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In accordance with inactivation of one X-chromosome in each somatic cell,
females heterozygous at the X-chromosome linked glucose-6-phosphate
dehydrogenase (G-6-PD) locus for the usual B gene (GdB) and a common
variant allele such as GdA have two populations of cells - one producing
type B G-6-PD and the other, type A. Thus, normal tissues from a GdB/GdA
heterozygote manifest both B and A isoenzymes (a double-enzyme phenotype), but a tumor with a Single cell (clonal) origin shows B or A G-6-PD
(a single-enzyme phenotype). The Same rationale allows delineation of
stem-cell relationships. If a tumor arises in a multipotent stem cell of type
A, all descendants of that stem cell will type as A.
In this communication G-6-PD studies are reviewed that indicate that
chronic myelocytic leukemia and related disorders have clonal origin at the
time of study and involve stem cells pluripotent for granulocytes, erythrocytes, platelets and monocytes/macrophages. The questions of whether
marrow fibroblasts or blood lymphocytes arise from the leukemia progenitor and of whether there are any residual normal stem cells are
emphasized.

I. Chronic Myelocytic Leukemia (CML)
A. Clonal Origin in Pluripotent Marrow Stern Cells

Thus far, 12 women with Philadelphia-chromosome (Phl)-positive CML
and heterozygous at the G-6-PD locus have been studied. Both B and A
isoenzymes were found in normal tissues, but only one type of G-6-PD was
Seen in the CML granulocytic cells (8 patients typed as B and 4 as A) [8,9].
The fact that single-enzyme phenotypes occur in CML granulocytic cells,
whereas granulocytes from G-6-PD heterozygotes without hematopoietic
diseases have double-enzyme phenotypes [6], strongly favors a clonal origin
of CML.This postulate is also supported by studies with other isoenzyme
and chromosomal markers (references given in [9]). However, the conclusion that CML has a clonal origin applies only to the stage of the disease
at the time of study. Conceivably, at a very early phase many cells may be
affected, but by the time CML is evident one clone has evolved. The fact
that at the time of diagnosis all CML cells are of clonal origin virtually ex-
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cludes any hypothesis of pathogenesis based on continuous recruitment of
hitherto normal cells.
In G-6-PD heterozygotes with CML, single-enzyme phenotypes are
found in erythrocytes, platelets and blood monocytes/macrophages as well
as in granulocytes [SI. Thus, the disease involves a multipotent marrow stem
cell, a conclusion supported by studies with other markers (references given
in 171). In contrast to the blood cells, cultured marrow fibroblasts from 3
patients with CML displayed both B and A enzymes, indicating that at least
in these cases, these cells do not arise from the CML clone. Similar conclusions were reached using Phl as a marker [5,11,14]. One of the patients
we studied had myelofibrosis [SI. The facts that marrow fibroblasts grown
from this patient lacked Phl and had a normal double-enzyme phenotype
suggest that the myelofibrosis is not part of the CML clonal proliferation
and is probably a secondary phenomenon.
B. Do Blood Lymphocytes Arise from the CML Stem Cell?

To investigate the origin of different lymphocyte populations we studied
three G-6-PD heterozygotes with CML. The CML myelocytic cells in each
patient showed a single type: B.
Simple preparative methods all failed to separate lymphocytes from
granulocyte precursors and other immature forms. Thus we adopted complex multistaged preparative protocols. These methods and the procedures
used to identify T or B lymphocytes are described in detail elsewhere [10].
The results provide evidence for at least two and possibly three lymphocyte
populations.
1. T-lymphocytes which do not Arise from CML Stem Cells
In each of the three patients there is a population of E-rosette forming
lymphocytes which has a normal double-enzyme phenotype in marked
contrast to the single-enzyme phenotypes found in the CML clones. These
Tcells were most easily demonstrated when the patient was in complete
clinical remission.
2. Non-T lymphocytes which Arise from CML Stem Cells
A population of non-E-rosette forming lymphocytes was identified which
had the same single-enzyme phenotype as did the CML clone. This population was demonstrated when the patient was in relapse or in clinical remission. These cells had complement receptors and many of them manifested
B-lymphocyte characteristics such as cell-surface and intracytoplasmic Ig,
and Ig synthesis.
3. T-lymphocytes which may Arise from CML Stem Cells

Preliminary studies suggest that there may be a population of lymphocytes
which has a single-enzyme G-6-PD phenotype and T-ceI1 characteristics
including lack of cell-surface Ig and formation of E-rosettes. In contrast to
the non-clonal T-cells which were most easily demonstrated in clinical
remission, these "clonal" "T"-cells have thus far been demonstrated only
when the disease is in relapse. However, conclusions based on these find-
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ings must be guarded. For example, since the disease was active at the time
of study, the diMiculties of isolating and characterizing lymphocyte populations were increased. In addition, it cannot be concluded firmly that this
clonal subpopulation is analogous to normal T-lymphocytes since it may
consist of B-lymphocytes or undifferentiated cells of the leukemic clone
which have acquired T-cell markers during evolution of leukemia.
The likely demonstration in CML of clonal lymphocytes suggests that
there is a common hematopoietic stem cell for some lymphocytes as well as
for myelogenous cells and it is this stem cell which is involved in the leukemia. These data may explain why in some cases of blast crisis, the cells
have characteristics which resemble those found in the common type of
acute lymphoblastic leukemia (e.g., See Chapters by Boggs and Greaves,
this volume). The demonstration of E-rosetting cells from patients with
CML in remission that do not arise from the leukemia stem cell may reflect
persistence of restricted stem cells committed to differentiate only into
T-lymphocytes.
Mitogen-stimulated mitoses within the lymphocytes having single-enzyme
phenotypes and thereby presumably arising from the CML stem cells
generally lacked Phl. One possibility is that the cells in metaphase are not
representative of the vast majority of enzyme-producing cells, but a more
intriguing possibility is that cells which are clonally derived only acquire
Phl at a later Stage in leukemogenesis (see below).
C. Are there an y Residual Normal Stern Cells in CML?

The fact that during remission in CML, the single-enzyme G-6-PD phenotypes persist provides no evidence for residual normal stem cells [8]. However, it was possible that a minor isoenzyme component had been missed if
it had contributed less than 5% of the total G-6-PD activity. To study this
problem at a more sensitive level, we analyzed granulocytic colonies grown
in semi-solid medium. Such colonies from normal G-6-PD heterozygotes
have single-enzyme phenotypes and arise from single cells. Thus, analysis
of a single colony is equivalent to study of the one progenitor cell from
which it was derived. Of almost 1000 granulocytic colonies studied, one
colony had a G-6-PD phenotype different from that observed in the CML
blood clone [9]. These data provide no evidence for residual, normal
granulocyte colony-forming cells (CFU-C) in patients with CML, a situation which contrasts with that found in polycythemia vera (see below).
On the other hand, some studies using Phl as a marker do suggest persistence of normal stem cells. For example, the presence of some normal
stem cells in CML was suggested by the observation of Phl-negative
granulocytic colonies in 3 of 5 patients in one study [3]. (However, other
investigators have found such colonies to be uniformly Phl-positive [2,15,17]).
Further evidence favoring persistence of some Phl-negative cells in CML
derives from the appearance of such cells in patients treated with cycleactive intensive therapy [4]. How are these chromosome observations suggesting persistence of normal stem cells in CML reconciled with the failure
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using G-6-PD as a marker to detect granulocytic colonies arising from nonCML progenitors? One possibility is that only some patients have Ph1negative CFU-C, but not the ones we studied. Alternatively, there may be
some Phl-negative CFU-C in all patients. If this hypothesis is correct, then
our failure using G-6-PD to find evidence of stem cells that do not derive
from the CML clone suggests that cells which are clonally derived acquire
Phl at a later stage in leukemogenesis. According to this hypothesis, CML
would be a multi-staged disease. As indicated above, the possibility that
some clonally derived lymphocytes lack Phl would be in accord with this
hypothesis.

11. Polycythemia Vera and Myeloid Metaplasia with Myelofibrosis
A. Clonal Origin in Pluripotent Marrow Stem Cells

Studies of two G-6-PD heterozygotes with polycythemia vera [l] and two
with agnogenic myeloid metaplasia with myelofibrosis [12,13] indicate that
at least in the patients investigated, the disorders involve multipotent hematopoietic stem cells and suggest that at the time of study, the diseases have
a clonal origin. According to some theories of pathogenesis, polycythemia
vera and agnogenic myeloid metaplasia result from proliferation of normal
stem cells in response to unknown myeloproliferative stimuli. The G-6-PD
data do not support these hypotheses and are more compatible with neoplastic origin.
B. Are there any Normal Stem Cells in Polycythemia Vera?
As described in detail elsewhere in this volume (see Chapter by Adamson),
in contrast to CML, analyses of granulocytic and erythroid colonies from
patients with polycythemia vera indicate that there are stem cells which do
not arise from the polycythemia vera clone detected in the blood and therefore are presumably residual normal stem cells [16]. However, these cells
are demonstrable in vitro only in the presence of erythrocyte or granulocyte
stimulating factors. Thus, although there are normal stem cells in patients
with polycythemia vera, their expression is suppressed in vivo. This contrast
between polycythemia vera and CML suggests a basic difference in the
regulatory abnormalities in the two disorders although they may involve
the same or a similar multipotent hematopoietic stem cell.
C. Myelofibrosis in Agnogenic Myeloid Metaplasia

The factors underlying the marrow fibrosis, the predominant clinical
feature in this disease, are unknown. Many workers feel that it is part of the
same process as that which affects the myeloid cells. Our results suggest that
this hypothesis, which predicts finding the same single-enzyme phenotype
in the marrow fibroblasts as the one observed in the blood cells, is not
correct.
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In the G-6-PD heterozygote with agnogenic myeloid metaplasia who
had equal amounts of B and A isoenzymes in cultured skin fibroblasts and
only type A in blood cells, both B and A isoenzymes in equal proportions
were found in cultured marrow fibroblasts [12]. niis patient also had a
distinctive chromosome abnormality (47, XX,+ 8) in the blood cells which
was not detected in a single marrow fibroblast. These G-6-PD and cytogenetic findings strongly suggest that the marrow fibrosis in this patient was
not part of the basic process which led to clonal proliferation of hematopoietic stem cells and that the myelofibrosis was a secondary abnormality.
Similar conclusions were reached from chromosome studies of a patient
with amte myelofibrosis [ 181.
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