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Leukemia Progression: Role of Tissue Disorganization

Z. Grossman 1

A. Introduction

Gene expression is not fixed or irreversible.
Although under normal circumstances the
pattern of gene expression of specialized
cells is stable and heritable, it can be altered
if the regulatory circuits between nucleus
and cytoplasm are modified or disrupted [1].
Thus, changes in gene expression during cell
development depend not only on the nu-
cleus, but also on the cytoplasm which plays
an essential role as signal transducer. The cy-
toplasm, in turn, is subject to modulation by
extracellular factors and via membranal in-
teractions. This leads to the concept of
“phenotypic adaptability”: the capacity of
cells to change their patterns of gene ex-
pression in response to changes in the micro-
environment. A role for DNA methylation
in stabilizing epigenetically induced changes
of gene expression has been proposed [2].
The following conceptions about cancer
are widely accepted: (a) cancer is caused by
discrete change, or changes, in the cell ge-
nome; and (b) a series of additional muta-
tions, in the broad sense of the word, ac-
count for the progressive evolution of the tu-
mor phenotypes — these mutations are due to
the development of genetic instability in the
transformed cells [3]. In particular, nonran-
dom chromosome alterations have been
identified in myeloid and lymphoid leu-
kemias and lymphomas. These alterations in
turn are postulated to cause changes in the
expression or regulation of proto-oncogenes
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or other genes involved in the cell’s growth
and/or differentiation control. Duesberg [4]
and others have questioned the validity and
generality of this interpretation: it is not
known whether these nonrandom chromo-
some changes are sufficient in themselves or
even essential along with other changes for
leukemogenesis; there is still no proof that
activated proto-oncogenes are sufficient or
even necessary to cause cancer.

On a more fundamental level, it has been
argued that intracellular events cannot ex-
plain all of the changes involved in tumor
progression in tissues where intercellular
events regulate homeostasis [5—8]. Consis-
tency with the concept of phenotypic adapt-
ability, in particular, requires a more com-
prehensive approach. Such an approach will
be outlined below, as a series of assumptions
and propositions, with only a minimal refer-
ence to the supportive database (for more
details and evidence, see [8—12]).

B. The Stem Cell Concept Revisited

Contrary to some theories, there is no obvi-
ous causal connection between division and
differentiation-maturation at the single cell
level. There is evidence in the lymphoid and
hemopoietic systems and in other cell sys-
tems that differentiation can occur with or
without mitosis and that the number of divi-
sions that a cell performs at a given state of
maturation is generally variable and subject
to external regulation, in vivo and in vitro.
Initiation of differentiation and entering
into mitosis appear to be competing cellular
events [13, 1]. Thus, there is no experimental
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justification for the distinction between a
self-renewal or stem cell division and an am-
plification division, which is regarded as an
intrinsic part of a maturation process. Rec-
ognizable precursor cells do appear to divide
and mature simultaneously under most con-
ditions. However, this does not imply a con-
stitutive relationship; it may reflect only a
high rate of cycling, a high relative rate of
maturation, and possibly an overlap be-
tween posttranscriptional and cell-cycle pro-
cesses.

Assumption 1: The ratio between the prob-
abilities of maturation and self-renewal for
any mitotic cell is regulated by extracellular
signals.

Corrollary: Cells other than primitive
pluripotential cells have a self-renewal po-
tential, but their self-renewal activity is
tightly regulated by inter-cell interactions.

Corrollary: Competition may in principle
take place not only among clones, but also
within clones, i.e., among cells that belong to
the same clone but are at different stages of
maturation.

A number of models have been proposed
on the basis of an externally regulated bal-
ance between cell division and cell differenti-
ation-maturation [7]. A simplified possible
scheme of the distinct regulatory steps in the
stimulation of each cell is depicted in Fig.1.
R and 4 stand for “resting state’ and “active
state,” respectively. S, S,, and S; represent
signals for initial activation, maturation,
and replication, respectively. Each of these
signals is partially constitutive (intracellu-
lar), partially generated (or modulated) by
stromal cells, and partially elaborated by
other hemopoietic cells. By definition, the
latter component represents feedback. Each
signal may be mediated by more than one
factor or through direct intercellular interac-
tions. There may be complete or partial
overlap between the components of the dif-
ferent signals. Finally, the cellular origin,
biochemical identity, and effects of these sig-
nals may vary according to the state of mat-
uration of the target cell.

The dynamic aspect of hemopoiesis is pro-
vided by signals exchanged among hemo-
poietic cells. The feedback component need
not be the main driving force, but it provides
the “steering.” The evidence is consistent
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Fig. 1. Cell cycle associated levels of regulation

with the notion of internal feedback circuits,
operating within the hemopoietic tissue, as
well as with peripheral signals. The large
overshooting in the numbers of CFU-S and
other progenitors observed following mar-
row treatment by irradiation or by certain
drugs and the long relaxation times and
cycle times in cyclic hemopoiesis can be
understood if there is a delay of several days
along a regulatory loop. These patterns sug-
gest that mature or maturing hemopoietic
cells control the activity of earlier progeni-
tors. Experimental evidence implicates gra-
nulocytes, monocytes, and lymphoid cells in
this function.

Assumption 2: Maturation pressures on all
progenitors and precursors increase with the
size of the mature cell compartment.

In Fig.2, Xi and Yi are resting and active
cells in the i-th compartment, respectively
(i=1,...n); Z are mature cells. S represents
the various signals indicated in Fig. 1, collec-
tively. Although it is convenient to think of
S as representing a set of factors, the feed-
back effects could be exerted more indi-
rectly. Mature cells could modulate signals
exchanged between progenitors or delivered
to them by stromal cells. Alternatively, ma-
ture cells could interfere with autocatalytic
proliferative signals exchanged among
physically adjacent progenitors.

This minimal feedback model is based on
the fact that differentiation in itself is
growth-limiting. Differentiation out of a
compartment decreases the population re-
maining within; no other inhibitory force is
required. It has been assumed that differ-
entiation pressures increase with the size of
the system. The cells belonging to more
primitive compartments are less sensitive to
these pressures than their more differenti-
ated progeny. Resistance to differentiation



Fig. 2. “Balance-of-growth”
model of hemopoiesis

pressures is a measure of the cell’s self-re-
newal capacity. Thus, at steady-state the
probabilities of self-renewal and differenti-
ation in the earliest (most primitive) com-
partment are dynamically adjusted to be
equal (P=0.5 each). The “amplification”
seen in the whole system results from re-
newal at probability smaller than 0.5 per ac-
tivation event. It can rise to higher values
when the steady state is perturbed following
a change in peripheral demand, a tissue in-
sult, or under culture conditions. Indeed,
there is growing evidence that essentially
normal cells of the committed progenitor
phenotype can exhibit extensive self-renewal
in vitro, in Dexter cultures or in suspension.

This scheme is largely nonspecific, em-
bodying the view that the hemopoietic tissue
functions as an integrated system rather
than a set of cell lineages developing in
parallel. This view is consistent with the data
on growth factors active in cell culture which
suggest that each of these factors effects a
variety of progenitor cells at the earlier
stages of differentiation and only later do
lineage-specific effects become dominant
(N.A. Nicola, this volume). The question,
how do lineage-specific peripheral factors,
such as erythropoietin or thrombopoietin,
affect the production of cells of the respec-
tive lineages is discussed elsewhere [9, 10].
The scheme accounts for the fact that the re-
sponse of recognizable precursor cells to
changes in peripheral demand is more signif-
icant and occurs earlier than that of the
colony-forming progenitors.

The rule that cells become more respon-
sive to differentiation signals as they mature
makes maturation an autocatalytic process.
This, along with the feedback assumption,
ensures both the stability and the flexibility

of the maturation hierarchy. It explains, for
instance, why the slowly cycling primitive
cells are not replaced as stem cells by their
more active progeny. Certain changes in an
early cell or in the tissue can weaken the dif-
ferentiation feedback loop, leading even-
tually to leukemia.

C. “Differentiation’ Revisited

“Differentiation” can be defined as inheri-
table changes in a cell’s pattern of gene ex-
pression (not necessarily irreversible). “Mat-
uration” is a particular step(s) of differenti-
ation regularly observed within a cell lineage
when the development of the cell is well-de-
fined and predictable. “Adaptive differenti-
ation” is differentiation which is guided to
some extent by the cell’s microenviron-
ment.

Watching a differentiation sequence can-
not tell us whether it is adaptive or not. It
may owe its regularity to a constant set of
constraints. Introducing modifications of
the environment may lead to a modified
phenotypic pattern in the developing cell
population, possibly due to selection rather
than adaptation. Thus, single-cell experi-
ments are necessary to test whether repro-
gramming of cell differentiation can be ef-
fected in the absence of selection and to
compare the early developmental steps of
two daughter cells subject to different condi-
tions. Metcalf et al. have shown that two dif-
ferent inducers, or different concentrations
of the inducer, could push daughter cells of
a CFU-C into the monocytic or into the gra-
nulocytic sublineage, respectively, and the
effect appeared to be inductive, not selective
[14]. Such experiments are scarce. Repro-
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gramming of cell differentiation clearly oc-
curs under highly artificial conditions [1].
There is a large body of indirect evidence
supporting the notion of adaptive capacity
of cells during embryonic development and
into adult life. The conception of cellular dif-
ferentiation as partially adaptive rather than
rigidly preprogrammed is more compatible
with the phenotypic plasticity observed in
cultured cells and during tumor progress,
when the cells are subject to a substantially
modified environment for a prolonged pe-
riod of time.

A programmatic approach implies “lin-
eage fidelity”” and discrete, intrinsically trig-
gered determination (commitment) events. I
prefer to see commitment as a manifestation
of a gradually increasing bias for a given de-
velopmental fate. Such a bias is defined by
the environment as well as by characteristics
of the cell, e.g., by inducers in the environ-
ment and by the corresponding receptors on
the membrane of the cell. Such commitment
might be modulated or even reversed under
different environmental conditions. In this
light, it might be of interest to assess the fate
of BFU-E under conditions of erythrocyto-
sis induced by hypertransfusion, or that of
the Meg-CFC shown to increase signifi-
cantly in vivo, in some animals, without ac-
companying thrombocytosis [15].

Both their self-renewal capacity and pluri-
potency are aspects of stem cells’ resistance
to differentiation pressures. Because the
build-up of differentiation bias is slow in
these cells, competing small epigenetic modi-
fications may switch on and off or fluctuate
quantitatively. On the other hand, once a
significant bias is attained and differenti-
ation starts, the bias becomes self-enhancing
and eventually irreversible within the same
environment. This is equivalent to “commit-
ment.”

The concept of a “lineage” is based on the
premise that the differentiation pathway of
normal committed cells is fixed in advance
under all conditions. This also provides the
rationale for many in vitro experiments
which aim to take a particular subpopula-
tion of cells out of the complex physiological
environment and place them into the simpler
culture environment where they could be
studied in detail. The assumption is that the
events observed in vitro will accurately re-

292

flect, and provide insights into, the analo-
gous sequence of events which occur during
in vivo differentiation.

In contrast, the previously discussed con-
siderations imply that a cell is not an auto-
nomic entity, but that its characteristics
partly depend on the microenvironment and
on its past developmental history [9, 16]. For
example, long-term cultures provide an en-
vironment optimal for the sustained growth
of cell lines and clones. Continuous prolifer-
ation may lead not only to selection of par-
ticular subpopulations but also to adaptive
phenotypic changes. In some cases, such
adaptation leads these cells to specialize in
self-replication. A set of genes associated
with division maintains a high level of ex-
pression, possibly at the expense of other
sets of genes, including perhaps those re-
sponsible for the karyotypic integrity of the
cell’s genome. This may lead to the accumu-
lation of chromosomal aberrations.

In this scenario cell transformation in vi-
tro is (a) secondary to the change in the
microenvironment, and (b) described as a
dynamic process in which changes in DNA
sequence may follow irregular “differentia-
tive” cellular changes (i.e., heritable changes
in gene expression), which in turn follow re-
versible epigenic effects. The considerations
in this section can be summarized by the fol-
lowing proposition:

Proposition 1: The phenotypic patterns of
hemopoietic cells, including their profile of
growth characteristics, are actively regulated
by the same feedback interactions which
control the numerical ratios among cells.
(By “phenotypic pattern’ I mean the coas-
sociation of a given set of characteristics in
the same cell.)

The stage is now set for proposing sce-
narios of leukemia progression in vivo.

D. The Origin of CML
and the Blast Crisis

As mentioned earlier, it is their lower re-
sponsiveness to maturation pressures that
endows the primitive cells with a growth ad-
vantage and stably couples them to the rest
of the clone in Fig. 2, in spite of their slower
cycling rate. These maturation pressures on



all mitotic cells in the bone marrow are as-
sumed to increase with the size of the mature
cell compartment of that tissue.

Corollary: If the sensitivity to feedback of
all the cells within a hemopoietic clone is re-
duced, the clone will expand in order to re-
store the (steady state) balance between self-
renewal and differentiation.

It is convenient to define a common clonal
measure of responsiveness, k, such that all
cellular transition rate coefficients (or at
least the maturation rates) are proportional
to k, with 0 £ k£ < 1; k was named “induc-
tivity.” For normal clones £ = 1; k = 0 at
the limit of a complete maturation block;
and cells in the intermediate range manifest
different degrees of maturation arrest, in a
quantitative sense.

Proposition 2. Chronic leukemia results
from a reduced clonal inductivity (namely,
from a partial maturation arrest).

The underlying biological mechanism
could be direct (e.g., reduced numbers, or
activity, of receptors for differentiation fac-
tors, or lower levels of transduction of the
membranal signals) or indirect (e.g., in-
creased numbers, or activity, of receptors for
other growth factors, or impaired microen-
vironment). For specificity, and in line with
the generally accepted interpretation, it may
be supposed that a heritable change origi-
nated in an early transformed cell and prop-
agated through the clone by proliferation
and maturation of the original cell and its
progeny.

What happens to normal hemopoietic
cells in CML? The expansion of the leukemic
clone is associated with increased matura-
tion pressures which affect both leukemic
and normal cells. At steady-state, the level of
feedback control is adjusted to the reduced
responsiveness of the leukemic stem cells,
but is too high for normal stem cells. These
are gradually induced to differentiate faster
than they renew so that, in effect, normal
clones become transitory.

If the feedback control mode of Fig.2
(named “balance of growth) were the only
means of controlling cell numbers, the
number of mature cells at steady-state, Z,,
would be inversely related to the inductivity
for 0<k=1. In particular, for very small %,
Z, would be very large. However, for k=0,

corresponding to a complete maturation
block, Z,=0. This unacceptable singular be-
havior (in the mathematical sense) does not
occur if cell density limitations are taken
into account. Beyond a certain limit, in-
creased cell density must have a negative ef-
fect on hemopoietic cell growth. This rela-
tively nonspecific feedback suppression
mode is normally secondary to the “balance
of growth” mode, but becomes potentially
significant in hyperplasia. Cell crowding
conditions provide a selective pressure in
favor of inherently fast-cycling cells; “blast
cells” acquire a growth advantage over ma-
turing cells and (slowly cycling) primitive
progenitors (overriding the normal advan-
tage of early progenitors — having stronger
resistance to feedback maturation pres-
sures).

Corollary: As the inductivity is reduced to
small values, blast cells gain dominance.

Proposition 3. The blast crisis evolves from
the chronic phase as a result of a progressive
maturation arrest.

Note that a moderate maturation arrest
accounts for the chronic phase. It is usually
believed that quantitatively different types
of cellular lesions are involved: while CML
is associated with a proliferative abnormal-
ity, a “blast transformation” is postulated to
cause “maturation block.” In contrast, the
present theory requires only one type of
change in the function of the cell to explain
both phases of the disease. The differences
between CML and the blast crisis at the sin-
gle-cell level may be only a quantitative one
while the cell-population manifestations are
drastically different. It is suggested that cell
crowding, through its effect on the interac-
tions between cells and between compart-
ments, plays a causative role in the transi-
tion.

E. Leukemia Progression

While proposing to characterize the relevant
cellular change of function — maturation ar-
rest — and link its progression to the acquisi-
tion of malignancy, the hypothesis has yet to
explain what drives this progression.

The concept of cancer progression, as de-
fined by Foulds [3], refers to the develop-
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ment of permanent, irreversible, qualitative,
and heritable changes in one or more cellular
characteristics. The central dogma in oncol-
ogy is that these changes are due to the in-
herent genetic instability of the transformed
cells, which in turn are manipulated by en-
vironmental selective pressures.

The present approach deviates from this
dogma, or extends it, in two general aspects.
First, it ascribes a deeper, more dynamic na-
ture to the cell-environment relationship. If
heritable - or at least recurrent — changes oc-
cur in somatic cells possessing extensive divi-
sion capacity which affects their growth/dif-
ferentiation characteristics, the tissue com-
position is bound to change. This in turn
leads to additional cellular changes, and so
on. The purpose of a more detailed analysis
is to understand in quantitative terms the
conditions under which the normally self-
corrective, negative feedback relationship
among cellular constituents may turn into a
positive feedback circuit, whereby the differ-
ent types of changes reinforce each other,
leading to further disorganization [6, 8].

The second aspect is the suggestion that
the acquisition of increased self-renewal ca-
pacity, or decreased sensitivity to matura-
tion pressures, may reflect in the first place
a normal adaptive capacity on the part of the
transforming cells rather than aberrant ge-
netic programs. In fact, the theoretical anal-
ysis cannot distinguish between a series of
“small,” frequent genetic events and a con-
tinuous (heritable) cellular change which is
not associated with DNA-sequence modifi-
cations. The conditions under which the
regulatory differentiation pressures are ca-
pable of preventing the accumulation of
small karyotypic changes or of controlling a
slow phenotypic variation may be quite
similar. The difficulty to discriminate theo-
retically and experimentally between such
genetic and epigenetic phenomena notwith-
standing, it can be shown that a form of re-
stricted adaptive variability of the cellular
phenotype, beyond that which is usually im-
plied by a “genetic program,” is consistent
with both the normal stability of the pheno-
typic patterns and their transformability in
response to some perturbations. By assum-
ing, in particular, that the growth character-
istics of normal hemopoietic cells are subject
to adaptive changes in both directions, and
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not only to down-regulation of the self-re-
newal capacity with differentiation, it is pos-
sible to offer explanations for the progres-
sive nature of chronic leukemia and preleu-
kemia. Again, cell crowding may play a
causative role in the transformation process,
driving differentiation in the “wrong direc-
tion.”

Assumption 3: Stimulation of cells to repli-
cate tends to induce in them (slowly) an in-
creased capacity for self-renewal (or equiva-
lently, reduced sensitivity to differentiation
signals). Stimulation to differentiate, or ma-
ture, has the opposite effect.

Some growth factors can regulate the ex-
pression and affinity of their own receptors.
Several observations indicate that the capac-
ity for self-renewal of hemopoietic cells can
be up- or down-regulated by external influ-
ences (e.g., [17, 18]) and there is indirect ev-
idence for a role for DNA methylation [19].
When populations identified by their capac-
ity to form colonies under certain conditions
are examined by other means, striking het-
erogeneities are uncovered [20].

With Assumption 3 incorporated into the
scheme, proposition 3 can now be translated
into a mathematical model corresponding to
Fig.2, but in which the inductivities are as-
sumed to have constitutive (fixed) compo-
nents as well as variable components [8, 12].
The latter may evolve (slowly) according to
the actual self-renewal activity of the cells
and to the cell densities. In Fig.3, for ex-
ample, the constitutive part is chosen to be
60% of the normal value, leading to a stable
(chronic) hyperplasia and a stable steady
state average for the variable part. The vari-
ability in the inductivity of the blast cells
which was assumed here introduced only a
small correction to their average inductivity
as compared to a model with no such vari-
ability; this is because the rate of change in
the inductivity of these cells is small in com-
parison to their turnover rate. However, fur-
ther computer simulations of the model
demonstrated the validity of the following
proposition:

Proposition 4: Under conditions of excessive
cell crowding, the stability both of the
growth-characteristics’ profile and of the
numerical balance between compartments
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Fig.3. Computer simulation of a simplified
mathematical model corresponding to Fig. 2 with
a variable inductivity for blast cells. For the stem
cells, £=0.6 (normally, k=1). X; and X, are nor-
mal stem cell and blast cell numbers, respectively
(in arbitrary units); ¥; and Y, are leukemic stem
cell and blast cell numbers; Z is the number of ma-
ture cells

may be reversed, with a consequent domi-
nance of a transformed subpopulation
manifesting a maximal maturation arrest.
In Fig.4, the constitutive component of
the inductivity is reduced to 50% of the nor-
mal value. A transient (chronic) state of hy-
perplasia emerges, but a self-driven process
of selection and adaptation leads to a blast
crisis 100 days later. The reversal of stability
results from a failure of the feedback loop —
because of cell crowding — to counteract
downwards fluctuations in the inductivity
with (transiently) increased numbers of ma-
ture cells which would enhance the matura-
tion pressures and up-regulate the average
inductivity [12]. This failure enables such
downwards fluctuations to accumulate.

Proposition S (Summary): An initial heri-
table event in an early hemopoietic cell, gen-
erating a clone with partial maturation ar-
rest, leads to CML. If the ensuing hyper-
plasia distorts the interpopulation balance
within the dominant leukemic clone beyond
a certain level, a snowball-like process of
slipping control is initiated: the distortion
feeds back onto the individual members of
the clone, inducing further decline in the in-
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Fig.4. Notations as in Fig.3; k=0.5

ductivity and consequently more crowding
and distortion (selection). This cascade of
dynamic changes in the cells and in the tis-
sue, which reinforce each other, leads to the
blast cell dominance.

Alternative scenarios have also been pro-
posed [8], corresponding perhaps to differ-
ent pathogenic situations. In particular:

Proposition 6: Acute leukemia is a local ver-
sion of the blast crisis. The whole process de-
scribed above may take place in a small re-
gion of the bone marrow, and only later the
dominant, transformed blast cells colonize
other regions. In this case, the emergence of
the acute phase is not preceded by a detect-
able (macroscopic) phase of chronic leu-
kemia.

The conditions associated with the differ-
ent routes of progression are not under-
stood, but they could be related to quantita-
tive factors that determine the order in
which different cell compartments are elimi-
nated in the course of the selection process:
if the primitive leukemic progenitors are
suppressed early in the process, cells that can
migrate and colonize other niches may not
become available until the blastic trans-
formation is completed.

F. Dynamic Heterogeneity
and “Immune Surveillance”

The leukemogenesis model described above
assumed that cells in the mature compart-
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ment positively affect the differentiation of
earlier hemopoietic cells. In general, the
feedback relationships in the tissue may in-
clude interacting cell populations which are
not necessarily derived from a common stem
cell. The cell populations which stimulate
and regulate each other are normally linked
in a stable state of “dynamic heterogeneity.”
A major perturbation, e.g., DNA rearrange-
ment in a clonogenic cell, cytotoxic drug, or
some kind of prolonged external stimula-
tion, may produce a modified set of con-
straints, incompatible with the maintenance
of dynamic heterogeneity, and malignancy
may follow through a process of selection
and adaptation.

It is conjectured that lymphoid cells are an
important component of the regulatory cell
population which generates maturation
pressures in some tissue — in particular in the
hemopoietic tissues. Since maintenance of
these pressures is essential for the balance in
the tissue, the conjecture defines a new mode
of immune surveillance [11].

The old hypothesis of immune surveil-
lance against cancer is based on two
premises: (a) that transformed and normal
cells generally have different antigenic quali-
ties, and (b) that the immune system re-
sponds to the antigenically modified cells in
essentially the same way as it responds to in-
vasive microorganisms. Both premises have
been questioned. Now it is suggested that a
major function of lymphoid cells, in addi-
tion to their classical role as mediators of im-
mune responses, is to assist in regulating the
differentiation of a variety of normal cells.
They mediate feedback interactions of the
type attributed to Z in the leukemia model.
The pertinent cognitive aspect of the im-
mune systems in this capacity is recognition
of self rather than recognition of foreign
antigens. By forcing and steering the turn-
over of tissue cells, lymphoid cells do not
permit accumulation of small irregular
phenotypic and karyotypic changes in the
tissue. Tumor escape from surveillance may
be described as an escape from regulatory
differentiation pressures.

The well-established association of
neoplasia with various forms of immune
deficiencies, the apparent enhancement of
tumor “immunogenicity” as the expression
of MHC antigens is increased, the role of in-

296

filtrates of lymphoid cells at tumor sites and
their correlation to the stage of tumor
growth and the degree of tumor differenti-
ation [21], and the use of activated lymphoid
cells in therapy — all of these should undergo
reassessment under the new concept of sur-
veillance.

G. Some Implications

Uncoupling of intracellular controls which
coordinate division and differentiation in
the normal cell were proposed to be the “le-
sion” at the root of leukemia [22, 23]. Sachs
defined a hierarchy of distinct cellular
changes that give rise to different phases of
malignancy. While sharing with these hy-
potheses the concept that “arrest” is not an
absolute bar to maturation, the present
model associates the development of imbal-
ance between proliferation and differenti-
ation with uncoupling of cell subpopula-
tions, and a progressive maturation arrest
with changes in the tissue.

An animal model of transplantable leu-
kemia [24] could serve to test these ideas.
The theory predicts the possibility that blast
crisis cells transplanted into healthy recipi-
ents may undergo differentiation in the host:
the normal inductive forces in the host could
be sufficient to induce differentiation of the
partially responsive blasts and their leu-
kemic progenitors. As the leukemic clone ex-
pands and gains dominance over the recipi-
ent hemopoietic cells a transient chronic
phase may be expected to be followed by a
blast crisis. Indeed, it was observed that a
CML-like phase preceded the reemergence
of blasts as the dominant population [24].
Chromosomal analysis is required to deter-
mine whether the mature cells at the chronic
phase and the leukemic blasts belong to the
same clone.

This interpretation suggests that even
when reconstitution of the dominance of the
normal cells is not possible (e.g., due to the
depletion of the normal primitive progeni-
tors), it may be possible to recouple the leu-
kemic blast population to the rest of the leu-
kemic clone [7] or, in other words, to restore
the maturational heterogeneity. The feasibil-
ity of such a strategy depends on creating an
appropriate cellular environment and pro-



viding, initially, the proper activation sig-
nals. Later on, a prolonged state of re-
mission may be self-sustained, without ther-
apy, if the steady state is stable (as in Fig. 3)
or may require continuous intervention, at
some level, if this is not the case. The period
during which therapy is required may be fi-
nite if it is accompanied by adaptive cell nor-
malization (in the model — increase in the
heritable inductivity of the clonogenic cells).
Due to the strong analogy drawn between
the progression of acute leukemia from pre-
leukemia and that of the blast crisis from
CML, the same argument holds in principle
for both diseases. As was noted [8, 12], in ac-
cord with the different respective scenarios
offerred for the pathogenesis of these dis-
eases, the dominance of blast cells in the
blast crisis may be more complete and irre-
versible.

While chromosomal analysis in the guinea
pig model has not yet been performed, new
evidence in the human [295, 26] is relevant
and intriguing. Recombinant DNA tech-
niques were used to determine the origin of
granulocytes in patients with acute nonlym-
phocytic leukemia, at presentation, in re-
mission, and in relapse. The results provide
evidence that leukemic blast cells can differ-
entiate in vivo and that the same preleu-
kemic clone has the potential to support nor-
mal hemopoiesis (in remission) or to allow
the emergence of blastic leukemia (at presen-
tation and in relapse). The interpretation of
both the authors [25] and the editorial is that
(a) leukemia arises from multiple genetic or
epigenetic events, with early preleukemic
stem cells coexisting with leukemic cells; (b)
cytotoxic agents kill leukemic cells, but nor-
mal stem cell and preleukemic stem cells are
resistant; (c) the preleukemic population can
differentiate into mature elements. The ex-
perimental results, however, may be reinter-
preted according to the present systemic ap-
proach. While in agreement with points (a)
and (c) above, the new interpretation of the
effect of the therapeutic agents is that they
restore a closer-to-normal cellular environ-
ment which allows the recoupling of the
blast cell compartment to the (previously
suppressed) progenitor and mature cell com-
partments. This interpretation avoids the
necessity to postulate a complete and highly
selective elimination of leukemic blasts.

Whatever the fate of most of the original
blasts is — cell death or forced terminal dif-
ferentiation — the state of remission is stabi-
lized, at least in part, by the imposed change
of cellular organization. Discrimination be-
tween these interpretations using direct ob-
servations in human patients is difficult so
that studies in animal models or in Dexter’s
cultures are required.

Another implication of the present ap-
proach is that, since the phenotypic patterns
of the transforming cells during progression
are assumed to reflect the degree of their
adaptation to the changing tissue condi-
tions, a careful monitoring of these patterns
may turn out to be a more reliable prog-
nostic tool than karyotypic analysis.

H. Concluding Remarks

A single type of change in the cell function
is sufficient to account both for CML (or
preleukemia) and for the progression into
the blast crisis. The minimal number of
“events” is one. Disorganization of the tis-
sue plays a causal role in the process, beyond
a selection for more aggressive clones.

Although the theory cannot discriminate
between the accumulation of heritable epige-
netic effects (i.e., changes in gene expression
stabilized, e.g., by DNA methylation) versus
that of small modifications in the DNA se-
quence, the first possibility is more attractive
and constitutes the “minimal” interpreta-
tion consistent with the data. The “nor-
malcy” of the transformation process, as an
expression of essentially normal cellular
phenotypic adaptability, is stressed. Genetic
aberrations may contribute to the process,
mainly at the later stages. Note that the ac-
cumulation of phenotypic changes occurred
in a transitory cell population, not in stem
cells, over a period much longer than the ini-
tial turnover time of this population. Accu-
mulation of DNA modifications is more
likely to take place within self-renewing
cells.

Killing or changing the behavior of all the
bad cells directly might not be feasible. The
present approach stresses the need for the
understanding of the “dynamic heteroge-
neity” in the tissue in order to restore it or
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prevent its disruption in the early stages of
carcinogenesis or in remission.

As was recently stressed !, current para-
digms have a heavy impact on research in

the

field of carcinogenesis; there is a need to

reevaluate the strengths and weaknesses of

the

presently fashionable paradigms.
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