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Abstract

Paroxysmal nocturnal hemoglobinuria (PNH) is an acquired he-
matopoietic stem cell disorder in which the blood cells demon-
strate aberrant interactions with serum complement. In part,
this is due to the absence of the complement regulatory protein,
decay accelerating factor (DAF). A small number of patients
with PNHhave gone on to develop acute nonlymphocytic leu-
kemia, which is thought to arise from the injured marrow as a
second hematopoietic disorder. Wehave studied a patient with
PNHwho developed acute myeloblastic leukemia (AML); the
blasts from this patient were found to lack DAF as measured
by polyclonal antibody binding and fluorescence flow cytometry
as well as by immunoblotting. The blasts from 11 other patients
with AMLbound anti-DAF antibody in amounts similar to nor-
mal mononuclear cells from healthy donors. Cells of the human
leukemia cell lines HL-60, K562, U937, and HEL also bound
anti-DAF antibody. In addition to DAFdeficiency, blasts from
the PNHpatient had undetectable alkaline phosphatase activity,
in contrast to human leukemia cell lines. These data suggest that
the leukemic cells of the PNHpatient arose out of the PNH
clone and that AML in the setting of PNH is not a separate
disorder.

Introduction

Paroxysmal nocturnal hemoglobinuria (PNH)' is a clonal dys-
hematopoietic stem cell disorder characterized by cells that are
unusually susceptible to the hemolytic action of complement,
reduced hematopoiesis in many patients, and a propensity for
acute leukemia. The clonal nature of PNHis suggested by the
presence of populations of cells with normal, moderate, or
marked susceptibility to lysis by complement (1) and is dem-
onstrated by analysis of the isozymes of glucose-6-phosphate
dehydrogenase in the populations of erythrocytes; abnormal cells
of patients who are heterozygous for different isozymes possess
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1. Abbreviations used in this paper: AML, acute myeloid leukemia; DAF,
decay accelerating factor; FITC, fluorescein isothiocyanate; PAGE,
polyacrylamide gel electrophoresis; PNH, paroxysmal nocturnal he-
moglobinuria; SPA, staphylococcal protein A.

a single isozyme whereas the more normal cells possess both
isozymes (2).

All of the abnormal cells in PNH(PNH II and PNHIII cells)
lack decay accelerating factor (DAF), a protein that regulates
the activity of the C3 amplification steps of complement acti-
vation (3-6). The more abnormal erythrocytes (PNH III cells)
have an additional undefined defect that increases the effective-
ness of the membrane attack complex of complement (7-9). In
addition, two defects are known that do not appear to be related
to the sensitivity of the cells to complement: both PNHII and
PNHIII erythrocytes lack the enzyme, acetylcholinesterase (10),
and PNHneutrophils lack activity of the enzyme alkaline phos-
phatase ( 1 1).

The development of acute nonlymphocytic leukemia is un-
common; 11 patients have been previously reported (12) and,
among our -80 patients with PNH, three (not reported) have
developed this complication. When leukemia occurs, the ab-
normal erythrocytes often disappear; this has been interpreted
to mean that the marrow is replaced by a second abnormal,
leukemic clone.

In this paper, we present data on a patient with PNHwho
developed acute leukemia. The blasts of this patient were shown
to have been derived from the same clone as the abnormal
erythrocytes in that both blasts and erythrocytes lacked DAF,
whereas the blasts of leukemic patients who had not had PNH
had quantities of this protein on the blasts equivalent to the
amounts on mature normal cells.

In addition, the blasts of this patient, like PNHneutrophils,
lacked alkaline phosphatase, again in contrast to the blasts of
other patients with acute leukemia (13, 14) and human leukemic
cell lines. Since both of these membrane proteins, as well as
acetylcholinesterase, which is deficient in PNHerythrocytes, are
affixed to the membrane through a phosphatidylinositol-depen-
dent linkage (15), these findings suggest that the fundamental
defect in PNHmay have to do with the abnormal synthesis or
degradation of membrane proteins with this type of linkage.

Methods

Cells and reagents. Blood samples from healthy volunteer donors or
consenting patients were anticoagulated with heparin or EDTA. The
mononuclear cells were separated by centrifugation through lymphocyte
separation medium (Litton Bionetics, Kensington, MD) according to
the manufacturer's recommendations and washed three times with
phosphate-buffered saline containing 10 mMEDTA(PBS-EDTA). Dif-
ferential cell counts were performed on stained cytopreps of these mono-
nuclear cell preparations. Some patient blasts had been cryopreserved
in liquid nitrogen with dimethylsulfoxide after isolation. These cells were
thawed, washed twice in Dulbecco's minimal essential medium without
serum, then once in PBS-EDTA immediately before testing.
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The complement lysis sensitivity test of Rosse and Dacie (1) was
used to measure the percentage of abnormal erythrocytes in the peripheral
blood of the PNHpatient. The patient was maintained on chronic trans-
fusion therapy and had 3-16% PNH III erythrocytes in the peripheral
blood from the time the diagnosis of acute myeloblastic leukemia (AML)
was made until he died.

K562 (16) and U937 (17) cells were the generous gift of Dr. Donna
Kostyu, Department of Microbiology and Immunology, Duke University
Medical Center. HEL (18), HL-60 (19), and HL-60 BII (20) cells were
grown in this laboratory. All leukemia cell lines were washed in PBS-
EDTAimmediately before testing.

Rabbit antiserum to DAFwas raised in this laboratory using DAF
purified from erythrocyte membranes (21). Staphylococcal protein A
(SPA, Sigma Chemical Co., St. Louis, MO) was labeled with 1251 (Amer-
sham Corp., Arlington Heights, IL) using lodogen (Pierce Chemicals,
Rockford, IL).

Leukocyte alkaline phosphatase activity. Alkaline phosphatase activity
was determined by the method of Sommer (22) using p-nitrophenyl
phosphate (Sigma Chemical Co.) as a substrate. The cells were dissolved
in 0.05% Triton X-100 for use in the assay. Results are expressed as
nanomoles p-nitrophenol/IO' cells/2 h.

Flow cytometry analysis of DAF. Cells prepared as described above
were suspended in PBS-EDTA at a concentration of 4 X 106/ml. The
cells were incubated first with an equal volume of nonimmune rabbit
serum or rabbit anti-DAF at a saturating dilution of 1:500 for 30 min
at room temperature. After three washes in PBS-EDTA, the cells were
incubated in fluorescein isothiocyanate (FITC) labeled F(ab`)2 goat anti-
rabbit IgG (Jackson Immunoresearch, Avondale, PA) for 30 min, washed
twice and fixed in 1% formalin.

The cell-associated fluorescence was monitored using an Ortho 50
H cytofluorograph with an Ortho 2140 data handling system (Ortho
Diagnostics, Raritan, NJ). Analysis was restricted to signals from single
cells and amplifiers were set in linear mode. For statistical analysis, regions
were set using the nonimmune serum treated cells as negative controls.

Detection of DAFby immunoblotting. Washed HL-60 or U937 cells
or myeloblasts from the PNHpatient (1 X 106 cells) were solubilized
and the proteins were separated by discontinuous SDSpolyacrylamide
gel electrophoresis (PAGE) in a 7.5% resolving gel (23). The proteins
were electrophoretically transferred to nitrocellulose paper according to
the method of Towbin et al. (24). After blocking with Tris-saline con-
taining 3% bovine serum albumin (BSA), the nitrocellulose paper was
incubated first with either nonimmune rabbit serum or rabbit anti-DAF
antiserum and second with '25l-labeled SPA. The paper was dried and
autoradiography performed.

Results

Flow cytometry analysis of the binding of nonimmune serum
and anti-DAF to the blasts of the PNHpatient, normal donor
mononuclear cells, and blasts from two representative AMLpa-
tients are seen in Fig. 1. Anti-DAF showed significant binding
to normal donor cells (Fig. 1, A) as well as to the cells of AML
patients who did not have PNH. However, anti-DAF failed to
bind to the blasts of the PNHpatient (Fig. 1, B). Nine other
AMLpatients whose blasts were assayed for anti-DAF binding
had from 69 to 99% DAF-positive cells (Table I). The abnormal
erythrocytes of the PNHpatient also failed to bind anti-DAF
antibody (data not shown).

The human leukemia cell lines HL-60, HL-60 BII, U937,
HEL, and K562 all bound anti-DAF antibody (Table I). The
staining patterns of three of these cell lines are shown in Fig. 2.
When analyzed by fluorescence flow cytometry, HEL cells ap-
peared to have a heterogeneous antigen distribution, while the
staining pattern of K562 cells was similar to that of HL-60 and
U937 cels.
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Figure 1. Flow cytometry analysis of anti-DAF binding to mononu-
clear cells. Cells were first incubated either with nonimmune rabbit
serum (solid lines) or rabbit anti-DAF (dashed lines), then with fluo-
rescein-labeled F(ab')2 goat anti-rabbit IgG. The staining patterns are
shown for normal mononuclear cells (A), myeloblasts from the patient
with PNH(B), and myeloblasts from patients with AML, which were
either freshly isolated (C) or cryopreserved (D). Cells appearing in
channels shown under the bar were considered to be positive for anti-
DAFbinding.

WhenU937 cells, HL-60 cells, and the PNHpatient's blasts
were assayed for DAF by immunoblotting, the two leukemia
cell lines both had a protein band of - 70 kD that reacted with
the anti-DAF antiserum, but not with nonimmune serum (Fig.
3). However, the PNH patient blasts did not contain immu-
noreactive DAF.

Table I. Fluorescence Flow Cytometry Analysis
of DAFon Myeloblasts from Patients with AML
and on Cells from HumanLeukemia Cell Lines

Diagnosis Blasts* DAF-positive cells

Patient
1. PNH/AML 100 3
2. AML 32 87
3. AML 99 96
4. AML 90 98
5. AML 90 90
6. AML 87 69
7. AML 67 84
8. AML 12 91
9. AML 31 95

10. AML 79 98
11. AML 96 99
12. AML 90 94

Cell lines
HL-60 83
HEL 99
U937 85
K562 95
HL-60 BII 91

Healthy donors(n =8) 0 Mean =92

* Determined from Wright stained cytoprep of isolated mononuclear
cells.
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B Figure 2. Flow cytometry anal-
ysis of anti-DAF binding to hu-
man leukemia cell lines. Cells
were incubated first with non-
immune rabbit serum (solid
lines) or rabbit anti-DAF
(dashed lines), then with fluo-

C rescein-labeled F(ab')2 goat
anti-rabbit IgG. Shown are the
staining patterns for U937 cells
(A), HEL cells (B), and HL-60
cells (C). Cells appearing in
channels shown under the bar

0100 were considered to be positive
:ENCE for anti-DAF binding.

Table II. Alkaline Phosphatase Activity of Cells
from HumanLeukemia Cell Lines, Peripheral Blood
Leukocytes, and Blasts from the PNHPatient

Cell type Alkaline phosphatase activity

nmol p-nitrophenol/)0' cells/2 h

HL-60 6.3± 1.4
K562 26.1±4.1
HL-60 BII 36.0±6.6
U937 9.6±0.4
AMLpatient blasts

1. 3.6±0.6
2. 12.2±1.7
3. 8.7±3.2
4. 15.6±2.1

PNHpatient blasts No detectable activity
Neutrophils 30.4±2.6

Assays were performed as described in the text. Results are expressed
as the mean > 3 assays± 1 SD.

Alkaline phosphatase activity was measured in HL-60, HL-
60 BII, U937, and K562 cells as well as in peripheral blood
polymorphonuclear leukocytes, the PNHpatient's blasts and
the blasts of AMLpatients. In comparison to the cell lines, pe-
ripheral blood leukocytes, and AMLpatient blasts, the PNH
patient's blasts had undetectable alkaline phosphatase activity
(Table II).

Discussion

Acute leukemia is occasionally seen in patients with PNH(12),
but it is not known whether the leukemic cells arise from the
abnormal PNHclone or from another clone in a damaged mar-
row. Because the population of abnormal erythrocytes diminishes
or disappears in most patients previously reported with the de-
velopment of leukemia (12), it has been thought that the leu-
kemia arises from a separate clone. The present studies dem-
onstrate that in this patient, the leukemic cell line arose from
the PNHline because the cells lack decay accelerating factor,
an abnormality characteristic of PNH.

The expression of DAF by all the blasts of patients with
AMLas well as all the human leukemic cell lines studied extends
the known cellular distribution of DAFto include representatives
of the myeloid series other than fully differentiated peripheral

NRS Anti -DAF
1 2 3 1 2 3

Kd
200- Figure 3. Immunoblot analysis

of DAF. Proteins from X 106

PNHpatient myeloblasts (1),

92*-'Aid HL-60 (2), or U937

~~~~~~~~(3)were separ-ated by SDS-

PAGEand transferred to nitro-
69- : _i! cellulose paper. The nitrocellu-

lose was then incubated with
nonimmune rabbit serum

(NRS) or rabbit anti-DAF anti-

serum followed by 1251-labeled

protein A.

blood elements (6). The DAFdetected by immunoblot of U937
and HL-60 cells had an apparent relative mobility very similar
to that described for DAFon normal peripheral blood cells (6).
Although studies of DAFexpression by myeloid progenitors do
not exist, normal erythroid progenitors (erythroid burst-forming
units, BFU-E) have been found to express DAF(25). These data
along with the data presented here suggest that DAFexpression
occurs early in cellular differentiation, which perhaps reflects
the important role of DAF in the restriction of complement
activation on the surface of autologous cells.

Leukocyte alkaline phosphatase is lacking in some mature
granulocytes of patients with PNH. The blasts from this patient
also lacked alkaline phosphatase, whereas AMLblasts from pa-
tients who have not had PNHcontain alkaline phosphatase ac-
tivity similar in amount to that of the human leukemia cell line
blasts. The coincidence of DAFand alkaline phosphatase defi-
ciency in the blasts of this patient indicates that these cells are
characteristic of the abnormal cells in PNH.

In addition to DAFand alkaline phosphatase, the abnormal
blood cells in PNHlack erythrocyte acetylcholinesterase (10).
These three membrane proteins share the unusual characteristic
of being bound to the cell membrane by a phosphatidylinositol-
dependent linkage (15). The underlying defect in PNHmay be
one that affects the synthesis or degradation of this family of
proteins.
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