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Abstract

Paroxysmal nocturnal hemoglobinuria (PNH) develops in
patients who have had a somatic mutation in the X-linked
PIG-A gene in a hematopoietic stem cell; as a result, a pro-
portion of blood cells are deficient in all glycosyl phosphati-
dylinositol (GPI)-anchored proteins. Although the PIG-A
mutation explains the phenotype of PNH cells, the mecha-
nism enabling the PNH stem cell to expand is not clear. To
examine this growth behavior, and to investigate the role of
GPI-linked proteins in hematopoietic differentiation, we
have inactivated the pig-a gene by homologous recombina-
tion in mouse embryonic stem (ES) cells. In mouse chimeras,
pig-a— ES cells were able to contribute to hematopoiesis
and to differentiate into mature red cells, granulocytes, and
lymphocytes with the PNH phenotype. The proportion of
PNH red cells was substantial in the fetus, but decreased
rapidly after birth. Likewise, PNH granulocytes could only
be demonstrated in the young mouse. In contrast, the per-
centage of lymphocytes deficient in GPI-linked proteins
was more stable. In vitro, pig-a— ES cells were able to form
pig-a— embryoid bodies and to undergo hematopoietic
(erythroid and myeloid) differentiation. The number and
the percentage of pig-a— embryoid bodies with hematopoie-
tic differentiation, however, were significantly lower when
compared with wild-type embryoid bodies. Our findings
demonstrate that murine ES cells with a nonfunctional pig-a
gene are competent for hematopoiesis, and give rise to blood
cells with the PNH phenotype. pig-a inactivation on its own,
however, does not confer a proliferative advantage to the
hematopoietic stem cell. This provides direct evidence for
the notion that some additional factor(s) are needed for the
expansion of the mutant clone in patients with PNH. (J.
Clin. Invest. 1997. 100:1028-1036.) Key words: embryoid
bodies « ES cells « knockout « GPI « hemoglobinuria
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Introduction

Paroxysmal nocturnal hemoglobinuria (PNH)! is an acquired
hemolytic anemia characterized by chronic intravascular he-
molysis, cytopenia due to bone marrow failure, and a tendency
to thrombosis (1). Patients with PNH have a somatic mutation
in the X-linked gene PIG-A (glycosyl phosphatidylinositol
complementation group A) (2, 3), which encodes a protein re-
quired for the biosynthesis of glycosyl phosphatidylinositol
(GPI) molecules, that serve as membrane anchors for many
different cell surface proteins (4, 5). Specifically, this protein is
required for the transfer of N-acetyl-glucosamine to phos-
phatidylinositol to form N-acetyl glucosaminyl phosphatidyli-
nositol (6). Stretches of sequence homology to a bacterial
N-acetyl glucosaminyl transferase suggest that PIG-A is part
of the a-1,6,N-acetyl glucosaminyl phosphatidylinositol trans-
ferase enzyme complex (7, 8). In all patients analyzed, the mu-
tation leads to a partial or total deficiency of the PIG-A pro-
tein with consequent impaired synthesis of GPI anchors (5, 9,
10). This mutation must have occurred in an early hematopoie-
tic stem cell, because multiple blood cell lineages are involved.
This explains why in patients with PNH, a proportion of blood
cells is deficient in all proteins that are GPI-anchored (PNH
phenotype). In virtually all patients, blood cells with the PNH
phenotype coexist with phenotypically normal blood cells. The
severity of the clinical picture correlates broadly with the size
of the PNH clone and with the degree of deficiency in GPI-
linked proteins; specifically, the intensity of the hemolysis re-
flects the number of red cells deficient in CD59 and CD55, and
the degree of deficiency in these two proteins (11).

On the other hand, the PIG-A mutation does not explain
the growth behavior of the PNH clone. Indeed, it is rather sur-
prising that, despite its inability to express GPI-linked pro-
teins, the PNH hematopoietic stem cell expands and produces
a prominent distinct population of blood cells that may con-
tribute substantially to the patient’s hematopoiesis. The clone
can contribute to all blood cell lineages, indicating that cells
belonging to the PNH clone are able to differentiate into ma-
ture red cells, granulocytes, monocytes, lymphocytes, and plate-
lets (12).

Early clinical observations that PNH may evolve from or to
aplastic anemia, and that bone marrow failure is commonly as-
sociated with PNH (13, 14), led to the hypothesis that the ab-
sence of GPI-linked proteins paradoxically provides the PNH
clone with a growth or a survival advantage in a background

1. Abbreviations used in this paper: 23-ME, 2B-mercaptoethanol;
d.p.c., days postcoitum; EB, embryoid body; ES cells, embryonic stem
cells; FACS, flow cytometric analysis; GPI, glycosyl phosphatidyli-
nositol; IMDM, Iscove modified Dulbecco’s medium; IRES, internal
ribosomal reentry site; Pig-A, glycosyl phosphatidylinositol comple-
mentation group A; PNH, paroxysmal nocturnal hemoglobinuria;
rhEpo, recombinant human erythropoietin; rmSCF, recombinant mu-
rine stem cell factor.



that impairs normal hematopoiesis (15, 16). This hypothesis
was further supported by the more recent finding that in many
patients, more than one PNH clone coexist (17).

To further investigate this hypothesis by a direct study of
hematopoietic stem cell growth and differentiation in the ab-
sence of a functional pig-a gene, we have inactivated the pig-a
gene in mouse embryonic stem cells (ES cells), and then ana-
lyzed hematopoiesis in chimeric mice in vivo and in embryoid
bodies (EBs) in vitro. We found that pig-a— ES cells can un-
dergo full hematopoietic differentiation and mature into red
cells, granulocytes, and lymphocytes. Neither in vivo nor in
vitro inactivation of the pig-a gene, however, provides the he-
matopoietic stem cell with a growth advantage. These findings
demonstrate for the first time cell-autonomous hematopoiesis
by pig-a— cells; they also show that a pig-a mutation alone is
not enough to cause PNH, thus providing further support to
the notion that an additional environmental factor is required.

Methods

ES cell line culture. The 129 Sv-derived CJ7 ES cell line (18) was
maintained in an undifferentiated state by culturing on a monolayer
of mytomycin-treated primary embryonic fibroblasts in the presence
of 1,000 U/ml of leukemia inhibitory factor (GIBCO, BRL, Gaithers-
burg, MD) as described (19). Subconfluent plates were passed every
2-3 d by gentle trypsinization with 0.125% Trypsin/0.01% EDTA
(GIBCO BRL) for 5 min at 37°C.

Targeted disruption of the pig-a gene in ES cells. PCR primers
specific for the human exon 2 (upstream primer: 5 GTACAT-
ATTTGTTCGGGA 3'; reverse primer: 5" CTTTCTGTAAACAA-
GTCTG 3') were used to amplify the homologous 400-bp fragment
from mouse genomic DNA. The amplified fragment was used to
screen a mouse 129 Sv genomic library (129SVJ; Stratagene Inc., La
Jolla, CA) at high stringency (20). Out of 10° recombinant phages,
eight overlapping phages were isolated. The isolated 25-kb genomic
region covered the entire pig-a gene (21). Restriction sites relevant
for the cloning procedure were determined (see Fig. 1).

Two different targeting vectors were constructed (vector 1 and
vector 2) (Fig. 1): for vector 1, a 10.5-kb NotI-Xhol fragment of ge-
nomic DNA encompassing exon 2-5 and 2.4 kb of intron 2 was sub-
cloned into the Bluescript vector SK (Stratagene Inc.). The 1.92-kb
Ncol-EcoRI fragment encompassing 320 bp of the 3’ end of pig-a
exon 2 and 1.6 kb of intron 2 was replaced with the Xhol-BamHI in-
sert from the pMClneoPolyA (Stratagene Inc.) vector by the use of
Becll linkers at the Ncol site. A three-piece ligation joined the 4.1-kb
NotI-Xhol fragment containing neoPolyA, the 4.3-kb EcoRI (changed
to Xhol by the use of linkers)-Xbal fragment, containing the rest of
intron 2 and exons 3, 4, and 5, with the 5.6 kb of PyTK vector cut with
Xbal-Notl, which contains the herpes simplex virus thymidine kinase
gene under the control of a mutated polyoma enhancer (see Fig. 1).

Vector 2 is similar to vector 1, but contains instead of the neo-
PolyA, a NEO-IRES-LacF cassette (see Fig. 1). The NEO-IRES-LacF
cassette contains the neo gene under the control of the thymidine ki-
nase promoter of pMClneo (Stratagene Inc.). The BamHI-Ncol frag-
ment of the internal ribosomal reentry site (IRES) from encepha-
lomyocarditis virus (provided by M. Sadelain, Memorial Sloan Kettering
Cancer Center, NY), and the Ncol-BglII fragment of pnLacF-pucl8
(obtained from A. Kottmann, Columbia University, NY) encoding
the bacterial B-galactosidase with a nuclear localization signal de-
rived from SV40 were inserted into the BamHI site of pMClneo. The
NEO-IRES-LacF cassette was linked to the Ncol site of pig-a exon 2
by the use of Bcll linkers. The following cloning steps were identical
to the cloning steps described for vector 1.

To introduce the targeting vectors into the endogenous gene, 40
ng of vector 1 or 2 were linearized at the Sall or NotI site, respec-
tively, and electroporated into 2 X 107 CJ7 ES cells in a volume of 0.9

ml at 240 V and 560 wFD by the use of a Bio-Rad Gene pulser (Bio-
Rad Laboratories, Richmond, CA). After 24 h of culture, the me-
dium was supplemented with 400 wg/ml G418 (Geneticin; Sigma
Chemical Co., St. Louis, MO) and 2 uM Gancyclovir (Cytovene®;
Syntex Inc., Palo Alto, CA). Double selection was carried out for 6 d.
400 ES cell clones from each electroporation were isolated. Individ-
ual clones were expanded, and genomic DNA was prepared as de-
scribed (22). Homologous recombination in the pig-a locus in double-
resistant ES cell clones was assessed by Southern blot analysis (20).
Two probes outside the region of homology (5" and 3’ probe) and one
internal probe (neo probe) were used to assess homologous recombi-
nation (see Fig. 1).

Generation of pig-a negative chimeric mice. Seven different ho-
mologous recombined ES cell clones, showing normal 40 XY karyo-
type (23) (clone 86, 91, 97, 108, 185, and 2A8), were used for the pro-
duction of chimeric mice. 5-10 pig-a— ES cells were injected into
C57BL/6]J blastocysts obtained from females 3.5 d postcoitum (d.p.c.).
After injection, blastocysts were transferred into pseudopregnant
(CBA X C57BL/6J)f1 mice. Coat chimerism (% of agouti coat color)
was estimated at the age of 2 wk. All animal procedures were in com-
pliance with the NIH Guide for the Care and Use of Laboratory
Animals.

Flow cytometric analysis (FACS). Contribution of pig-a— ES
cells to hematopoiesis in chimeric mice was assessed by FACS analy-
sis of peripheral blood using FITC-conjugated antibodies towards
GPI-linked surface antigens: CD24 (heat stable antigen) for red
blood cells, Gr-1 for granulocytes, and CD48 for lymphocytes. Lin-
eage specificity was determined using phycoerythrin-conjugated anti-
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Figure 1. Targeted disruption of the pig-a gene. A partial restriction
map of the pig-a gene is shown (top). Underneath are displayed the
two replacement vectors (vector 1 and vector 2) in linear forms. The
predicted structure of the targeted allele for each vector is shown be-
neath the respective targeting construct. pig-a exons are indicated by
boxes. Black boxes represent coding, and gray boxes noncoding se-
quences. Genomic fragments (5’ and 3’ probe) were used to assess
homologous recombination of Southern blots. The thymidine kinase
(HSVtk) and the neomycin (NeoA) gene or NEO-IRES-LacF cas-
settes (empty boxes) were inserted in reverse orientation with respect
to the pig-a gene. H3, HindIII; RI, EcoRI; B, BamHI; Xh, Xhol; Xb,
Xbal; N, Ncol; S, Sall; NI, Notl; RV, EcoRV; BSK, Bluescript vector
KS II+.
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CD22 and anti-B220 antibodies for B-lymphocytes, anti-TCRaf and
anti-CD3 for T lymphocytes, and anti-CD11b for granulocytes. FITC-
or PE-labeled isotypic control antibodies were used as a control. All
the antibodies were purchased from PharMingen, San Diego, CA. 1-2
wl of blood was used for the immunostaining of red cells, 25 pl for the
staining of white cells. For the analysis of fetal blood, the fetuses were
obtained by cesarean section; after careful washing in PBS, blood was
obtained from the umbilical cord and from cervical vessels.

Blood cell count. Blood samples were obtained by puncture of
the retroorbital plexus of anesthetized mice using heparinized capil-
lary tubes. Red blood cell count, white blood cell count, hemoglobin,
mean red cell volume, hematocrit, and platelet count were deter-
mined by the use of an automated blood cell counter.

Fetal liver hematopoietic progenitor assay. Single-cell suspensions
from livers from day 14 chimeric fetuses were obtained as previously
described (24). 2 X 10* fetal liver cells were plated in 30-mm Petri
dishes in a 1-ml aliquot of Iscove modified Dulbecco’s medium
(IMDM; GIBCO BRL) supplemented with 30% FBS (HyClone, Lo-
gan, UT), 5 X 107> M 2@-mercaptoethanol (23-ME; Sigma Chemical
Co.), 3 IU recombinant human erythropoietin (rhEpo, Procrit; Ortho
Diagnostic Systems, Inc., Raritan, NJ), 20 ng recombinant murine
stem cell factor (rmSCF; Genzyme Corp., Cambridge, MA), 20 ng re-
combinant murine interleukin 3 (Genzyme Corp.) and 0.9% (wt/vol)
methylcellulose (Stem Cell Technologies Inc., Vancouver, BC). Each
assay was performed in duplicate. After incubation of 7 d at 37°C, 5%
CO,, the number of hematopoietic colonies was scored under an in-
verted microscope.

In vitro differentiation of ES cells; primary culture for the embry-
oid body formation and hematopoietic differentiation. EB formation
was obtained using the methylcellulose assay described by Wiles and
Keller (25) with minor modifications. Single-cell suspension was ob-
tained from subconfluent and undifferentiated ES cells using 0.25%
Trypsin with 1 mM Na,EDTA (GIBCO BRL); feeder cells were re-
moved by trituration through a fine-bore Pasteur pipette followed by
adherence to plastic for 1 h at 37°C. ES cells were then plated in a
1-ml aliquot of IMDM (GIBCO BRL) supplemented with 15% FBS
(HyClone), 450 wM monothioglycerol (Sigma Chemical Co.), 3 TU
recombinant human rhEpo (Ortho Diagnostic Systems Inc., Raritan,
NJ) and 0.9% (wt/vol) methylcellulose (Stem Cell Technologies Inc.).
Wild-type CJ7 ES cells were plated at a density of 5 X 10° cells/ml;
pig-a— ES cells were plated at 1.5 X 10* cells/ml. For the plating of
small aggregates ES cells were first grown for 24 h in bacterial Petri
dishes in IMDM (GIBCO BRL), supplemented with 15% FBS (Hy-
Clone) and 450 uM MTG (Sigma Chemical Co.) in liquid culture, and
then carefully plated in methylcellulose supplemented as above.
Methylcellulose assays were performed in duplicate. After 7-10 d in-
cubation at 37°C in a fully humidified atmosphere supplemented with
5% CO,, the number of EBs formed was scored using an inverted mi-
croscope. Hematopoietic differentiation within the EBs was assessed
according to the presence of hemoglobinized cells and/or the appear-
ance of evading macrophages. The identity of these cells was con-
firmed by light microscopy of May Griinwald Giemsa or Wright-
stained cytospin preparations obtained from individual EBs.

Secondary cultures for enumeration of hematopoietic progenitor
cells. EBs developing in the primary culture were individually picked
after 6 d incubation at a time when hematopoietic differentiation be-
comes apparent. Only EBs with signs of hematopoietic differentia-
tion were picked; a single-cell suspension was obtained by incubation
in 0.125% trypsin for 5 min at 37°C followed by mechanical disaggre-
gation. Cells were then plated in a 1-ml aliquot of IMDM (GIBCO
BRL) supplemented with 30% FBS (HyClone), 5 X 107> M 2 B-ME
(Sigma Chemical Co.), 3 IU rhEpo (Ortho Diagnostic Systems, Inc.),
20 ng rmSCF (Genzyme Corp.), 20 ng rm IL-3 (Genzyme Corp.), 50
ng recombinant human granulocyte colony stimulating factor (Gen-
zyme Corp.) and 0.9% (wt/vol) methylcellulose (Stem Cell Technolo-
gies Inc.). Hematopoietic colonies were identified according to stan-
dard criteria (26).

DNA extraction and PCR analysis. Individually isolated EBs or
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fetal liver CFU-GM were placed in 9 pl 50 mM NaOH and boiled for
5 min; 1 M Tris-HCI, pH 8, and water were then added to a final vol-
ume of 15 pl. PCR analysis was performed using the following prim-
ers: 5" TTTGCCTCTGAGAGTCATGT 3’ (273, upstream primer
for both wild-type and pig-a— ES cells); 5" AAAGCCACCATACA-
GAATGA 3’ (I,, reverse primer for wild-type ES cells); 5* AGCGC-
CGGTCGCTACCATTACC 3’ (lacF2, reverse primer for pig-a— ES
cells; vector 2) and 5" CCGCTTCCTCGTGCTTTAC 3’ (3'Neo, re-
verse primer for pig-a— ES cells; vector 1).

Results

Targeted disruption of pig-a in ES cells. The pig-a gene was
disrupted in CJ7 ES cells by the replacement of 320-bp of the
3’ end of exon 2 and 1.6 kb of intron 2 by the neoPolyA or the
NEO-IRES-LacF cassette, respectively. This approach was
chosen because previous analysis of the PIG-A gene from pa-
tients with PNH showed that the 3’ end of exon 2 is essential
for PIG-A activity (3). Murine pig-a maps to the X-chromo-
some (X-F3/4) (21), and the CJ7 ES cell line is of male origin.
Recombinant ES cell clones are therefore expected to have no
pig-a activity. Seven homologously recombined ES cell clones
were obtained using replacement vector 1, and one homolo-
gously recombined ES cell clone using vector 2. The absence
of CD24 surface antigen by FACS analysis confirmed inactiva-
tion of the pig-a gene in these clones (data not shown). There
was no obvious difference between pig-a— and wild-type ES
cells in their growth pattern, or in their adhesion to primary
embryonic fibroblasts.

Generation of chimeric mice. Six individual ES cell clones
(86, 91, 95, 97, 108, and 2A8) shown to be euploid by karyo-
type analysis were injected into C57BL/6J blastocysts for the
generation of chimeric mice. The number of pig-a— ES cells
injected was critical since the injection of more than 10 cells
failed to produce any viable chimeras. Twenty transfers of 10—
12 blastocysts gave rise to 54 newborns (Table I). The low
number of pregnancies, the small litter sizes, and the high peri-
natal lethality suggest that a high contribution of pig-a— cells
to the embryo is not compatible with life.

Seven mice (three males and four females) had blood cells
deficient in GPI-linked proteins, ranging from 1-5%. One of
these mice was completely black (mouse 86.3), whereas the re-
maining six mice had a low percentage of agouti coat color (es-
timated 5%). During the observation period of 13 mo three of
the seven mice with contribution of pig-a— red cells died;
mouse 95.93 died of unknown cause at 4 wk of age; mouse

Table I. Generation of pig-a— Chimeric Mice

No. of No. of No. of
No. of No.of chimeras with  chimeras chimeras

ES cell No. of newborns/  coat CD24— with Grl— with CD48—
clone pregnancies alive chimeras red cells granulocytes lymphocytes

86 2 8/7 0 1 0 0

91 1 5/5 1 1 0 0

95 3 17/16 4 4 0 0

97 2 5/3 0 0 0 0
108 2 7/0 0 0 0 0
2A8 4 12/6 1 1 1 1
Total 14 54/37 6 7 1 1
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Figure 2. Flow cytometric analysis of peripheral blood cells of chi-
mera 2A8 at the age of 4 wk. Peripheral blood cells of a C57BL/6J
control mouse and chimera 2A8 were stained with monoclonal anti-
bodies towards GPI-linked proteins: CD24 on red cells, Grl on gran-
ulocytes, and CD48 on lymphocytes. A shows the dot analysis of red
cells, B, the dot analysis of granulocytes, C, the dot analysis of T-lym-
phocytes, and D, the dot analysis of B-lymphocytes. Red cells and
granulocytes were identified by their light scatter characteristics; T—
and B— lymphocytes were identified by lineage-specific antibodies
towards CD3 and CD22, respectively. Numbers in the quadrants indi-
cate the percentage among total cells.

95.1011 died of a bowel obstruction at 4 wk of age; mouse 91.5
died at 28 wk of age after he suffered from an ulcerative skin
disease (see below).

Chimeric males were fertile, but despite several breeding
attempts, they failed to produce viable offsprings heterozygous
for the nonfunctional pig-a gene; i.e., germline transmission
was not obtained.

pig-a negative blood cells in adult chimeric mice. Of the
seven mice with a distinct population of red cells deficient in
CD24, one (mouse 2A8) had also a small population of granu-
locytes deficient in the Gr-1 antigen, as well as a population of
lymphocytes (both B and T cells) deficient in CD48 (Fig. 2).
With the exception of one mouse (see below), peripheral
blood counts of mice with pig-a— blood cells, obtained at the
ages of 1,2, 7, and 12 mo, were not significantly different from
peripheral blood counts of age-matched C57BL/6J controls
(Table II).

In seven chimeric mice that were followed up regularly for
56 wk, the percentage of GPI-negative red cells decreased rap-
idly (Fig. 3), and by the age of 3 mo they were hardly detect-
able, except in one mouse (2A8) in which they persisted over
an observation period of 13 mo (Fig. 3). This same mouse was
the only one in which Gr-1 negative granulocytes were de-
tected in the initial analysis performed at the age of 4 wk. Re-
peated analysis at the ages of 3, 6, and 9 mo failed to show Gr-1
negative granulocytes.

In mouse 2A8 at the age of 4 wk, we also found that 2.6%
of lymphocytes were deficient in GPI-linked proteins. More
specifically, two-color FACS analysis revealed that 6.1% of
T-lymphocytes and 0.6% of B-lymphocytes were negative for
CD48. At the age of 9 mo, 3.6% of T-lymphocytes and 1.7% of
B-lymphocytes were still negative for CD48.

Mouse 91.5 at the age of 7 mo developed pancytopenia (see
Table II), and at the same time showed an increase in the pro-
portion of CD24-negative red cells from 0.2 to 1.7% (see Fig.
3). This mouse had also developed from the age of 6 mo a skin
lesion on the dorsum of the neck between the scapulae. The le-
sion was intensely pruritic and rapidly worsened. The skin
changes resembled the chronic idiopathic ulcerative dermatitis
reported to occur in C57BL/6 mice and related strains (27, 28).
As the dermatitis worsened, the mouse became cachectic, and
its performance status deteriorated. The mouse died shortly
after the last blood analysis. The pathogenesis of this condition
is unknown, but it has been reported to respond to corticoste-
roids (28), as though it might be autoimmune-mediated.

Table II. Hemoglobin Level, White Blood Cell and Platelet Count of Wild-type and pig-a— Chimeric Mice

C57BL/6* pig-a— chimeras® 91.5 chimera®
Age Hb WBC Plt Hb WBC Plt Hb WBC Plt
mo g/dl 10°/ul 10°/ul g/dl 10°/ul 10°/ul g/dl 10°/ul 10°/ul
1 13.9%1.0 41x1.0 1190+232 12+2.8 3.2+0.9 1502+575 12.5 44 1650
2 15.3%+0.6 44*14 126690 15.1+04 4215 1268+49 16 42 1245
7 12.6+1.7 43*x14 124695 14.6+3.3 6.4+3.1 1073x143 6.5 1.8 640
12 13.8+0.8 7.9+1.3 1321244 14.4%+1 10.1+1.6 1280218 NA NA NA

Hb, hemoglobin; WBC, white blood cell; plt, platelet; NA, not applicable. *Each value represents the mean+SD obtained from three mice at the in-
dicated age. *Each value represents the mean*SD obtained from six mice at 1 mo and from four mice at 2,7, and 12 mo of age. *Chimera 91.5 died at

the age of 7 mo.
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Figure 3. Time course of PNH red cells in pig-a— chimeric mice dur-
ing the first 13 mo of life. The proportion of CD24-deficient red cells
in seven mice with pig-a— red cells was determined by flow cytometry
at different time points. During the observation period, three mice
died (+). Connected black diamonds, 91.5+; connected black squares,
86.3; connected black triangles, 2A8; connected cross marks, 95.109;
unconnected black circles, 95.1011+; connected black circles, 95.101;
unconnected black diamonds, 95.93+.

pig-a negative blood cells in chimeric fetuses. The rapid fall
in pig-a— red cells during the first weeks of life suggested that
the contribution of pig-a— ES cells to erythropoiesis might
have been higher before birth. Therefore, we analyzed red
cells in 43 fetuses between 12 and 19 d.p.c. Eleven fetuses
showed pig-a— red cells, and these ranged in percent from 1.8
to 36 with a mean of 12.6% (Fig. 4).
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CFU-GMs grown from the liver of a 14 d.p.c. fetus in which
7% of red cells were deficient in CD24 confirmed that pig-a—
ES cells can contribute to myelopoiesis. In 5 out of 50 individu-
ally picked CFU-GM (10%), PCR analysis showed that the
pig-a gene was recombined; in the remaining 45 the wild-type
pig-a allele was amplified (data not shown).

Hematopoietic differentiation in embryoid bodies. EBs were
obtained from both wild-type and pig-a— ES cells (clones 97,
108, and 2AS8). pig-a— ES cells, however, formed fewer EBs
when compared with wild-type ES cells (see Table I1I). EBs
derived from pig-a— ES cells were also smaller (1.02+0.1 X
10° cells per EB compared to 2.1920.2 X 10 cells in control
EB) (Table IV). In addition, pig-a— EBs often had an irregu-
lar shape, and were less organized in their structure, when
compared to the near-spherical bodies obtained from CJ7
wild-type ES cells (see Fig. 5). EBs derived from two out of
three pig-a— ES cell clones (clones 97 and 2A8) were compe-
tent for hematopoietic differentiation (Fig. 5 and Table III).
Light microscopy evaluation of May Griinwald Giemsa or
Wright-stained cytospin preparations confirmed the presence
of cells belonging to both the erythroid and the myeloid lin-
eages (Fig. 5). Cytospins showed that in pig-a— EBs the abso-
lute number of hematopoietic cells was lower when compared
to the absolute number of hematopoietic cells in wild-type
EBs (see Table IV). Differential counts also showed that red
cells and macrophages were almost equally represented in
pig-a— and wild-type EBs (Table IV) but, in contrast to the
wild-type EBs, fewer granulocytes were detected in pig-a—
EBs (Table IV). The unlikely possibility that pig-a— EBs
might have been contaminated by normal cells was ruled out
by PCR analysis of DNA from individual EBs with hemato-
poietic differentiation. This analysis showed amplification of

C57BL/6
-]
B e e e e B i)
IgG Control CD24-FITC
pig-a—- chimera 1  pig-a- chimera 2
- ‘ic{ -
Side - .

D24-FITC CD24-FIT

Figure 4. CD24-deficient red cells in pig-a— chimeric fetuses. A shows the proportion of CD24-deficient red cells as determined by flow cytom-
etry in 11 fetuses with pig-a— red cells at age between day 12 (E12) and day 19 (E19) p.c. B shows the dot analysis of red blood cells from the two
pig-a— chimeric fetuses with the highest contribution of pig-a— red cells, and a C57BL/6J control fetus at day 17 p.c.
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Table 111 In Vitro Hematopoietic Differentiation of Wild-type and pig-a— EBs

pig-a+ pig-a—
Plating as ES cell clone CJ7* 2A8 97 108
n=4 n=4 n=2 n=1
Single-cell suspension No. of EBs 846+273 13730 63+10 61
No. of EBs with hematopoiesis (%) 339+195 (38) 65 (4) 62 (6) 0
Cell aggregates No. of EBs 1764=132 152+33 14622 49
No. of EBs with hematopoiesis (%) 504+144 (28) 243 (15) 61x16 (41) 0

*EBs no. is normalized to 1.5 X 10* ES cells plated. n=number of experiments performed.

the recombined pig-a gene only, confirming that hematopoie-
tic differentiation occurs in EBs that lack GPI-linked proteins
(Fig. 6). No hematopoietic differentiation was obtained in
pig-a— ES cell clone 108. EBs obtained from three nonhomol-
ogous recombined ES cell clones had similar percentage of he-
matopoietic differentiation (25=3%) compared to wild-type
EBs (29+2%).

Plating of ES cell aggregates instead of single-cell suspen-
sion may cause an increase in hematopoietic differentiation in
certain cell lines (29). Therefore, we also carried out experi-
ments in which cells, before plating, were kept for 24 h in liq-
uid culture (during which time the cells formed small ag-
gregates). By this procedure, the number of EBs formed by
pig-a— ES cell clones 97 and 2A8 and CJ7 wild-type ES cells
was markedly increased. The percentage of hematopoietic dif-
ferentiation was also increased in the EBs derived from pig-a—
ES cell clones 97 and 2A8, whereas it did not change signifi-
cantly in EBs derived from wild-type CJ7 ES cells (Table III).
With pig-a— ES cell clone 108 after plating small aggregates,
neither the number of bodies changed nor hematopoietic dif-
ferentiation was obtained (Table III).

In vitro progenitor colony assay. The above data clearly
show that pig-a— ES cells can give origin to mature blood cells,
although with reduced yield. To test at which stage of differen-
tiation the pig-a— cells may be impaired, we tested hematopoi-
etic progenitor cells within the EBs by replating disaggregated
EBs at various time points in methylcellulose in the presence
of Epo, SCF, IL-3, and G-CSF. Wild-type EBs gave the high-
est yield of secondary colony formation at day 6. pig-a— EBs
were also able to give rise to hematopoietic colonies in the sec-
ondary plating assay (Table V), but again with a much lower

Table IV. Hematopoietic Characterization of Wild-type and
pig-a— EBs

Differential count of

No. of No. of hematopoietic cells/EB
No. of cells*/EB  hematopoietic
cells*/EB plated as cells*/EB  Erythro- Macro- Granulo-

plated directly aggregate and (%) blasts phages cytes

pig-at 219+02 241=0.1 1.18+0.1 48%=4 43%=8 9%=7
(49%)

pig-a— 102401 1.60+02 0.62+01 39%=*7 59%+7 2%=+1
(32%)

*10% numbers represent the mean+SD of the cell number obtained
from EBs in four (wild-type) or five (pig-a—) different experiments.

yield. Hematopoietic colonies derived from pig-a— ES cell
EBs were mainly BFU-E and CFU-E, with very few CFU-GM
(Table V).

Discussion

In this study we have investigated the hematopoietic differen-
tiation of murine ES cells with an inactivating pig-a mutation.
Blood cells with the PNH phenotype were obtained both in
living mice and directly from EBs. By each of these two ap-
proaches we have been able to circumvent early embryonic le-
thality of pig-a— mice, and thus we have shown that pig-a— ES
cells can differentiate into mature red cells, granulocytes, and
lymphocytes. Comparison with the pattern of hematopoiesis in
patients with PNH revealed interesting parallels in growth and
differentiation, but it also demonstrated that an inactive pig-a
gene is not enough to cause PNH.

pig-a— ES cells contribute in vivo to erythro- myelo- and
lymphopoiesis. In the blood of mice chimeric for a nonfunc-
tional pig-a gene, normal and PNH cells coexist, thus mimick-
ing the two populations of blood cells we see in patients with
PNH. As recently reported by Kawagoe et al. (30), we found
red cells and lymphocytes deficient in GPI-anchored proteins
in these mice. We observed contribution to erythropoiesis
more commonly than to lymphopoiesis. In addition, we also
found in one mouse granulocytes deficient in GPI-linked pro-
teins. This implies that pig-a— ES cells give rise to hematopoi-
etic stem cells that are able to contribute to erythroid, myeloid,
and lymphoid lineages. pig-a— hematopoietic stem cells, how-
ever, tend to mature preferentially along the erythroid lineage
and less easily along the myeloid and lymphoid lineages. The
fact that lymphocytes are less frequently affected by the PNH
abnormality is consonant to what we observe in patients with
PNH. When lymphocytes are involved, both in mice and in hu-
mans both B and T cells are affected. This striking parallel sug-
gests a similar mechanism controlling differentiation of pig-a—
(or PIG-A—) hematopoietic stem cells in our chimeras and in
humans with the disease. The fact that granulocytes deficient
in GPI anchors were only documented in one out of seven
mice with pig-a— red cells is in contrast to patients with PNH,
in whom we usually find a substantial proportion of granulo-
cytes deficient in GPI-linked proteins. It is not clear if this dis-
crepancy is due to an intrinsic difference in myelopoiesis in
mice versus humans (which may be related to the low granulo-
cyte count in mouse and particularly in the C57BL/6 strain)
(31), or to circumstances that favor myelopoiesis in patients
with PNH, and that are absent in mice chimeric for a nonfunc-
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Figure 5. Hematopoietic differentiation in pig-a— EBs. EBs derived
from wild-type (A) and from pig-a— ES cells (B) after 8 d in methyl-
cellulose culture. The arrows show EBs with hematopoietic differen-
tiation. Note smaller size of EBs in B (original magnification X100).
Hematopoietic differentiation in EBs derived from wild-type (C) and
from pig-a— ES cells (D) (original magnification X600). Cytospin
preparation from wild-type (E) and pig-a— EBs (F) with hemato-
poietic differentiation: erythroid and myeloid cells are present both in
wild-type and in pig-a— EBs. Staining was with May Griinwald
Giemsa or Wright, respectively (original magnification X400).
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tional pig-a protein. 10% of CFU-GM obtained from the liver
of a fetus at 14 d.p.c. with 7% of pig-a— red cells were rear-
ranged in the pig-a gene, confirming that pig-a— hematopoie-
tic progenitors can undergo myeloid differentiation. After
birth, granulocytes with the PNH phenotype could only be
documented at the age of 4 wk, but not later.

A characteristic of pig-a— hematopoiesis in mice chimeras
is a rapid decrease of CD24-deficient red cells after birth. This
prompted us to look for pig-a— red cells in the fetus. Indeed,
we found that the percentage of red cells deficient in CD24
was much higher in the fetus; up to 36% was observed in a fe-
tus of 17 d gestational age (see Fig. 4). We can suggest three
not mutually exclusive explanations: (a) In analogy to what
happens in patients with PNH, a rapid decrease of red cells
with the PNH phenotype could result from lysis due to com-
plement activation after birth. We were not able to confirm
this directly because the red cells with a PNH phenotype were
too few to perform an acidified serum test (32) adapted to
mice; in addition, it has not yet been proven that complement
regulatory molecules on mouse red cells are GPI-linked. (b)
The high proportion of PNH red cells in fetal life may signify a
high contribution of pig-a— cells also to the formation of other
organs, and thus may cause increased perinatal lethality. In
fact, the two fetuses with the highest proportion of red cells
lacking GPI-linked proteins showed abnormalities of visceral
organs that were probably incompatible with life. (c¢) pig-a—
hematopoietic stem cells may have a defect in their ability to
home to the bone marrow. During mouse development, defin-
itive hematopoiesis, which starts in the aorta-gonad-meso-
nephros region (33), shifts to the fetal liver around 12 d.p.c.,
and just before birth to the spleen and to the bone marrow
(34). Thus, the pig-a— red cells we detected in 11 fetuses and in
7 young mice may have been all products of hepatic hemato-
poiesis; by contrast, pig-a— blood cells that must have defi-
nitely derived from bone marrow hematopoiesis were ob-
served in only one mouse (2A8). In this respect, it has been
reported that GPI-linked proteins play a role in adhesion to
bone marrow fibroblasts (35).

In contrast to pig-a— red cells and granulocytes, in the only
mouse that had B and T lymphocytes deficient in GPI-linked
proteins, their numbers were almost constant over an observa-
tion period of 12 mo. This finding is consonant with the persis-
tence of lymphocytes deficient in GPI-linked proteins in pa-
tients with long-term spontaneous remission of PNH (36), and
it suggests that in a normal environment as well as in patients
who are in remission, the negative selection to which PNH red

Figure 6. PCR analysis of pig-a
gene in pig-a— EBs with hematopoi-
etic differentiation. DNA from indi-
vidual pig-a— EBs showing hemato-
poietic differentiation was analyzed
8 using two different primer sets only
amplifying the wild-type pig-a gene
(a) and only amplifying the recom-
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bined pig-a gene (b) (see Methods).
EBs 1-4 were derived from clone 97
(vector 1, V1) and EBs 5-8 were de-
rived from clone 2A8 (vector 2, V2).
Only the recombined pig-a genes
were amplified. WT, wild-type EB;
M, molecular weight marker.



Table V. Hematopoietic Progenitors Derived from Wild-type
and pig-a— EBs

Colonies*
CFU-GEMM BFU-E CFU-E CFU-GM
Wild-type EBs 9+6 84+29 146+70 37+28
pig-a—EBs 0 2+0.5 4+29 1204

*No. of colonies =SD obtained by plating 103 cells derived from day 6
EB:s in four different experiments.

cells and granulocytes succumb does not similarly affect PNH
lymphocytes. In fact, in chimeric mice obtained after injection
of pig-a— ES cells into rag-1— blastocysts, lymphopoiesis is
rescued and supported for a lifetime by PNH lymphocytes (V.
Rosti, unpublished observation). Because finding GPI-nega-
tive lymphocytes in pig-a— chimeric mice is rare, it is impor-
tant that we were able to confirm the finding by Kawagoe et al.
(30), that the percentage of pig-a— lymphocytes is about ten-
fold higher amongst T cells than amongst B cells. We can not
tell whether this is because the pig-a— status interferes with
differentiation along the B cell pathway more than along the T
cell pathway, because this status affects susceptibility to apop-
tosis differently in B cells and T cells, because GPI-negative B
cells are less likely to be released in the peripheral blood, or
any combination of the above.

pig-a— hematopoiesis in an environment devoid of GPI-
linked proteins. The above findings indicate clearly that pig-a—
hematopoietic cells produce all mature blood cells, but we
should consider that both in chimeric mice and in PNH pa-
tients the environment is pig-a+. To investigate pig-a— he-
matopoiesis in an environment devoid of GPI-linked proteins,
and also to circumvent embryonic death of pig-a— mice, we
studied hematopoiesis in pig-a— EBs (25, 37). Upon with-
drawal of leukemia inhibitory factor and of stromal contact,
both pig-a— and wild-type ES cells formed in methylcellulose
EBs, consisting of globular aggregates of differentiated cell
types that appear in a well-defined temporal pattern. Com-
pared with wild-type ES-cells, pig-a— ES cells formed fewer
EBs, and these were smaller in size and structurally abnormal
(see Fig. 5), confirming that the GPI-linked proteins are im-
portant in early embryonic development. Although the mor-
phology of pig-a— EBs was abnormal, hematopoietic differen-
tiation did take place in them with full maturation into red
cells, macrophages, and granulocytes (see Fig. 5). The number
of pig-a— EBs with hematopoietic differentiation and the
number of hematopoietic cells within an individual pig-a— EB
were lower when compared to wild-type EBs (see Table IV),
demonstrating that in the absence of GPI-linked proteins, he-
matopoiesis occurs, but is severely impaired. Cells produced
by pig-a— EBs were mainly erythrocytes and macrophages;
mature granulocytes were observed less frequently than in
wild-type EBs (see Table IV). The low number of CFU-GM
obtained in progenitor assays from pig-a— EBs supports the
notion that maturation into granulocytes is impaired. This
might be related to the fact that GPI-linked proteins in stromal
cells may positively influence granulocytic maturation (38-40).

Our finding that pig-a— EBs undergo hematopoietic differ-
entiation is in apparent contrast with the finding reported by
Dunn et al. (41). It could be that the only clone they tested was
defective like our clone 108 which had probably lost its totipo-

tency since it failed not only to undergo hematopoietic differ-
entiation in EBs (Table III), but also to produce chimeric mice
(Table I). Perhaps a more attractive explanation of this dis-
crepancy, however, relates to the use by Dunn et al. of a liquid
culture system to form EBs. Indeed, recently Bielinska et al.
(42) observed that in EBs derived from GATA4—/— ES cells,
blood islands were formed only in methylcellulose, but not in
liquid culture. GATA4—/— EBs are unable to form the vis-
ceral endoderm, suggesting that this structure is essential for
organizing and retaining blood islands in suspension culture.
Interestingly, pig-a— EBs formed in liquid culture resemble to
some extent GATA4—/— EBs in that they also fail to form
cystic cavities (our observation and [41]). Thus, pig-a— EBs,
being unable to form visceral endoderm, may simply lose their
hematopoietic cells into the medium. This would also explain
why hematopoietic differentiation is restored in pig-a—/pig-a+
chimeric EBs in which visceral endoderm can be contributed
by the normal ES cells (41).

Our own results on pig-a— EBs formed in methylcellulose,
however, suggest a real impairment of hematopoiesis. Since
this was observed in two independent clones, it is not likely to
be an artifact; rather, it is likely to be a direct effect of the lack
of GPI-linked proteins. As a further control, we found he-
matopoietic differentiation similar to wild-type in EBs ob-
tained from three nonhomologously recombined ES cell
clones.

The proportion of pig-a— EBs showing hematopoietic dif-
ferentiation increased when, instead of plating single cell sus-
pensions, we plated small cell aggregates in the methylcellu-
lose assay, suggesting that cell-to-cell contact may partially
compensate for the lack of GPI-linked proteins. Since this pro-
cedure also facilitated the formation of pig-a— EBs them-
selves, it could be that the restored hematopoietic differentia-
tion is a consequence of this.

A mutation in the pig-a gene is not sufficient to cause PNH.
Our results demonstrate that pig-a— hematopoietic differenti-
ation can occur both in vivo, in an environment that is chimeric
for a nonfunctional pig-a gene, and in vitro, in an environment
that completely lacks GPI-linked proteins. In both cases, how-
ever, hematopoiesis is quantitatively impaired. Our clinical
case of a mouse that developed pancytopenia and an increased
proportion of PNH red cells has a striking analogy to patients
with aplastic anemia developing PNH; it provokes speculations
on a common cause impairing normal hematopoiesis, but spar-
ing the PNH cells. The deficiency of one or more GPI-linked
proteins is responsible for the survival advantage of the PNH
cells; however, the precise mechanism through which stem
cells with the PNH phenotype are spared remains unclear (16).
Taken together, our results strongly support our initial hypoth-
esis that pig-a inactivation per se does not provide the hemato-
poietic stem cell with a proliferative advantage, and that there-
fore in patients with PNH, some additional factor(s) must be
leading to the expansion of the mutant clone. pig-a— hema-
topoiesis in mice and EBs might serve as a tool to define
these additional factor(s), which will be crucial for the under-
standing of the pathogenesis of PNH and its relation to aplastic
anemia.
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