytic maturation, acidification, and endocytotic transport
were also not found to be different when wild-type and
CD63 knockout cells were compared (data not shown). The
localization of mannose 6-phosphate receptors (MPR46 and
MPR300) to the trans-Golgi network was also not affected by
the CD63 deficiency (Fig. 3M to P), suggesting normal biosyn-
thetic delivery of lysosomal hydrolases.

Homozygous CD63-deficient mice survive and are fertile; on
first sight, they manifest no overt phenotypic abnormalities. A
detailed fluorescence-activated cell sorting analysis of immune
cells of the bone marrow, spleen, and lymph node did not

reveal significant changes when cell distribution, cell numbers,
and expression of specific cell surface molecules or activation
markers were compared between wild-type and knockout mice
(Table 1). Also, no differences in B-cell differentiation in the
bone marrow or T-cell differentiation in the thymus were ob-
served (data not shown).

Platelet function in CD63-deficient mice. CD63 is localized
together with P-selectin in the �-granules of platelets, which
translocate to the plasma membrane on activation. This led to
an alternative CD63 nomenclature: granulophysin or platelet
GP of 40 kDa (Pltgp40) (3, 27, 30, 34). A monoclonal antibody
directed against the second, large extracellular loop of hCD63
impaired the spreading of platelets (35). CD63-deficient mice
display normal numbers of platelets in peripheral blood (Fig.
4A), and the expression levels of prominent surface GPs, in-
cluding GPIaIIa, GPIIbIIIa, GPIb-V-IX, and GPVI, as well as
the tetraspanin CD9, are unaltered (data not shown). Activa-
tion of wild-type and mutant platelets by different agonists
resulted in similar activations of GPIIbIIIa (as measured by
the JON/A-PE antibody) (10) and surface exposure of P-se-

FIG. 1. Comparison between the CD63 gene and pseudogene. (A) Alignment of the mCD63 gene on chromosome (Chrom.) 10 and the
pseudogene on chromosome 18. Red or green, amino acid substitutions; blue, N glycosylation sites (N-X-S/T); purple, transmembrane domains;
yellow, cytoplasmic loops; orange, extracellular domains; black lines, synthetic peptides used for immunization (DNAstar software; DNASTAR,
Inc., Madison, WI). (B) MEF were transfected with pEGFP-mCD63-C1-10 (chromosome 10, gene) (a to c) or with pEGFP-mCD63-C1-18
(chromosome 18, pseudogene) (d to f). Cells were costained against lysosome-associated membrane protein 1 (LAMP-1). The majority of CD63
is colocalizing with LAMP-2 in the lysosomal compartment, whereas the protein arising from the CD63 pseudogene is not localized to the
lysosomal compartment. This can be explained by the Y-to-H mutation in the C-terminal sorting motif of the protein. (a, d) Merged (green,
eGFP-CD63; red, LAMP-2); (b, e) eGFP-CD63; (c, g) LAMP-2. Scale bar 	 10 �m.
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lectin (Fig. 4D and E). Interestingly, standard aggregation con-
sistently showed slightly stronger responses of the CD63-defi-
cient platelets, which was seen as a reduced reversibility of
aggregation at low or intermediate agonist concentrations (Fig.

4C). However, this had no significant effect on adhesion and
thrombus formation on collagen under flow conditions (1,000
s�1), which were indistinguishable between wild-type and mu-
tant platelets (Fig. 4B). In addition, we saw no alteration of

FIG. 2. Targeted disruption of the CD63 gene on mouse chromosome 10. (A) Strategy for the inactivation of the CD63 gene by homologous
recombination in ES cells. (a) Partial structure of the genomic locus representing about 12 kb of the CD63 gene region. Coding exons are indicated by
light gray boxes, noncoding exons by black boxes, and flanking introns by solid lines. Probe A denotes a DNA probe used for Southern blot analysis. (b)
Targeting vector pBluescript KS-CD63-neo/TK, with about 7.4 kb homology to the CD63 gene locus. The neo cassette was inserted as an XbaI fragment
into an NheI restriction site at Val3 introduced in exon 2 by mutagenesis PCR. (c) Predicted CD63 gene locus after homologous recombination.
(B) Southern blot analysis of ES cell clones. Probe A was hybridized to BglII-, XbaI-, or NheI-digested genomic DNA from ES cell clones E32, E47, and
E31. Additional 3.4-kb, 7.2-kb, and 6.0-kb DNA fragments, respectively, indicate a targeted allele. (C) Northern blot analysis of kidney and MEF cells.
(D) RT-PCR analysis of CD63 expression. Total RNA was used for reverse transcription, followed by PCR amplification of the CD63 cDNA open
reading frame. A 712-bp fragment is amplified in CD63�/� and is absent in CD63-deficient MEF. (E) Western blot analysis of CD63 expression using
an antibody directed against a synthetic peptide from the second luminal loop E2 of mCD63. (a) Proteins in cell lysates derived from wild-type and
CD63-deficient mice were deglycosylated using PNGase F. (Upper) Deglycosylated CD63 molecules were detected in CD63�/� cells and absent in
CD63-deficient cells. PMN, polymorphonuclear leukocyte; M
, macrophage. (Lower) Coomassie staining of the membrane demonstrates equal protein
loads. (b) Glycosylation of CD63 impairs antibody binding, leading to more-unspecific binding in MEF cells.
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FeCl3-induced thrombus formation in mesenteric arterioles in
vivo (66), which occurred to the same extent and with the same
kinetics as those in wild-type controls (data not shown). These
results indicate that CD63 does not play a crucial role for
platelet production and their ability to form thrombi.

CD63�/� mice display inclusions in the principal cells of the
collecting duct in the kidney. A detailed morphological anal-
ysis of brain, liver, spleen, and lung tissues (Fig. 5A to H) did
not reveal abnormalities between CD63-deficient and wild-
type mice. Northern blot analysis indicated that the expression
of CD63 was strongest in the kidney (Fig. 2C and data not
shown). Interestingly, we observed in CD63 knockout mice an
accumulation of abnormal cytoplasmic inclusions in the prin-
cipal cells of the collecting duct (Fig. 5J and K), absent in
wild-type cells (Fig. 5I). Ultrastructurally, the inclusions were

membrane limited and contained concentrically lamellated
material (Fig. 5L).

CD63-deficient mice show remarkable water diuresis. The
morphological alterations in principal cells of the collecting
duct in CD63 knockout mice prompted a more detailed anal-
ysis of the kidney physiology. In comparison to wild-type ani-
mals, 1-year-old CD63 knockout mice showed a significant
increase in 24-h urine production (Fig. 6A), paralleled by a
respective increased in water uptake (Fig. 6B). The osmolality
of CD63�/� urine (Fig. 6C) and the urinary concentrations of
the main electrolytes, phosphate, and urea (Table 2) were
reduced by half compared to the levels for wild-type urine.
However, the overall 24-h excretions were not altered between
genotypes (Table 2). This indicates that diuresis is due to a
disturbance in water rather than in salt homeostasis. In addi-

FIG. 3. Immunocytochemical analysis of CD63-deficient MEF. CD63�/� and CD63�/� MEF were fixed with 4% paraformaldehyde-PBS and
immunostained against CD63 (green) and LAMP-2 (red) (A to F), cathepsin D (red) and LAMP-2 (green) (G to L), MPR-46 (M, N), and
MPR-300 (O, P). CD63 was readily detected in CD63�/� but not in CD63�/� MEF with the antiserum directed against native CD63. No other
differences in the amounts or intracellular distributions of the lysosomal marker proteins and mannose 6-phosphate receptors were detected. Scale
bar 	 10 �m. Blue indicates DAPI (4�,6-diamidino-2-phenylindole) staining of the nuclei.
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tion to the renal findings, the fecal droppings of CD63-defi-
cient mice were apparently bigger than those of wild-type an-
imals (Fig. 6D and F), likewise caused by a significantly higher
water content (Fig. 6G) and not by an increase in dry material.

DISCUSSION

Tetraspanins modulate diverse cellular activities, such as
adhesion strengthening, migration, signal transduction, and
proliferation (29). Their importance is underlined by the fact
that mutations in tetraspanin genes are responsible for several
human diseases causing mental retardation, retinal dystrophy,
deafness, and end stage hereditary nephropathy (37, 87). The
analysis of tetraspanin knockout mice revealed that the phe-
notype of individual tetraspanin-deficient mice is usually very
mild (e.g., references 23, 41, 48, 53, and 78), making it very
probable that certain tetraspanins act in concert. Despite the
suggested importance of CD63 for a variety of cellular mech-
anisms, most data concerning this protein were raised in vitro.
The generation and analysis of mice lacking this tetraspanin
will help in understanding the role of this protein in vivo.

Generation of CD63-null mice. The generation and subse-
quent characterization of CD63 knockout mice were hampered
by the fact that two independent gene loci for CD63 were

found in the mouse genome. Apart from the genuine CD63
locus on chromosome 10, a Cd63-related sequence (Cd63rs)
was found on chromosome 18, which lacks intron sequences
(25), suggesting a retroviral origin for this locus. Since such a
gene duplication was not detected in the genomes of monkeys
and rats, it appears to have evolved relatively late in evolution
(33). The lack of detectable promoter activity and the mutation
in the critical tyrosine-containing motif for adapter protein
3-dependent lysosomal targeting strongly suggest that Cd63rs
is both transcriptionally and functionally inactive. Deglycosy-
lation of protein extracts derived from different cell types al-
lowed the immunoblot detection of the CD63 polypeptide and
confirmed the complete absence of CD63 expression in ho-
mozygote-deficient mouse tissues. CD63 knockout mice are
fertile and viable without presenting an overt phenotype. This
is somehow surprising with respect to the ubiquitous expres-
sion of CD63 (72) and its postulated major functions in differ-
ent processes, such as �1 integrin-mediated cell adhesion, sig-
nal transduction in T cells and mast cells, and translocation of
the H� K� ATPase in the colon and stomach (12, 16, 45, 62).
The mild phenotype of the CD63�/� mice is in contrast to
previously characterized mice with deficiencies in other major
lysosomal membrane proteins, such as LAMP-2 (77) and
LIMP-2 (22). These mice often die early after birth and show

TABLE 1. Analysis of cells of the immune system of CD63�/� micea

Site Cell type Description
% of PI-low cellsb

CD63�/� CD63�/�

Bone marrow BLAST cells CD31high Ly6� Clow 3.8 � 0.5 4.1 � 1.0
Lymphoid progenitors CD31intermediate Ly6� Clow 27.2 � 1.4 24.9 � 3.6
Myeloid progenitors CD31pos Ly6� Cpos 5.7 � 0.8 6.7 � 0.6
Erythroid progenitors CD31low Ly6� Clow 5.1 � 0.4 5.1 � 1.1
Immature granulocytes CD11b� Gr1� 21.0 � 0.6 18.6 � 1.1
Mature granulocytes CD11b�� Gr1�� 41.8 � 1.6 45.5 � 5.0
NK cells CD49b� 2.0 � 0.2 1.9 � 0.2
Pro-pre-B cells B220� IgM� 10.7 � 0.9 9.4 � 1.7
Immature B cells B220� IgM� 5.5 � 0.4 4.7 � 1.2
Mature B cells B220�� IgM� 2.6 � 0.6 2.9 � 1.0
T cells CD3� 4.8 � 0.2 5.5 � 0.9

Spleen T cells CD3� 28.3 � 2.5 27.8 � 1.8
Helper T cells CD3� CD4� 16.7 � 0.6 16.6 � 1.0
Cytotoxic T cells CD3� CD8� 10.1 � 1.7 9.2 � 1.3
Activated helper T cells CD3� CD4� CD69� 6.0 � 0.9 6.1 � 0.7
Activated cytotoxic T cells CD3� CD8� CD69� 0.7 � 0.2 1.8 � 1.2
B cells B220� 60.5 � 2.5 56.6 � 2.7
Immature B cells B220� IgMhigh IgDlow 6.9 � 0.8 5.9 � 0.8
Mature B cells B220� IgMlow IgDhigh 48.3 � 2.6 42.7 � 4.7
NK cells CD49b� B220� 0.9 � 0.1 0.8 � 0.1

Lymph node T cells CD3� 43.3 � 3.1 52.0 � 2.0
Helper T cells CD3� CD4� 20.9 � 1.9 25.8 � 1.5
Cytotoxic T cells CD3� CD8� 16.3 � 2.3 18.7 � 1.8
Activated helper T cells CD3� CD4� CD69� 5.9 � 0.8 6.3 � 1.1
Activated cytotoxic T cells CD3� CD8� CD69� 2.7 � 0.4 2.6 � 0.5
B cells B220� IgM� 21.2 � 1.0 17.3 � 1.6
NK cells CD49b� B220� 1.4 � 0.1 2.3 � 0.8
Macrophages CD11b� Gr1� 8.2 � 1.0 9.2 � 2.8

a Numbers of different subsets of T cells, B cells, natural killer (NK) cells, granulocytes, and respective precursors were comparable between CD63�/� and CD63�/�

mice as assessed with the indicated markers by fluorescence-activated cell sorting analysis of 12-month-old littermates (n 	 6).
b Mean percentages � standard errors of the means are given for groups of six animals analyzed in two independent experiments. The total numbers of cells in the

bone marrow and spleen were not significantly different between CD63�/� and CD63�/� mice (for bone marrow, 3.54 � 107 � 0.44 � 107 for CD63�/� and 2.97 �
107 � 0.44 � 107 for CD63�/�; for spleen, 9.24 � 107 � 0.87 � 107 for CD63�/� and 10.40 � 107 � 3.13 � 107 for CD63�/�; and for lymph node, not determined).
PI, propidium iodide.
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multiple tissue pathologies. The common tissue expression of
the three tetraspanins CD63, CD9, and CD151 (72) suggests
that they also share some functions and that the individual
deficiency of one of these proteins may be well compensated
for by the other proteins.

Lysosomes are not affected when CD63 is missing. At steady
state, CD63 is mainly localized within the lysosomal membrane
(Fig. 1B and 3A to F). However, the lack of CD63 affected
neither the morphology or distribution of lysosomes nor their
functions, such as acidification, endocytosis, autophagy, and
the activities and expression of lysosomal hydrolases. The lack
of a lysosome-related phenotype suggests that the steady-state
localization of CD63 does not necessarily correlate with the
place where CD63 is needed. Indeed, CD63 can be translo-
cated to the plasma membrane, where it may be involved in
adhesion of granulocytes to endothelial cells (79).

Normal hematopoiesis and platelet function in CD63-null
mice. Due to the relatively high expression of CD63 in immune

cells, such as macrophages and neutrophil granulocytes, and
since a number of tetraspanin knockout mice displayed B- and
T-cell abnormalities (41, 48, 53, 78, 80, 81, 84), the numbers of
different populations of immune cells in the knockout mice
were systematically analyzed (Table 1). No differences between
the genotypes were noted, suggesting also here an efficient
compensation of CD63 deficiency, most likely through other
tetraspanins, like CD9. CD63 may be involved in the integrin-
dependent endocytosis and migration capacities of immature
dendritic cells (52, 83) but also be able to modulate major
histocompatibility complex class II transport to the cell surface
(83). Preliminary experiments using labeled ovalbumin did not
reveal differences in antigen processing in wild-type and CD63
knockout macrophages and dendritic cells (data not shown).

One of the major functions for CD63 was postulated in
the regulation of platelet activity (35). Antibody inhibition of
CD63 did not affect the adhesion of platelets on fibrinogen,
collagen, laminin, or fibronectin but resulted in an impaired

FIG. 4. Analysis of CD63�/� platelets. (A) CD63-deficient mice possess normal platelet numbers (n 	 9). MFI, mean fluorescence intensity;
wt, wild type. (B) CD63 is not essential for platelet adhesion to collagen under flow. Whole-blood samples from the indicated mice (n 	 15) were
perfused at wall shear rates of 1,000 s�1 (4 min) over a collagen-coated surface. The thrombus area, meaning the area covered with platelets, was
determined for phase-contrast images. Similar results have been obtained under low shear rates of 150 s�1 (10 min). (C) Heparinized platelet-rich
plasma samples from wild-type and CD63-deficient (ko) mice were stimulated with the indicated concentrations of ADP, U46619, CRP, or collagen
(coll.), and light transmission was recorded with a standard aggregometer. Representative results for each genotype are shown (n 	 3).
CD63-deficient platelets seem to respond more strongly to collagen or CRP. (D, E) Diluted whole-blood samples were stimulated with ADP (10
�M) � U46619 (U46; 1 �M), thrombin (0.02 U/ml, 0.002 U/ml, or 0.0002 U/ml), or CRP (5 �g/ml or 3 �g/ml) for 2 min each; subsequently
incubated with anti-activated GPIIbIIIa (D) or anti-P-selectin (E) for 10 min; and analyzed directly. Platelets were gated by forward-scatter/side-
scatter characteristics. No changes in activation were detected between wild-type and CD63-deficient platelets. rest., resting/unstimulated.
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spreading of platelets on a fibronectin-coated surface (35, 36).
In contrast, our in vitro and in vivo studies did not reveal major
abnormalities in CD63-deficient platelets, although a reduced
reversibility of aggregation that we cannot explain at present
was consistently observed. Possibly, CD63 acts as a negative
regulator of sustained signaling or prolonged integrin activa-
tion in these cells, but this effect is of limited importance under
conditions of flow ex vivo (Fig. 4B) or in the well-established
model of FeCl3-induced thrombus formation in vivo (not
shown) (66). The candidates for proteins which may compen-
sate for the loss of CD63 are the tetraspanins CD9 (36),
TSSC6, and CD151 (24, 84). These proteins have also been
shown to interact with �IIb�3 integrin dimers at the cell sur-
faces of platelets.

Kidney pathology and disturbed water balance in CD63-null
mice. Despite the fact that most of what is known about CD63
function is based on the hematopoietic system, the strongest
expression of CD63 was found in the kidney (data not shown)
(72). An obvious morphological abnormality seen in CD63
knockout mice was the accumulation of lamellar inclusions in
the principal cells of the collecting duct. Metabolic analysis of
these mice revealed that CD63 knockout mice displayed an
altered water balance, with a significantly increased water loss
via the kidney as well as via the gastrointestinal tract. For water
homeostasis, the kidney is the most relevant organ and is
acutely regulated by vasopressin (70). Vasopressin controls the

trafficking of the water channel aquaporin-2 (AQP-2) to the
luminal plasma membrane (71). Therefore, alterations in the
intracellular distribution of AQP-2 due to the lack of CD63
might be considered a reason for the overt water diuresis. First
experiments indicate that in the collecting duct of CD63
knockout mice, AQP-2 was still transported to the apical mem-
brane (data not shown). However, a partial reduction of
AQP-2 trafficking to the membrane could be responsible for
the polyuria and polydipsia observed in CD63 knockout mice.

Lamellar inclusion bodies similar to the ones observed in
our mice have been reported in the context of trafficking ab-
normalities. Rab proteins are small GTPases involved in vesi-
cle cycling. In the kidney inner medullary collecting duct, for
example, they are associated with AQP2-containing intracellu-
lar vesicles (4). Mice with mutations in Rab38 show an abnor-
mal lung phenotype, with a pronounced accumulation of la-
mellar bodies of increased size and number, in alveolar
epithelial cells (60). In these lamellar bodies, phosphatidylcho-
line and phospholipids were enriched. Cytoplasmic inclusions
as observed in CD63 knockout mice, hence, could represent
vesicular accumulation of membrane stacks.

With respect to CD63 and transport protein regulation, it
has been reported that overexpression of CD63 in Cos7 cells
led to an increased endocytosis of the gastric-type H� K�

ATPase (16), and knockdown of CD63 resulted in a higher
degree of surface expression of the colon type H� K� ATPase

FIG. 5. Histology of CD63�/� mice. (A to J) One-micrometer-thick semithin sections, stained with Toluidin blue. In cerebellar Purkinje cells
(A, B), the liver (C, D), splenic white pulp (E, F), and the lung (G, H), no morphological differences between CD63�/� (upper row) and CD63�/�

(lower row) mice can be seen. The dense inclusions seen in hepatocytes correspond to lipid droplets. (I, J) Kidney, outer medullary collecting ducts.
PC, principal cells; IC, intercalated cells. In the CD63�/� mouse (J), the PCs (arrowheads) show dense cytoplasmic inclusions, which are absent
from PC in the CD63�/� mouse (I). (K) Low electron-microscopic magnification showing PCs of a CD63�/� mouse with abnormal inclusions.
(L) At high resolution, the abnormal inclusions show a concentrically lamellar pattern. Scale bars 	 10 �m (A to D), 25 �m (E to H), 10 �m (I
and J), 3 �m (K), and 0.1 �m (L).
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(13). It is therefore conceivable that the functions of other
membrane proteins involved in epithelial electrolyte and water
transport might be affected by CD63 deficiency. As a candi-
date, the potassium channel ROMK1 (renal outer medullary
potassium channel), located in the luminal membranes of prin-
cipal cells of the collecting duct, has to be considered. It was
recently shown that CD63 in concert with the receptor-bound
protein tyrosine phosphatase a (RPTPa), a type 1 transmem-
brane protein (15), leads to an activation of c-Src and a sub-
sequent endocytosis and inactivation of ROMK1 (47).

Another tetraspanin, CD151, is associated with kidney func-

tion (37, 68). CD151-deficient mice, as well as patients with
nonsense mutations in CD151, display renal failure and mas-
sive proteinuria, with severe alterations of podocytes and glo-
merulosclerosis. Therefore, CD151 is the main tetraspanin as-
sociated with the laminin-binding integrins �3/�1, �6/�1, and
�7/�1, essential for anchorage of cells in the extracellular ma-
trix (11, 29, 74, 75). Unlike the situation seen in CD151 knock-
out mice (68), no glomerular or comparable tubular abnormal-
ities and no proteinuria were observed in CD63 knockout mice
(data not shown), suggesting that these two tetraspanins are
responsible for different functions in the kidney and are not
able to compensate for each other.

Conclusions. Despite the ubiquitous expression of CD63
and the many postulated functions of this tetraspanin, the
phenotype of mice lacking CD63 is a relatively mild one. This
supports the idea that, like other proteins of the tetraspanin
superfamily, CD63 needs partners to accomplish specific func-
tions. It may well be that under certain challenge conditions or
in specific pathological situations, the hidden roles of CD63
are uncovered. CD63-deficient mice will be very helpful in
addressing these specific questions.
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