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A B S T R A C T Further in vitro studies of hemato-
poietic regulation were carried out in two patients
with polycythemia vera vho were also heterozygotes
(GdB/GdA) for glucose-6-phosphate-dehydrogenase
(G-6-PD). While only G-6-PD type A was detectable
in circulating erythrocytes, granulocytes and platelets,
cultures of peripheral blood and marrow from one
patient revealed a substantial number of G-6-PD type
B erythroid burst-forming units (BFU-E) and granulo-
cyte/macrophage colony-forming units. Detailed
analysis demonstrated: (a) where detectable, normal
BFU-E and granulocyte/macrophage colony-forming
units were found with similar frequencies; (b) the
same frequencies for normal progenitors characterized
cultures of peripheral blood and marrow; (c) inhibition
of normal erythroid differentiation between BFU-E
and the more mature erythroid colony-forming unit;
(d) a decline in the prevalence of normal colony-forming
units with time, suggesting that disease progression is
associated with further suppression of normal hemato-
poiesis by products of the abnormal clone.

INTRODUCTION

Previous studies have demonstrated that polycythemia
vera is a disease arising in a pluripotent stem cell
which, at least at the time of evaluation, appears to
be clonal (1). These conclusions were reached by
studies in patients who had naturally occurring cellu-
lar mosaicism. The marker system employed was the
isoenzymes ofglucose-6-phosphate dehydrogenase (G-
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6-PD).' The structuiral gene for G-6-PD is on the X
chromosome and, because it undergoes X chromosome
inactivation, in a female heterozygous for G-6-PD only
one of the two isoenzymes is synthesized in a single
cell. In hematologically normal women, the circulating
blood elements have isoenzyme ratios similar to those
found in skin fibroblasts (2). In contrast, G-6-PD hetero-
zygotes with several myeloproliferative disorders,
including polycythemia vera (1), chronic myelogenous
leukemia (3, 4), and agnogenic myeloid metaplasia
with myelofibrosis (5), had circulating blood elements
that contained only a single isoenzyme. Thtus, these
diseases represent stem cell disorders of presumed
clonal origin.

In earlier sttudies, we cultured hematopoietic cells
for 1oth erythroid and granulocytic colony growth
and determined that progeny of presumed normal
stem cells persisted in marrows of patients with
polycythemia vera (6). These hematopoietic colonies
could be individually harvested from the semisolid
medium and subjected to electrophoresis for G-6-PD
type. By this analysis, the gene products of individual
cells were clonally amplified, thus affording the oppor-
tunity to determine the isoenzyme type of the single
progenitor for each colony. The results of the initial
studies showed that a high percentage of apparently
normal colony-forming cells could be detected in the
marrow of such patients (6).
Although it is likely that most colonies assayed in

the original studies were derived from primitive
erythroid progenitors (BFU-E; erythroid burst-forming
unit), a clear distinction was not made between these

' Abbreviations used in this paper: BFU-E, erythroid
burst-forming unit; CFU-C, granulocyte/macrophage
colony-forming unit; CFU-E, erythroid colony-forming uinit;
ESF, erythropoietin; G-6-PD, glucose-6-phosphate dehy-
drogenase.
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and more mature erythroid progenitors (CFU-E;
erythroid colony-forming unit). It is believed that BFU-
E give rise to CFU-E and are more closely related
to pluripotent stem cells (7, 8). In addition, because
no source of colony-stimulating factor had been added
to the cultures, granulocyte/macrophage colony form-
ing cells (CFU-C) had not been grown under optimal
conditions.
We have restudied the two patients with poly-

cythemia vera in greater detail to answer the fol-
lowing questions: (a) Do isoenzyme patterns vary in
colonies derived from erythroid progenitors of differ-
ent stages of maturation? (b) Are the frequencies of
"nor-mal" granulopoietic and erythroid progenitors
similar? (c) Are these frequencies similar in peripheral
blood and marrow? (d) Is there a decrease in the de-
tected frequency of normal progenitors over time?

METHODS

Subjects. Clinical details of the patients were reported
previously (1). Neither the modes of treatment nor clinical
courses had changed significantly in the interval since 1976.
Patient 1 had been treated intermittently with chlorambucil
and occasional phlebotomy, but had received no chemo-
therapy within 2 mo of these studies. Patient 2 continues to
be treated with phlebotomy only. Patient 1 was hospitalized
in the Clinical Research Center at the University of Washing-
ton Hospital in February 1978. Marrow and peripheral blood
were obtained on two occasions with the informed consent of
the patient. Laboratory values at the time of study were
hematocrit, 46%; hemoglobin, 15.5 g/dl; leukocyte count,
8.3 x 109/liter; and platelet count, 2.6 x 10"'/liter. Peripheral
blood, collected and shipped in preservative-free heparin,
was also obtained for culture in October 1978 and in January
1979, and flown at ambient temperature to Seattle, Wash.
Marrow and peripheral blood specimens were obtained in

preservative-free heparin from patient 2 in December 1977,
and peripheral blood was obtained again in December 1978.
These specimens were also flown at ambient temperature to
Seattle. A maximum of 12 h elapsed between sampling time
and the time that cultures were established. Laboratory
values for patient 2 at the time of marrow sampling were
hematocrit, 41.5%; leukocyte count, 35.4 x 109/liter; and
platelet count, 5.53 x 1011/liter. Hematologic values in De-
cember 1978 were similar.

Cell culture. Buffy coat marrow cells were cultured as
previously described (6, 9). Peripheral blood was separated
over Ficoll-Hypaque (Pharmacia Fine Chemicals, Inc.,
Piscataway, N. J.), interface cells collected, washed three
times in alpha-medium containing 5% fetal calf serum, and
cultured at concentrations of 0.75-1.0 x 105 cells/ml. For
erythroid colony growth, cells were cultured in the presence
of 0.25 and 5.0 U/ml of sheep plasma erythropoietin (ESF;
Connaught Laboratories, Ontario, Canada). Growth of
granulocyte/macrophage colonies was stimulated by the addi-
tion to separate cultures of a phytohemagglutinin-stimulated
conditioned medium prepared from human peripheral blood
mononuclear cells (9).

Colonies were enumerated, individually harvested from the
methylcellulose using microcapillaries, and then subjected
to electrophoresis for determination of G-6-PD isoenzyme
type at times appropriate for the various progenitor types
(days 6, 10-12, and 13-15 for CFU-E, BFU-E, and CFU-C-

TABLE I
Bone Marrotw Cultures in Polycythemia Verai (Patient 1)

Colony type Patient 1 Patient 2 Nonnal stlbjects*

colotiies/ilf' tnucleated cells plated
CFU-E
No added ESF 6.2 7.1
5.0 U ESF 64.4 41.7 91±20* (it = 22)

BFU-E
0.25 U ESF 3.0 2.5
5.0 U ESF 16.2 15.1 28±8 (nt = 22)

CFU-C 50.3 29.6 80±40 (n = 46)

* ±SD.

derived colonies, respectively). Greater than 90% of all
colonies tested were analyzable from growing cultures. To
preclude selection bias, all the colonies identifiable at x25
magnification were harvested for analysis. If there were too
many colonies, 1/4 or 1/8 of the culture dish was marked off
and all colonies within the sector were harvested.

Statistical analysis. Estimates of the frequency of normal
colony-forming cells were based on the fact that each sub-
ject had approximately equal amounts of A and B isoenzyme
activities in skin (1). Consequently, for every presumed
normal B-type colony detected, one of the A-type colonies
is also normal. The overall estimate of the percentage of
normal progenitors is twice that of the percentage of B-type
colonies. Statistical significance was tested by chi-square
analysis.

RESULTS

Colony numbers
The numbers of the various colony types are shown

in Table I. As was observed previously, there was an
ESF dose-dependent increase in the numbers of de-
tectable CFU-E and BFU-E.

Isoenzyine analysis
Anialytsis of direct preparations. Only G-6-PD type

A was found in peripheral blood erythrocytes, granu-
locytes, and platelets and in marrow buffy coat cells
from both patients.

Isoelzlyfme pattern.s in erythroid and granulocytic
colonies. Only 1 of47 CFU-E-derived colonies grown
at 5.0 U ESF added to marrow cultures of patient 1
showed B-type G-6-PD and thus presumably arose
from a normal progenitor (Table II). Although none of
the erythroid bursts detected at 0.25 U ESF/ml were
type B, significant numbers which manifested type B
enzyme were found in cultures containing the higher
concentration of ESF. For CFU-E and those BFU-E
that formed colonies at low concentrations of ESF,
the estimated frequtiency of normal progenitors was

<5%. At the higher concentration ofESF, the estimated
freqluency of normnal progenitors was 20%. A similar
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percentage of apparently normal CFU-C was also de-
tected. Thus, for patient 1, the data suggest that
erythroid differentiation is dampened somewhere in
the sequence between BFU-E having higher ESF
requirements for growth and CFU-E and BFU-E
requiring lower concentrations of ESF.
No presumably normal (type B) erythroid or granulo-

cytic colonies were detected in cultures from patient
2. This contrasts with the results of the study done 2
yr previously.
Comparison of the prevalences of normal CFU-C

and BFU-E in peripheral blood and marrow. There
were no significant differences in the prevalence of
normal CFU-C or BFU-E (Table III). For this analysis,
all data derived for BFU-E grown with 5.0 U ESF
were combined.

Ratio of CFU-C to BFU-E in the neoplastic
and residual normal clones
By applying the estimated percentages of normal

colony-forming cells of various types to the absolute
numbers ofcolonies detected, it is possible to calculate
the ratios of CFU-C to BFU-E both in the abnormal
clone and in the residual normal clones. The ratio
derived for the polycythemia vera clone in patient 1
was 3.2 and in patient 2 it was 2.0. The ratio of CFU-C
to BFU-E in residual normal clones detected in patient
1 was 2.7, similar to the value for the abnormal clone.
The ratio derived from 13 control subjects was 2.9
(SE+ 1.3).2 Thus, the ratios of CFU-C to BFU-E in the
abnormal clones did not differ significantly from ratios
derived from normal subjects.

Sampling variability
To determine the variability due to sampling,

specimens for culture were obtained from patient 1

2 J. W. Adamson and J. W. Singer. Unpublished observations.

TABLE II
G-6-PD Analysis of Erythroid Colonies

Isoenzyme
type

Patient A B Percent normal

1 CFU-E
5.0 U ESF 46 1 <5

BFU-E
0.25 U ESF 37 0 <5
5.0 U ESF 128 14 20

2 CFU-E 44 0 <5
BFU-E

5.0 U ESF 25 0 <5

TABLE III
G-6-PD Analysis of Colony-Forming Units from Marrowc

and Peripheral Blood (Patient 1)

Isoenzyme type

A B Perenert iionoral

Marrow
BFU-E 205 21 19
CFU-C 92 8 16

Peripheral blood
BFU-E 59 6 18
CFU-C 69 8 21

several days apart from opposite posterior iliac crest
sites. Of 142 erythroid bursts analyzed from cultures
obtained from the left side, 14 typed as B (20% normal).
The observations from cultures from the opposite side
were 77 and 7 (17% normal). This analysis found no
significant differences in the estimates of the per-
centage of normal progenitors based on marrow site.

Change in prevalence of normal
colony-forming cells with time
A significant decline in the prevalence of normal

colony-forming cells was found between the original
study and the current studies (Table IV). These find-
ings were confirmed in January 1979, at which time
none of 11 peripheral blood BFU-E-derived colonies
analyzed for patient 1 typed as B, indicating that the
incidence of normal committed progenitors had
declined to <10%. Additional studies from patient 2
failed to detect any normal BFU-E or CFU-C-derived
colonies under standard culture conditions.

DISCUSSION

In patients with myeloproliferative diseases, we took
advantage of naturally occurring cellular mosaicism
and assessed disease progression and mechanisms by
which abnormal clones influence normal hemato-
poiesis. The initial studies demonstrated a notable
frequency of presumably normal erythroid and granu-
locyte/macrophage colonies (6). This led to the con-
clusion that the differentiation of normal marrow com-
mitted stem cells in such patients was somehow
suppressed. The mechanism of suppression of erythro-
poiesis was not due to decreased ESF stimulation,
since not only were the hemoglobin concentrations and
hematocrits of the two patients normal at the time of
study, but ESF excretion was normal in patient 1 as
measured by the exhypoxic polycythemic mouse as-
say (6).

In the present study, we analyzed in greater detail
the level at which normal erythroid differentiation is in-
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TABLE IV
Decline in the Frequency of Normal Erythroid Bursts with Time

Pattienit 1 Pattient 2

Isoenz-vnie Isoenz% me
type type

Date A B Percent niomial Date A B Percent niormal

1976 26 10 56 1976 30 8 42
February 1978 205 21 19 December 1977 49 0 <5
January 1979 11 0 <10 December 1978 22 0 <5

hibited. In the hierarchy of erythropoietic differentia-
tion, BFU-E are thought to be closely related to pluri-
potent stem cells and give rise to more mature colony-
forming cells, the CFU-E. Significant numbers of
normal colonies were detected only among BFU-E
requiring higher concentrations of ESF. Therefore,
normal erythroid differentiation appears to be reduced
somewhere between primitive BFU-E and the more
mature CFU-E.
One explanation for the negligible frequency of

normal CFU-E is that there is an exaggerated ampli-
fication ofCFU-E numbers within the neoplastic clone.
However, the CFU-E:BFU-E ratio from the abnormal
clone was 4.8:1, a value within the range obtained by our
laboratory for 39 normal marrows (mean 2.8; SD+ 1.6).3
Thus, the marked reduction in the estimated per-
centage of normal CFU-E compared to BFU-E (ratio of
0.8) could not be accounted for by a dramatic increase
in the number of CFU-E within the neoplastic clone.
The mechanism by which the expected amplification
from normal BFU-E to CFU-E is reduced in vivo is not
known, but it possibly involves cellular interactions.
As has been reported previously in polycythemia

vera, significant numbers of CFU-E-derived colonies
will form in marrow cultures containing no added
ESF. The number of these so-called "endogenous"
colonies varies from patient to patient and with time
in the same patient. The possibility has been raised
that hypersensitivity to ESF in culture identifies mem-
bers of the neoplastic clone and can be used to deter-
mine its limits (10). The results of this study suggest
otherwise.
As shown in Table II, when data from both patients

are combined, only 1 of 91 CFU-E-derived colonies
typed as B and thus did not arise from the neoplastic
clone. This low frequency of normal CFU-E was found
in cultures containing 5.0 U ESF/ml. Because <20% of
total colony growth occurred in cultures without added
ESF the majority of colony-forming cells expressed
in cultures containing ESF arose from the poly-

3 J. Mladenovic, N. Lin, and J. W. Adamson. Unpublished
observations.

cythemia vera clone. The findings with BFU-E were
confirmatory. Thus, further growth of neoplastic
colony-forming cells required the addition of ESF to
culture. Consequently, although the ability to form
colonies in the absence of added ESF identifies mem-
bers of the abnormal clone, it is not a characteristic
of all of the neoplastic colony-forming cells and thus
does not define the limits of the clone.
To monitor disease progression and to determine if

the percentage of normal progenitors in circulation
accurately reflects their frequency in the marrow, the
prevalences of normal colony-forming cells from blood
and marrow were compared directly. Similar per-
centages for both normal granulopoietic and erythro-
poietic committed stem cells were observed. Thus,
although normal colony-forming cells in circulation
have different cell cycle characteristics than those in
the marrow (11) and, perhaps, circulating BFU-E may
have a different capacity to synthesize fetal hemoglobin
in culture (12), there appeared to be nothing that
favored the circulation of normal or abnormal pro-
genitors. Consequently, it should be possible to moni-
tor changes in the overall frequency of normal colony-
forming cells in such patients by serial cultures
of peripheral blood mononuclear cells.
The G-6-PD marker allows study of the origin of the

committed stem cells, thereby providing the oppor-
tunity to investigate early commitment events in
hematopoiesis. Commitment or restriction events are
those that oceur in pluripotent stem cells and lead to
a restriction in the differentiation program that such a
progenitor can express. Correlation analyses of various
colony-forming cells in the mouse demonstrated that
primitive BFU-E and CFU-C are closely related to the
pluripotent stem cell (7). In our studies, we wished
to determine whether distortions in the ratios of one
progenitor type to another characterized the neoplastic
clone as compared to the residual normal clones. If
strikingly different ratios were found for the neoplastic
clone, such differences might provide an explanation
for the clinical phenotype of the disease. Thus, an in-
crease in the number of BFU-E relative to CFU-C
might characterize polycythemia vera, a disease
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clinically dominated by the increased erythrocyte
mass, whereas a marked increase in CFU-C might
characterize chronic myelogenous leukemia, a disease
clinically dominated by increased granulopoiesis. On
the other hand, if ratios ofCFU-C:BFU-E were similar
within the neoplastic and residual normal clones, it
would be consistent with the contention that early
restriction events in hematopoietic differentiation
were not subject to regulatory control but, in fact, oc-
curred in a stochastic fashion (13, 14). The ratios of
CFU-C:BFU-E in cultures from patient 1 (3.2 in the
abnormal clone and 2.7 in the residual normal clones)
were not significantly different and well within our
range established from 13 normal subjects. From pa-
tient 2, no normal colony-forming cells were detected.
Thus, all data reflect the abnormal clone and the ratio
was 2.0. Consequently, whereas the ratios of early
progenitors may vary somewhat from patient to
patient, no dramatic differences were found between
normal subjects and the abnormal clones represented
by the patients studied here.
These results are comparable to the ratios that can

be calculated from the recent report by Eaves and
Eaves (15) for chronic myelogenous leukemia. The
mean ratio of CFU-C:primitive BFU-E estimated from
the data on their three patients is 3.5 (SEM+0.6). This
value is similar to the results from the patients with
polycythemia vera and from our normal controls. The
similarity of these ratios suggests that while there may
be increased numbers of abnormal pluripotent or
committed stem cells in patients with chronic myelo-
proliferative disorders, the relative rates at which
restriction to the erythroid or granulopoietic pathways
occurs do not differ significantly from normal. Conse-
quently, in most patients the clinical phenotypes of
these diseases appear to depend upon differences in
the regulatory control of cells that appear later in the
maturation process than CFU-C and BFU-E. These dif-
ferences must therefore lie in processes that lead to the
amplification of the numbers of mature progeny.

Finally, this study allows a comparison of the
prevalence of normal progenitors over time to deter-
mine whether disease progression is associated with
changes in the fre(quency of normal colony-forming
cells. In both patients, there was a significant decline
in the fre(uency of normal colony-forming cells.
While culture conditions clearly cannot be identical
from year to year, similar declines in the percentage of
normal CFU-C and BFU-E were observed for patient 1
over the interval and repeat studies in 1978 and 1979
confirmed this decline for both patients.

Originally, it was considered that such findings
possibly represented a partial or complete extinction
of residual normal stem cells by the neoplastic clone,
extreme dilution of normal progenitors by abnormal
ones, or suppression of normal stem cell differentia-

tion at a more primitive level than CFU-C and BFU-E.
A recent study in a G-6-PD heterozygote treated ag-
gressively with chemotherapy and splenectomy for
chronic myelogenous leukemia suggests that complete
extinction of normal stem cells does not occur (16). In
that patient, extensive treatment led to the re-emer-
gence of normal colony-forming cells and almost total
loss ofthe Philadelphia chromosome abnormality. Con-
sequently, normal stem cells had to persist in that pa-
tient although they and their committed progeny were
not detected in culture immediately before treatment.
The recent development of assays for even more
primitive progenitors in man (17, 18) hopefully will
provide the opportunity to characterize the ratios of
normal to abnormal stem cells in these diseases over
time and determine whether a decline in the frequency
of detectable normal stem cells has any prognostic or
therapeutic importance.
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