
Proc. Natl. Acad. Sci. USA
Vol. 94, pp. 7400–7405, July 1997
Genetics

Tissue-specific knockout of the mouse Pig-a gene reveals
important roles for GPI-anchored proteins in skin development

MASAHITO TARUTANI*†, SATOSHI ITAMI*, MASARU OKABE‡, MASAHITO IKAWA‡, TADASHI TEZUKA§,
KUNIHIKO YOSHIKAWA*, TAROH KINOSHITA†, AND JUNJI TAKEDA†¶

†Departments of Immunoregulation and ‡Science for Laboratory Animal Experimentation, Research Institute for Microbial Diseases, Osaka University, 3–1
Yamadaoka, Suita, Osaka 565, Japan; *Department of Dermatology, Osaka University Medical School, 2–2 Yamadaoka, Suita, Osaka 565, Japan; and
§Department of Dermatology, Kinki University School of Medicine 377–2 Ohno-Higashi, Osaka-Sayama, Osaka 589, Japan

Communicated by Gottfried Schatz, University of Basel, Basel, Switzerland, May 5, 1997 (received for review March 17, 1997)

ABSTRACT Glycosylphosphatidylinositol (GPI)-an-
chored proteins are widely distributed on plasma membranes
of eukaryotes. More than 50 GPI-anchored proteins have been
shown to be spatiotemporally expressed in mice with a defi-
ciency of GPI-anchor biosynthesis that causes embryonic
lethality. Here, we examine the functional roles of GPI-
anchored proteins in mouse skin using the Cre-loxP recom-
bination system. We disrupted the Pig-a gene, an X-linked
gene essential for GPI-anchor biosynthesis, in skin. The
Cre-mediated Pig-a disruption occurred in skin at almost
100% efficiency in male mice bearing two identically orien-
tated loxP sites within the Pig-a gene. Expression of GPI-
anchored proteins was completely absent in the skin of these
mice. The skin of such mutants looked wrinkled and more
scaly than that of wild-type mice. Furthermore, histological
examination of mutant mice showed that the epidermal horny
layer was tightly packed and thickened. Electron microscopy
showed that the intercellular space was narrow and there were
many small vesicles embedded in the intercellular space that
were not observed in equivalent wild-type mouse skin prep-
arations. Mutant mice died within a few days after birth,
suggesting that Pig-a function is essential for proper skin
differentiation and maintenance.

The core of the glycosylphosphatidylinositol (GPI) anchor
consisting of phosphatidylinositol, glucosamine, three manno-
ses, and ethanolaminephosphate is synthesized in the endo-
plasmic reticulum and transferred to the C terminus of pre-
cursor proteins to form GPI-anchored proteins (1–3). All
GPI-anchored proteins share such a common, core GPI an-
chor. A lack of GPI-anchor biosynthesis, therefore, would
cause defective surface expression of many different GPI-
anchored proteins and, if caused by a germ line mutation, it
would result in lethality at an early development of mouse
embryos (4). Paroxysmal nocturnal hemoglobinuria (PNH), an
acquired human hematologic disorder, is characterized by
deficient expression of GPI-anchored proteins in hematopoi-
etic, but not nonhematopoietic, cells, suggesting that a somatic
mutation possibly occurs in a hematopoietic stem cell (5, 6).
The gene responsible for PNH is the X-linked gene PIG-A
(phosphatidylinositolglycan class A; refs. 7 and 8). Due to X
chromosomal inactivation, there is only one functional PIG-A
allele in somatic cells; therefore, one somatic mutation in
PIG-A would cause GPI-anchor deficiency (8). In contrast, all
other genes involved in GPI-anchor biosynthesis have been
mapped to autosomes, and, to date, there are no patients with
PNH whose GPI-anchor deficiency is caused by mutation in a
non-PIG-A gene (9, 10). No inherited human diseases caused

by a GPI-anchor deficiency have been reported, probably
because a deficiency of all GPI-anchored proteins would cause
early embryonic lethality as seen in the mouse.

To circumvent the early embryonic lethality as well as allow
the analysis of later functional roles of GPI-anchored proteins
during development and maintenance of individual tissue, we
utilized the Cre-loxP recombination system for the introduc-
tion of a spatiotemporal gene ablation. The system generally
requires cross-mating of two lines of genetically manipulated
mice. One line of mice carries alleles with a gene of interest
f lanked by two identically orientated loxP sites. The other line
contains a Cre transgene in which the expression of Cre is
controlled by a defined promoter. Recombination between the
two loxP sites in the mated mice results in the catalysis of a
deletion of the region flanked by the loxP sites; this is
dependent on Cre transgene expression.

In this study we analyzed functional roles of GPI-anchored
proteins in skin development because several GPI-anchored
proteins are known to be expressed in skin. To achieve a
skin-specific Pig-a (a mouse homologue of PIG-A) disruption,
two mouse lines were generated. In one, the Pig-af lox line, loxP
sites were inserted 59 and 39 of exon 6 of the Pig-a gene. The
second line, the keratin 5-Cre (K5Cre) transgenic mice, 14 kb
of the keratin 5 promoter was placed upstream of the Cre gene.
Because the keratin 5 promoter directs gene expression in
basal cells of the skin, Pig-a disruption may occur both in basal
cells and progeny of basal cells in offspring between matings
of Pig-af lox and K5Cre. The basal cell is thought to be a stem
cell in skin; therefore, all skin cells would be expected to be
GPI-anchor negative if the Cre-loxP system is working effi-
ciently.

MATERIALS AND METHODS

Construction of Targeting Vectors. To generate the Pig-a
targeting construct, an SalI and blunted SpeI fragment from
the mouse genomic Pig-a locus derived from phage clone K1
(11) was inserted into the SalI–SmaI sites of pL2neo (12) after
the deletion of the PstI fragment (pPigK1). A blunted XbaI–
SalI fragment containing the neomycin resistance gene from
pL2neo and an 800-bp PCR fragment derived from down-
stream of the 39 EcoRI site (Fig. 1A) were inserted at the
EcoRV and SmaI sites of pBluescript II, respectively (pPig-
neo). An NotI and blunted SalI fragment from pPigneo was
inserted into the NotI and blunted EcoRI site of the plasmid
containing exon 6 of the genomic Pig-a locus from phage clone
K2 (pPigneoK2). A BamHI–XhoI fragment of pPigK1 and
SalI–NotI fragment of pPigneoK2 were cloned into the NotI–
BamHI site of pBluescript II by triple ligation. PGK-TK from
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pPNT was then inserted upstream of exon 3 of the genomic
Pig-a locus (Fig. 1 A).

Generation and Identification of Targeted Embryonic Stem
(ES) Clones. R1 ES cells (1 3 107) (kindly provided by A.
Nagy, Mount Sinai Hospital, Toronto) in 0.8 ml of plain
DMEM were transfected with 25 mg of NotI-linearized tar-
geting vector using a Bio-Rad Gene Pulser (set at 210 V and
500 mF). Positive selection with 150 mgyml of G418 and
negative selection with 2 mM of gancyclovir were started from
the following day and fourth day after the electroporation,
respectively. One week after the electroporation, colonies
were picked and analyzed by PCR to detect homologous
recombinant clones. PCR was performed with 35 cycles of a
reaction consisting of 1 min of denaturation at 93°C, 1 min of
annealing at 55°C, and 2 min of elongation at 72°C using two
primers, 59-GGATTTATTAAAATGCCTTACAGG in the
downstream region of exon 6 of the Pig-a gene, and 59-
GGGTTATTGAATATGATCGGAATT in the upstream of
the Neo resistance gene. PCR was carried out in the following
mixture with a final volume of 50 ml: 30 mM tricine, pH 8.4y2
mM MgCl2y5 mM 2-mercaptoethanoly0.01% gelatiny0.01%
Triton X-100y2.5 mM of each dNTPy1 mM of each primery2
units of Taq DNA polymerase.

K5 Promoter Activity and Generation of K5 Cre Transgenic
Mice. A 14-kb fragment of the K5 promoter was cloned from

a human genomic library in phage lFix II. A 0.9-kb blunted
SpeI–BamHI fragment was inserted into the SmaI site of
pGL3-Basic Vector (Promega), and a 14-kb blunted SpeI and
KpnI fragment of K5 promoter was inserted into SmaI and
KpnI sites of the pGL3-Basic Vector (Fig. 2A). Fifteen micro-
grams of these plasmids was electroporated into a mouse
keratinocyte cell line (PAM 212) (14) and fibroblasts (NIH
3T3) in DMEM with 10% fetal calf serum using a Bio-Rad
gene pulser (950 mF and 250 V). After 2 days luciferase activity
was measured using a luminescence reader (Aloka, Mitaka,
Tokyo). Promoter activities were compared with pGL3 Con-
trol Vector (Promega). Luciferase activities are indicated as
arbitrary units. A Cre cDNA with the nuclear localizing signal
was cloned into pBluescript (pBSCre). An NotI and blunted
BamHI fragment of pUC1017CreK (a gift from J. Marth,
University of California at San Diego, La Jolla) that contained
human growth hormone poly(A) was inserted into the NotI
and blunted HindIII sites of pBSCre (pBSCreA). An SpeI–SalI
fragment of the K5 promoter was subcloned into SpeI–SalI
sites of pBluescript II (pBSK5). An NotI and blunted XhoI
fragment of pBSCreA was inserted into the NotI and blunted
SpeI sites of pBSK5. This plasmid was linealized with KpnI–
NotI and injected into fertilized eggs after purification by
DE81 paper. Fertilized eggs collected from the oviducts of
B6C3F1 females mated with B6C3F1 males were injected

FIG. 1. Targeted insertion of loxP sites into the Pig-a gene. (A) Part of the wild-type Pig-a locus showing the positions of exons 3–6, the targeting
construct, and Pig-a allele containing the introduced loxP sites are shown. Solid and open boxes indicate the coding and noncoding exons,
respectively. Restriction sites for BamHI (B) and EcoRI (E) are indicated. (B) Cre-mediated disappearance of GPI-anchored proteins on the surface
of ES cells containing the loxP sites in the Pig-a gene. The plasmid pMC-Cre (13) with hygr was transfected into clone 58. The surface expression
of heat-stable antigens (HSAg) was examined before and after selection with 150 mgyml of hygromycin B for 7 days. Five of the 12 clones lost surface
GPI-anchored proteins after selection. A representative clone that lost GPI-anchored proteins is shown. (C) Southern hybridization of the DNA
from the germ-line-transmitted and control mice. Genomic DNA was obtained from tails and digested with BamHI. The 3.5- and 2.0-kb fragments
represent targeted and endogenous alleles, respectively.
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according to standard procedures, and two founder mice were
born. Founder mice and their littermates were screened by
PCR. PCR was performed with genomic DNA from mouse tail
templates under the following conditions: a 59-specific primer
(primer Kr1) of K5 promoter (59-ATGCCAATGCCCCCT-
CAGTTCCT), and a 39-specific primer (primer Kr2) of K5
promoter (59-TGCCCCTTTTTATCCCTTCCAGA) with 35
cycles of a reaction consisting of 1 min of denaturation at 93°C,
1 min of annealing at 57°C, and 2 min of elongation at 72°C.

PCR Analysis of Tissue-Specific Disruption of the Pig-a
Gene. PCR was performed with genomic DNA (200 ng) from
various tissues as templates under the following conditions: a
59-specific primer (primer 1) upstream to 59 site in the intron
5 (59-ACCTCCAAAGACTGAGCTGTTG), a 39-specific
primer (primer 2) just downstream of 59 loxP site in intron 5
(59-CCTGCCTTAGTCTTCCCAGTAC), and a 39-specific
primer downstream of Pig-a gene (59-TGTGGGTTTCAGT-
TCATTTCAGA) with 28 cycles of a reaction consisting of 1
min of denaturation at 93°C, 1 min of annealing at 65°C, and
2 min of elongation at 72°C. To separate keratinocytes from
fibroblasts, skin from newborn mice was incubated in 0.25%
trypsin in PBS at 4°C overnight.

Flow Cytometric Analysis of Keratinocytes. Skin was re-
moved from newborn mice and incubated in 0.25% trypsin in
PBS at 4°C overnight to separate keratinocytes from fibro-
blasts. Flow cytometric analysis was performed by using anti-
HSAg as described previously (4).

Histological and Electron Microscopic Analysis. Skin was
fixed in 10% neutral formaldehyde solution and embedded in
paraffin. Sections were cut at 2 mm and stained with hema-
toxylin-eosin. For electron microscopy, mouse skin was minced
into 1-mm cubes and fixed immediately in 5.0% glutaralde-
hydey0.2 M sodium acetateylead nitrate, and examined under
a H-7100 electron microscope.

RESULTS AND DISCUSSION

Generation of ES Cells with a Defined Deletion at the Pig-a
Locus and Generation of Chimeric Mice. To avoid early
embryonic lethality and determine the functions of GPI-
anchored proteins in individual tissues or organs, we utilized
the Cre-loxP system (15) for the disruption of the Pig-a gene.
The Cre-loxP system is a bipartite system requiring a Cre-
expressing mouse line and a target mouse line for Cre in which
loxP sites are inserted into or flank a target gene. Our target
was the X-linked Pig-a gene, the mouse homologue of human
PIG-A (11). To generate a targeting construct, one loxP site
was inserted into intron 5 of the gene, and two additional loxP
sites flanking the neomycin resistance gene (Neo) were placed
downstream of the Pig-a gene (Fig. 1 A). Concomitant with
expression of the Cre recombinase, exon 6 of Pig-a together
with Neo are expected to be deleted. The targeting construct
was transfected into R1 ES cells. We screened 296 colonies,
and 12 PCR-positive clones were identified after G418 and
gancyclovir selection. Ten of these PCR-positive clones did not
retain the 59 loxP site located within intron 5 (Fig. 1 A). One
of the clones bearing a 59 loxP site (clone 58) had the correctly
altered Pig-a locus as judged by Southern blot analysis (data
not shown).

We first tested whether these loxP sites are recognized by the
Cre recombinase. This was achieved by transfecting a Cre-
encoding plasmid DNA (pMC-HygCre) into clone 58, Pig-
af loxES cells. Because Pig-a is on the X chromosome and R1 ES
cells are of male origin, expression of GPI-anchored proteins
on the Pig-af loxES cell surface should become deficient if the
loxP sites are recognized and a recombination event is medi-
ated by the Cre recombinase. The insertion of loxP sites and the
Neo gene per se did not affect the expression of GPI-anchored
proteins examined in the Pig-af loxES cells prior to the intro-
duction of the Cre protein (data not shown). As shown in Fig.

1B, the surface expression of heat-stable antigen, a GPI-
anchored protein, on Pig-af loxES cells disappeared after pMC-
HygCre transfection and selection in hygromycin. This sug-
gests that the loxP sites were indeed recognized in the Pig-
af loxES cells. Chimeric mice were generated from Pig-af loxES
cells, and germ-line-transmitted mice were then obtained
(Pig-af lox). Genomic DNAs from these mice were analyzed by
Southern blot analysis (Fig. 1C). Because the Pig-a gene is
localized on X chromosome, a male mouse bearing a loxP site
had only targeted Pig-a locus (Fig. 1C).

Generation of Skin-Specific Cre Transgenic Mice. In this
study, the Cre protein was expressed in the basal cells of the
skin, and, consequently, the Pig-a gene was disrupted at this
site. Because the basal cells differentiate to the spinous cells,
the disruption of the Pig-a gene would cause a complete
deficiency of GPI-anchored proteins in the epidermis. Such a
skin-specific disruption was accomplished by constructing Cre
transgenes driven by the keratin 5 (K5) promoter. The function
and specificity of the promoter was confirmed by transfection
of the Cre construct into a mouse keratinocyte cell line (PAM
212) (14) and into fibroblasts (NIH 3T3). The 14-kb fragment
conferred high luciferase activity in PAM 212, but not in NIH

FIG. 2. Creation of the K5Cre transgenic lines. (A) K5 promoter
activity in cultured cell lines. The construct in which the luciferase gene
was placed under the control of the K5 promoter (Upper) was
transfected into a keratinocyte cell line (PAM 212) and a fibroblast
line (NIH 3T3). The control vector in which the luciferase gene was
driven by an simian virus 40 early promoter and its enhancer was also
transfected into these cell lines. The luciferase activities were mea-
sured and are indicated as arbitrary units (Lower). (B) Structure of the
K5Cre transgene. A 14-kb fragment of human K5 promoter used to
control the expression of Cre transgene and the nuclear localizing
signal was added at 59 of Cre gene.
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3T3 cells (Fig. 2A). Cre transgenic mice were then produced
using this 14-kb K5 promoter (K5Cre; Fig. 2B).

Generation of Skin-Specific Pig-a Knockout Mice. Pig-af lox

female (both Pig-a alleles contain loxP) and K5Cre male mice
were mated to analyze the function of GPI-anchored proteins
in the skin. First, disruption of the Pig-a gene in various tissues
of the Cre-positive male offspring (K5Cre:Pig-af lox) was as-
sessed by specific PCR, as shown in Fig. 3A, using three
primers. The 59 primer (primer 1) binds to genomic DNA
regardless of the disruption of Pig-a gene (Fig. 3A). Primer 2
binds to the targeted, but not to the disrupted, configuration.
Although primer 3 binds to both, it works only on the disrupted
configuration, because the distance between primers 1 and 3
is relatively large ('5 kb) in the targeted configuration. The
Pig-a disruption occurred exclusively in epidermis at almost
100% efficiency because the band indicative of the targeted
configuration completely disappeared, and that of disruptant
emerged (Fig. 3A). Some disruptions were also observed in the
esophagus and stomach, suggesting that the K5 promoter was
also active in these tissues, which is consistent with previous
reports that the K5 gene is expressed not only in epidermis, but
also in the esophagus and stomach (16, 17). As expected, the
expression of GPI-anchored proteins was completely deficient
in K5Cre:Pig-af lox male epidermis (Fig. 3B). In contrast, half of
the epidermal cells from K5Cre:Pig-af loxyW female mice (only
one Pig-a allele contained loxP) expressed GPI-anchored
proteins due to the random inactivation of X chromosomes
(data not shown). Although 27 out of 37 K5Cre:Pig-af lox male
mice died at 1–3 days after birth, the remaining 10 mice
survived. We examined the disruption of Pig-a gene in the

epidermis in the surviving mice and found that the expected
disruption had not occurred in epidermis (data not shown).
This fact suggests that Cre expression in the surviving mice was
not high enough to recognize loxP sites and disrupt Pig-a gene.

Analysis of Skin-Specific Pig-a Knockout Mice. The appear-
ance of the mice was compared with that of wild-type mice in
Fig. 4A. The skin of K5Cre:Pig-af lox male mice looked wrinkled
and more scaly than that of wild-type counterparts. Most
K5Cre:Pig-af loxyW female mice survived, but scaly skin ap-
peared in these mice at about 4 days after birth (data not
shown). Histological examination of the K5Cre:Pig-af lox male
mice showed that the epidermal horny layer (H) was tightly
packed and thickened (Fig. 4B). There was no significant
difference in the granular (G), spinous (Sp), and basal (B)
layers of the epidermis compared with those of the wild-type
mice (Fig. 4B). Immunohistochemical examination with anti-
filaggrin and anti-loricrin antibodies demonstrated that the
staining profiles of the granular cells did not differ between
K5Cre:Pig-af lox male mice and wild-type counterparts (data
not shown). The structure of the hair follicles was also normal
(Fig. 4B). The epithelial cells from esophagus and stomach of
K5Cre:Pig-af lox male mice where the Pig-a gene was partially
disrupted were examined. We did not find any changes in these
tissues, suggesting that the primary reason for the lethality
would be a defect in the skin (data not shown). K5Cre:Pig-
af loxyW female mice exhibited only slight acanthosis compared
with wild-type mice (data not shown). Fig. 4C shows electron
microscopic examination of the horny layer. In wild-type mice
it comprises amorphous cornified cells consisting mainly of
protein components such as keratin and cystatin and an

FIG. 3. Tissue-specific disruption of the Pig-a gene and deficient expression of GPI-anchored proteins in Cre:Pig-af lox male mice. (A)
Tissue-specific disruption of the Pig-a gene in Cre:Pig-af lox male mice. To estimate the efficiency of Pig-a disruption, allele-specific PCR was
performed using the three primers shown on the right. Size markers are included. (B) Deficient expression of a GPI-anchored protein, heat-stable
antigen (HSAg), in keratinocytes. Epidermis from 1-day-old mice was separated from dermis by trypsin, and then individual cells were obtained.
The surface expression of HSAg was examined.
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intercellular space where lipid components such as ceramide
and cholesterol are packed and then extracted by organic
solvents during sample preparation for electron microscopy. In
K5Cre:Pig-af lox male mice, the intercellular space was narrow
and there were many small vesicles embedded in an amorphous
substance that was not seen in wild-type mice (Fig. 4C). These
results suggest that lipid components in lamellar granules
either are not secreted into the extracellular space or secreted
but inefficiently rearranged in the intercellular space, thereby
perturbing normal development in the epidermis of the
K5Cre:Pig-af lox male mouse. The lipid rearrangement after the
secretion from lamellar granules is important for the epider-
mal barrier formation (18). A lack of lipid components in the
intercellular space may cause a severe water loss through the
epidermis and lead to neonatal lethality in mice. It is known
that the apical sorting of GPI-anchored proteins in polarized
cells is blocked by an inhibitor of ceramide biosynthesis,
suggesting that GPI-anchored proteins and ceramide in vesi-
cles are cotransported from the Golgi apparatus to the apical
plasma membrane (19). Due to a lack of GPI-anchored
proteins in the Cre:Pig-af lox male epidermis, the transport of
ceramide, which is the main component of the lamellar gran-
ules, to the plasma membrane would be blocked, thereby
impairing the release of lipid components to the extracellular
space. A similar phenotype with an abnormal horny layer has
been described as type I harlequin ichthyosis (20). Because
mice carrying a complete disruption of the X-linked Pig-a gene
exhibit deficient expression of all GPI-anchored proteins on
the cell surface, leading to lethality at an early embryonic
stage, the function of GPI-anchored proteins could not be
analyzed at later developmental stages in such animals.

This study demonstrates that a conditional knockout utiliz-
ing the Cre-loxP system permitted analysis of the function of
GPI-anchored proteins in specific tissues. It was shown that a
cell-type-specific gene targeting using the Cre-loxP system
could be a potential tool for analyzing the tissue-specific

function of a gene of interest, especially when a null mutation
of that gene in the germ line causes lethality at an early
embryonic stage (15, 21). The present study demonstrates that
the Cre-loxP strategy works in vivo for disclosing specific
function(s) of a gene of interest. The disruption of the Pig-a
gene was almost complete and exclusively confined to skin
judged by allele-specific PCRs and the analysis of the expres-
sion of GPI-anchored proteins in the epidermis. This tissue-
specific knockout of the Pig-a gene has clarified that GPI-
anchored proteins are involved in lipid (ceramide) transport
into extracellular space of the horny layer of the epidermis,
although it is not known whether this finding is a direct or
indirect consequence of the Pig-a gene knockout. A line of
study as that taken here could facilitate the functional analysis
of GPI-anchored proteins in many other tissues when tissue-
specific Cre transgenics are available.
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