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ABSTRACT Paroxysmal nocturnal hemoglobinuria
(PNH) is a clonal hematopoietic stem cell disorder resulting
from mutations in an X-linked gene, PIG-A, that encodes an
enzyme required for the first step in the biosynthesis of
glycosylphosphatidylinositol (GPI) anchors. PIG-A mutations
result in absent or decreased cell surface expression of all
GPI-anchored proteins. Although many of the clinical mani-
festations (e.g., hemolytic anemia) of the disease can be
explained by a deficiency of GPI-anchored complement reg-
ulatory proteins such as CD59 and CD55, it is unclear why the
PNH clone dominates hematopoiesis and why it is prone to
evolve into acute leukemia. We found that PIG-A mutations
confer a survival advantage by making cells relatively resis-
tant to apoptotic death. When placed in serum-free medium,
granulocytes and affected CD341 (CD592) cells from PNH
patients survived longer than their normal counterparts. PNH
cells were also relatively resistant to apoptosis induced by
ionizing irradiation. Replacement of the normal PIG-A gene in
PNH cell lines reversed the cellular resistance to apoptosis.
Inhibited apoptosis resulting from PIG-A mutations appears
to be the principle mechanism by which PNH cells maintain
a growth advantage over normal progenitors and could play
a role in the propensity of this disease to transform into more
aggressive hematologic disorders. These data also suggest that
GPI anchors are important in regulating apoptosis.

Paroxysmal nocturnal hemoglobinuria (PNH) is an acquired,
clonal disorder of hematopoietic stem cells manifested by
intravascular hemolysis, peripheral blood cytopenias, and
thrombosis; it has a propensity to transform into leukemia (1,
2). PNH results from the expansion of an abnormal clone that
harbors a somatic mutation of the X-linked gene, termed
PIG-A (3–5). The product of this gene is required for the first
step of glycosylphosphatidylinositol (GPI) anchor biosynthe-
sis; consequently, hematopoietic cells in PNH are character-
ized by an absence or deficiency of proteins affixed to cell
membranes by a GPI anchor (6). Many of the clinical features
of PNH can be explained by the absence of GPI-anchored
proteins; failure to express several GPI-anchored complement
inactivating proteins, such as membrane inhibitor of reactive
lysis (CD59) and decay accelerating factor (CD55), accounts
for the abnormal complement sensitivity of affected cells.
However, it remains unclear why the defective PNH stem cell
and its progeny displace normal hematopoietic cells, despite
the fact that PNH cells are more susceptible to complement-
mediated destruction (7).

PNH can arise de novo or evolve from aplastic anemia,
suggesting a pathophysiologic link between the two disorders
(2, 8, 9). It has been proposed that PIG-A mutations are a
relatively common benign event and that the PNH clone

achieves a growth advantage over normal stem cells only in the
context of an immune attack (as appears to occur in aplastic
anemia) directed against GPI-anchored proteins (10, 11).
However, ‘‘immunologic escape’’ does not explain the clonal
nature of the disease, the propensity of PNH patients to
develop more aggressive clonal disorders, or the fact that
immunosuppressive therapy is generally ineffective for treating
PNH (12–14).

An alternative explanation for the clonal expansion of PNH
cells is that PIG-A mutations may confer a growth advantage
to the PNH clone similar to other genetic mutations that
predispose to cancer. Recent in vitro (15) and in vivo (16, 17)
data suggest that PNH cells have an intrinsic growth advantage
over normal cells, although the nature of this growth advan-
tage has not been characterized. Unregulated clonal growth
may occur from signals that enhance cell proliferation or
alternatively from signals that block apoptosis (i.e., pro-
grammed cell death) and enhance cell survival (18, 19).
Overexpression of bcl-2 is responsible for the inhibited apo-
ptosis observed in follicular lymphoma (20, 21). Similarly,
clonal expansion in chronic myelogenous leukemia (CML)
results from BCR-ABL-mediated inhibition of apoptosis (18,
22, 23). Like CML and follicular lymphoma, PNH is a chronic,
clonal bone marrow disorder characterized by an initial indo-
lent phase with uninterrupted differentiation of affected cells.
Furthermore, in each of these disorders the affected clone is
predisposed to more aggressive malignant phenotypes (blast
crisis from CML, high-grade lymphoma from follicular lym-
phoma, and leukemia from PNH). In this study, we examined
the possibility that PIG-A mutations contribute to clonal
expansion by inducing cellular resistance to apoptosis.

MATERIALS AND METHODS

Cell Lines and Transfections. The human B lymphoblastoid
cell line LD2 was established from a patient with PNH by
transformation with Epstein–Barr virus as described previ-
ously (8). The human B-lymphoblastic cell line JY-5 (24) is a
GPI-anchor deficient line with a previously documented
PIG-A mutation (25). An expression vector containing a 3.6-kb
full-length PIG-A cDNA (25) (a gift from T. Kinoshita, Osaka
University) was used to establish the GPI-anchor replete cell
lines, LD2 (PIG-A1) and JY-5 (PIG-A1). Liposomal transfec-
tion was performed by adding a solution containing 10 mg of
pEBPIG-A and 50 ml of Lipofectamine (GIBCOyBRL) with
5 3 106 cells. After culture and selection with 200 mgyml of
hygromycin B (Boehringer Mannheim), the transfected cells
were stained for CD59 with a fluorescein isothiocyanate-
conjugated monoclonal antibody (Research Diagnostics,
Flanders, NJ) and analyzed by flow cytometry (FACscan;
Becton Dickinson). All cell lines were maintained in RPMI
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1640 medium (GIBCO) with 10% heat inactivated fetal calf
serum; after transfection and selection, the PIG-A1 lines were
maintained without hygromycin.

Isolation of Hematopoietic Cells. Bone marrow cells were
obtained by posterior iliac crest aspiration from two patients
with PNH, and peripheral blood was obtained from four PNH
patients and five normal volunteers. All patients and volun-
teers gave informed consent approved by the Joint Committee
on Clinical Investigation of the Johns Hopkins Medical Insti-
tutions. Peripheral blood granulocytes were isolated using
FicollyHypaque (specific gravity 1.077 followed by 1.119) as
described previously (18, 26). Bone marrow mononuclear cells
were recovered by FicollyHypaque (density ,1.077) centrif-
ugation. CD341 cells were separated using avidin-biotin im-
munoadsorption (CellPro, Bothell, WA). After isolation of
CD341 by immunoadsorption, the cells were stained with a
fluorescein isothiocyanate-conjugated anti-CD59 and a phy-
coerythrin-conjugated anti-CD34 monoclonal antibody (Bec-
ton Dickinson). An EPICS 752 cell sorter (Coulter) was used
to isolate CD341592 and CD341591 populations.

Assessment of Cell Viability and Apoptosis. The viability of
cells was assessed by their ability to exclude trypan blue.
Apoptotic cells were identified morphologically using standard
criteria as described previously (22, 27); these criteria included
cytoplasmic condensation and compaction of chromatin. For
flow cytometric assessment of apoptosis, cells were fixed in
50% ethanol, permeabilized with 0.1% Triton X-100, treated
with 5 mgyml of RNase, and incubated at 37°C for 15 min
before they were stained with 50 mgyml of propidium iodide
for 60 min at 4°C. The fraction of subdiploid cells with
oligonucleosomal DNA degradation characteristic of apopto-
sis (18, 28) and the fraction of residual viable cells (excluding
the subdiploid fraction) in the G0yG1 and SyG2M phases of the
cell cycle were quantified by flow cytometric analysis (FAC-
scan; Becton Dickinson). For detection of oligonucleosomal
DNA fragments by gel electrophoresis, PNH and normal
granulocytes (1 3 106 cells) were recovered after culture. DNA
was isolated after sodium dodecyl sulfate (SDS) lysis and
proteinase K digestion as described (29). DNA fragments were
separated by agarose gel (2%) electrophoresis, and oligonu-
cleosomal bands were visualized by staining with ethidium
bromide. Control for size of DNA fragments were 1-kb DNA
size markers (Invitrogen).

Radiation Susceptibility. Cells were exposed to graded
concentrations of ionizing radiation (0, 100, 250, and 500 cGy).
The cells were then placed in serum-free medium (aMEM,
GIBCOyBRL) for 16 hr. The sensitivity to radiation induced
damage was determined by culturing the cells in methylcellu-
lose clonogenic assays as described previously (18), and by flow
cytometry for apoptosis.

Cell Synchronization. Cells were synchronized in late G1y
early S phases by incubation for 12 hr in 5% CO2 at 37°C in
medium containing 2 mgyml of aphidocolin. To release cells
into S phase, cells were centrifuged, washed twice in pre-
warmed medium to remove aphidocolin, and resuspended in
serum-free medium.

RESULTS

The effect of PIG-A mutations on survival, distinct from
proliferation, was analyzed by comparing the survival of
terminally differentiated peripheral blood granulocytes from
four PNH patients and from five normal donors. CD59
phenotyping of the granulocytes from all four PNH patients
demonstrated that at least 80% of the cells exhibited markedly
reduced or absent expression of GPI-anchored proteins (data
not shown). After 24 and 48 hr in serum-free medium, 41% and
92% of normal granulocytes were nonviable, respectively (Fig.
1A). In contrast, only 6% and 42% of PNH granulocytes were
nonviable at 24 and 48 hr, respectively. Agarose gel electro-

phoresis (Fig. 1B) and morphologic examination of cells (data
not shown) confirmed that the survival advantage of the PNH
granulocytes was secondary to decreased apoptosis.

Using experimental conditions similar to those used for the
granulocytes, PNH progenitors were also studied by isolating
CD341591 and CD341592 cells from two PNH patients. We
showed previously that the majority of normal CD341 cells
undergo apoptosis by 72 hr in serum-free medium (18). After
72 hr in serum-free medium, 58% of unaffected CD341591

cells from one patient demonstrated subdiploid DNA charac-
teristic of apoptosis (Fig. 2). In contrast, only 34% of affected
CD341592 cells were subdiploid (Fig. 2). In the second
patient, only CD341592 cells were available because they
represented more than 90% of the patient’s CD341 cells.
Using the same experimental conditions, only 30% of the
CD341592 cells were subdiploid after 72 hr in serum-free
medium, as found for the first patient (Fig. 2). At time 0, the

FIG. 1. (A) Survival of PNH and normal peripheral blood gran-
ulocytes in serum-free medium. Cell viability was determined by
trypan blue dye exclusion. Each data point indicating percent survival
represents the ratio of the absolute viable cell number at the time of
assay and the number of viable cells at the start of each experiment.
The data are the mean 6 SEM of four patients with PNH and five
normals. (B) Gel electrophoresis for detection of oligonucleosomal
DNA fragments at time 0 and 18 hr after culture of normal and PNH
granulocytes in serum-free medium. Lane C depicts 1-kb DNA size
markers.
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percentage of subdiploid cells from all fractions (CD341591

and CD341592) was less than 5%.
To determine if loss of PIG-A activity was directly respon-

sible for the survival advantage of CD592 cells, we studied the
effect of PIG-A gene mutations in a pair of lymphoblastoid
B-cell lines (LD2 and JY-5) that do not express GPI-anchored
proteins. LD2 was derived from a PNH patient with a previ-
ously characterized PIG-A mutation (8); JY-5 also harbors a
PIG-A mutation but was derived experimentally (24). We
stably transfected an expression vector containing the full-
length PIG-A cDNA into the LD2 and JY-5 cell lines to restore
surface expression of GPI-anchored proteins (Fig. 3) and
compared the growth and survival of the four cell lines in
serum-free medium. Less than 50% of the LD2 (PIG-A1) cells
were viable after 48 hr in serum-free medium. In contrast, the
LD2 cell line demonstrated continued growth after 48 hr in
serum-free medium with over 75% of the cells remaining
viable (Fig. 4A). The JY-5 cell line also showed enhanced
survival after serum-free culture compared with the JY-5
(PIG-A1) cells (Fig. 4B). Flow cytometric analysis confirmed
that the survival advantage of the LD2 (Fig. 4C) and JY-5 cell
lines (data not shown) over the LD2 (PIG-A1) and JY-5
(PIG-A1) cells, respectively, was the result of decreased apo-
ptosis.

The growth advantage of the LD2 and JY5 cells could result
from a proliferative and a survival difference. However, all cell
lines showed similar proliferative capacity. Flow cytometric
cell cycle analysis demonstrated a similar cell cycle distribution
for the LD2 and JY-5 cells and their respective counterparts,
LD2 (PIG-A1) and JY-5 (PIG-A1). Furthermore, after syn-
chronization in G1 with aphidocolin, all four cell lines dem-
onstrated a similar cell cycle time (data not shown).

Signals that block apoptosis cause resistance to most DNA-
damaging agents (23, 30–32). Thus, we measured the sensi-
tivity of the cell lines to graded doses of ionizing radiation.
Both PNH cell lines, LD2 and JY-5, were significantly more
resistant to ionizing radiation than the LD2 (PIG-A1) and
JY-5 (PIG-A1) lines, respectively (Fig. 5). Thus, PIG-A mu-
tations, like other anti-apoptotic signals, are associated with
resistance to agents that induce DNA damage.

DISCUSSION

Although it is widely established that circulating PNH cells
arise from the expansion of a mutant clone, it remains an
enigma why this ‘‘diseased’’ clone has the ability to displace
normal hematopoiesis. Recent reports suggest that PNH cells
may exhibit an intrinsic growth advantage over their normal
counterparts (15, 17). Iwamoto et al. (16) demonstrated that
transplantation of CD341 progenitors from PNH patients

(showing a chimera of normal cells and the PNH clone) into
severe combined immunodeficient mice yields multilineage
hematopoiesis. Interestingly, the PNH clone continued to
dominate hematopoiesis despite the absence of a functional
immune system in the severe combined immunodeficient
mouse; moreover, the PNH clone did not always require
human cytokines. Nevertheless, these studies do not address
the mechanism for the growth advantage of PNH cells.

We found that PIG-A gene mutations block apoptosis,
causing cells to have a survival advantage and to be relatively
resistant to radiation. Signals that inhibit apoptosis, such as the

FIG. 2. Flow cytometric analysis for apoptosis of CD341 cells from two PNH patients. Unaffected (CD591) and affected (CD592) cells from
patient 1, and affected cells from patient 2. The number in parenthesis indicates the percentage of subdiploid DNA (shaded).

FIG. 3. Flow cytometric analysis for CD59 expression. (A) The GPI
anchor-deficient, LD2 (solid line), and the GPI anchor-replete, LD1

(dotted line), Epstein–Barr virus-transformed B lymphoblastoid cell
lines were derived from a patient with PNH. LD2 (PIG-A1) (dashed
line) was established after stable transfection of the PIG-A cDNA into
the LD2 cell line. (B) The GPI anchor-deficient JY-5 cells (solid line)
and JY-5 (PIG-A1) cells (dashed line).
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oncogenes bcl-2, BCR-ABL, and mutant p53, result in clonal
expansion and a proclivity for neoplastic progression (18, 21,
22, 33, 34). Thus, the clonal dominance, as well as the increased
incidence of leukemic progression in PNH, can be explained by
the ability of PIG-A mutations to block apoptosis.

Resistance to apoptosis secondary to PIG-A mutations may
also explain the close relationship between PNH and aplastic
anemia. Aplastic anemia is thought to result from damage to
a hematopoietic stem cell that leads to an autoimmune re-
sponse directed against the bone marrow (35). Sublethal
damage to a stem cell may also produce genetic mutations
(such as PIG-A mutations) that confer a growth advantage to
the cell and its progeny. PNH cells that are resistant to
apoptosis should have an even greater advantage in the setting
of aplastic anemia, where depletion of normal hematopoietic
cells results from increased apoptosis (36). Over time, an
abnormal clone arising from a slowly proliferating, trans-
formed stem cell could eventually become dominant (37).

PIG-A gene mutations affect hematopoietic cells in at least
two ways. Decreased expression of GPI-anchored proteins
accounts for many of the clinical manifestations of PNH, such
as complement-mediated hemolytic anemia and possibly
thrombosis. In addition, PIG-A gene mutations block apopto-

FIG. 4. Survival of PNH cells lines in serum-free medium. (A) LD2

and LD2 (PIG-A1). (B) JY-5 and JY-5 (PIG-A1). Cell viability was
determined by trypan blue exclusion after incubation in serum-free
medium for 48 hr. The data are the mean of 6 SEM of three separate
experiments. (C) Flow cytometric analysis for apoptosis of LD2 and
LD2 (PIG-A1) cells after 48 hr in serum-free medium.

FIG. 5. Relative sensitivity of PNH cell lines to irradiation. (A) The
surviving fraction from LD2 and LD2 (PIG-A1) cells represents the
number of clonogenic colonies after treatment compared with the
corresponding untreated controls. Each data point represents the
mean 6 SEM of three separate experiments. (B) Since JY-5 cells were
unable to be cloned in semi-solid medium, flow cytometric analysis was
used to assess apoptosis after 500 cGy of ionizing radiation. Propidium
iodide staining of the JY-5 cells for DNA content revealed 10.5% 6
2.3 subdiploid DNA 16 hr after radiation. In contrast, JY-5 (PIG-A1)
cells revealed 31.3% 6 2.9 subdiploid DNA after identical conditions.
A representative example from one of the three experiments is shown.
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sis, leading to clonal expansion, and possibly the tumor pro-
gression that is sometimes observed in the disease. Although
the mechanism by which PIG-A gene mutations block apopto-
sis remains unknown, our data suggest that GPI anchors are
important in regulating apoptosis.
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