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Regulators of normal development and tumor suppression
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ABSTRACT Identification of normal growth and differentiation-inducing proteins and how they
interact in normal development has made it possible to identify the molecular basis of normal
development and the mechanisms that uncouple growth and differentiation so as to produce tumor
cells. When normal cells have been changed into tumor cells, the malignant phenotype can again be
suppressed. Results on the molecular control of growth and differentiation in normal myeloid
hematopoietic cells, changes in the normal developmental program in myeloid leukemia. and the
suppression of malignancy in myeloid leukemia and sarcomas, have shown that IA) malignancy can
be suppressed either with or without genetic changes in thetumor cells, (B) suppression of malignancy
by inducing differentiation does not haveto restore all the normal controls, and IC) genetic abnormalities
which give rise to malignancy can be bypassed and their effects nullified by inducing differentiation
which stops cells from multiplying.
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Introduction

The multiplication and differentiation of normal cells are control-
led by different regulatory molecules. These regulators have to
interact to achieve the correct balance between cell multiplication
and differentiation during embryogenesis and the normal function.
ing of the adult individual. The origin and progression of malignancy
result from genetic changes that uncouple the normal balance
between multiplication and differentiation so that there are too
many growing cells. This uncoupling can occur in various ways
(Sachs. 1980. 1987a). When cells have become malignant. how
can malignancy be suppressed so as to revert malignant back to
non-malignant cells? Malignant cells can have different abnormali.
ties in the controls for multiplication and differentiation. Do all the
abnormalities have to be corrected, or can they be by-passed in
order to suppress malignancy? I will mainly discuss results with
normal and leukemic myeloid hematopoietic cells and sarcomas
that have been used as model systems to answer these questions.

Normal growth- and differentiation-inducing cytokines

An understanding of the mechanisms that control multiplication
(growth) and differentiation of normal cells would seem to be an
essential requirement to elucidate the origin and reversibility of
malignancy. The establishment of a cell culture system for the
clonal development of normal hematopoietic cells (Ginsburg and
Sachs. 1963; Pluznik and Sachs. 1965; Bradley and Metcalf. 1966;
Ichikawa ef al.. 1966) and discovery of the regulalors of this clonal

development in cell culture supernatants (Ichikawa et al., 196.6;
Pluznik and Sachs. 1966) has led to the identification of a family of
myeloid cell growth and differentiation-inducing cytokines (Rg, 1.
Table 1). In cells belonging to the myeloid cell lineages, different
proteins that induce cell multiplication and can thus induce the
formation of clones were identified. The same proteins have been
given different names. After they were first discovered in cell culture
supernatant fluids, the first inducer identified was called mashran
gm, from the Hebrew word meaning to send forth, with the initials
for granulocytes and macrophages (Ichikawa et af., 1967). This and
other growth-inducing cytokines were then re-named including
macrophage and granulocyte inducers (MGI)- type 1. (MGI-1). and
are now called colony stimulating factors (CSFs). One of these
cytokines is called interleukin-3 (IL-3)(Sachs. 1982. 1986. 1987c.
1990. 1992; Metcalf. 1985).

There are four CSFs. One (M-CSF). induces the development of
colonies with macro phages, another (G-CSF), colonies with
granulocytes, the third (GM-CSF), colonies with granulocytes,
macrophages, or both macrophages and granulocytes, and the
fourth, (IL-3),colonies with macro phages, granulocytes, eosinophils,
mast cells. erythroid cells. or megakaryocytes (Fig. 2. Table 2). The
CSFs induce cell viability and cell multiplication (Sachs, 1987c,
1990. 1992; I.otem ef al.. 1991) and enhance the function of
mature cells (Metcalf, 1985). Cloning of genes from mice and
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humans for GM~CSF, G~CSF, M~CSF and IL~3 has shown that these
cytokines are coded for by different genes (Clark and Kamen,
1987). Since the discovery of CSFs. other cytokines have been
found including various cytokines called interleukins with different
numbers and a cytokine that has been called stem cell factor.

Cytokine network

How do norma! myeloid precursor cells induced to multiply by the
CSFs develop into clones that contain mature differentiated cells
that stop multiplying when they terminally differentiate? It appeared
unlikely that a CSF that induces cell multiplication is also a
differentiation inducer whose action includes stopping cell multi-
plication in mature cells. Indeed it was found that all four CSFs can
induce in normal myeloid precursors the production of another
cytokine, interleukin 6 (lL-6), which we had previously called
macrophage and granulocyte inducenype 2 (MGI~2) (Sachs. 1982,
1987b,c, 1990). IL-6 does not induce the formation of colonies but
can induce among myeloid cells their differentiation to macrophages,
granulocytes, or megakaryocytes (Sachs, 1987c, 1990; Lotem et
al., 1989). In a colony with differentiated cells. induction of growth
by the CSFs is thus followed by production of another cytokine, IL-
6, which can induce differentiation of different cell lineages. This
induction of a differentiation factor by a growth factor serves as an
effective mechanism to couple growth and differentiation (Fig. 3)
and there are presumably other differentiation inducers in addition
to IL-6. The four CSFs and other cytokines, such as IL-1 and IL-6,
which do not induce colonies of normal myeloid cells, all function as

Fig. 1. Cell culture system for cloning and clonal
differentiation of normal hematopoietic cells. (AI
Culture of mouse mast cells that have multiplied and
differentiated on a feeder layer of mouse embryo cells
(Ginsburg and Sachs. 1963). (B-D) Clones of macrophages

and granulocytes in cultures of normal hematopoietic cel!
precursors incubated with the appropriate inducer. (8)

Petri dish with clones (Pluznik and Sachs, 1965). ICI
Granulocyte clone and (0) macrophage clone (Ichikawa
et al.. 1966)

viability factors by preventing programmed cell death (apoptosis)
(Lotem and Sachs, 1989; Lotem et al" 1991; Sachs. 1992).

Hematopoietic cytokines function within a network of interac-
tions (Sachs, 1987c, 1990, 1992)~ This network includes CSFs. IL~
1. IL-6 and also cytokines that can function as inhibitors, such as
tumor necrosis factor (TNF) (Fig. 4). Another cytokine that can
function as an inhibitor which is also part of this network. transform-
ing growth factor B1 (TGF-B1) (Fig. 4), can selectively inhibit the
activity of some CSFs and interleukins. TGF-B1 can also inhibit the
production of some of these cytokines (Lotem and Sachs, 1990).
A network of interactions aHows considerable flexibility depending
on which part of the network is activated. It also allows a ready
amplification of response to a particular stimulus, such as bacterial
or viral infection.

Parts of this network function not only within the hematopoietic
cell system but also for some non-hematopoietic cell types. For
example, in endothelial cells that make blood vessels there is an
induction of IL-6 when new blood vessels are being formed. and the
production of IL-6 is switched off when angiogenesis has been
completed (Motro et al., 1990). The transient expression of IL-6 in
the endothelial cells indicates a role for IL-6 in angiogenesis in
addition to its role in regulating the development of myeloid and
lymphoid hematopoietic cells. IL-6 can also induce the production
of acute phase proteins in liver cells (Hirano et al.. 1990). The
pleiotropic effects of a cytokine such as IL-6 raises the question
whether these effects on different cell types are direct. or are
indirect by IL-6 switching on production of other regulators that vary
in the different cell types. Interpretation of experimental data on the
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Nomenclature

Mouse Human Direct Indirect"

MGI-1M= CSF-1= M-CSF 3 5 +iMI +

MGI-1 G= G-CSF 11 17 +(G) +
MGI-1GM= GM-CSF 11 5 +(G.MI +

IL-3 11 5 + (G,M. othersl .
MGI-2= IL-6 5 7 +IG.M. Meg)

IL-1 2 2 +(G,M,Megl

D-factor=HILDA=lIF 11 22 CD CD
DIF=TNF 17 6 CD CD

TABLE 1

ESTABLISHMENT OF THE CELL CULTURE SYSTEM FOR CLONING
AND CLONAL DIFFERENTIATION OF NORMAL HEMATOPOIETIC
CELLS AND DISCOVERY OF THE MOLECULAR REGULATORS OF

THIS CLONAL DEVELOPMENT IN CELL CULTURE SUPERNATANTS

Cloning and differentiation in liquid
medium (mast cells and granulocytes)

Cloning and differentiation in agar
(macrophages and granulocytes)

Cloning and differentiation in methyl-
cellulose (macrophages and granulocytesl

Inducers for cloning and differentiation
secreted by cells

Inducers for cloning and differentiation in
cell culture supernatants (macrophages and
granulocytes)

(Ginsburg and Sachs, 1963).

(Pluznlk and Sachs, 1965:
Bradley and Metcalf, 1966).

(Ichikawa 8t al., 1966).

(Pluznik and Sachs, 1965)

IPluznlk and Sachs, 1966:
Ichikawa et al., 1966).

effect of each cytokine, therefore. has to take into account that the
cytokine functions in a network of interactions, so as to avoid an
incorrect assignment of a specific effect to a direct action of a
particular cytokine. This network has also to be taken into account
in the clinical use of these cytokines. What can be therapeutically
useful may be due to the direct action of an injected cytokine, or to
an indirect effect due to other cytokines that are switched on in vivo.

Growth-inducing cytokines and tumor development

The normal myeloid growth inducers can be produced by various
cell types (Sachs, 1974). However, these growth inducers are not
made by the normal myeloid precursors, so that the normal
precursors require for cell viability and growth the production of
cytokines by other cell types. When cells become malignant they
have escaped some normal control, which can be associated with
changes from an induced to a constitutive expression of certain
genes (Sachs, 1980, 1982, 1987b). In myeloid leukemia, different
clones of malignant cells have been identified which have shown the
various types of changes that can occur in the normal response to
growth-inducing cytokines. There are different leukemic clones that
(A) need less or have become independent of normal growth inducer

for growth, (8) constitutively produce their own growth inducer,
which seems to be a rare event. or (C) are blocked in the ability of
growth inducer to induce production of differentiation inducer
(Sachs, 1978, 1980, 1982, 1987b, 1992). One way in which
tumors can develop is thus by changes in the production of or
response to a normal growth-inducingcytokine which gives a growth
advantage to the leukemic over the norma! cells.

Growth-inducing cytokines induce cell viability and cell multipli-
cation (Sachs, 1987c, 1990, 1992, Lotem et al., 1991). Inde-
pendence from normal growth inducer or constitutive production of
their own growth inducer can also explain the survival and growth of
metastasizing malignant cells in places in the body where the
growth inducer required for the survival of normal cells is not
present. In cells that are malignant but may still need some growth
inducer, the organ preference of metastasis can be due to produc-
tion of the required growth inducer in the organ where the metas-
tasis occurs.
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Fig. 2. Myeloid hematopoietic precursor cells can be induced to
multiply by four different colony stimulating factors (CSFs). One (/L-
3) induces the development of colonies in precursors that can develop into

six cell types; the second (GM-CSF) the development of colonies In
precursors that develop Into two eel/types: and the third (G-CSF) and fourth
fM-CSF) In precursors that develop into one cell type

Induction of differentiation in tumor celis

The different types of myeloid leukemic cells include clones that
have changed their normal requirement for growth inducer and in
which growth inducer no longer switches on production of differen-

TABLE 2

INDUCTION OF GROWTH AND DIFFERENTIATION OF
NORMAL MYELOID PRECURSOR CELLS BY DIFFERENT

HEMATOPOIETIC CYTOKINES

'Colonies with macrophages 1M), granulocytes IG). granulocytes and macrophages
IG.MI and granulocytes. macrophages. eosinophils. mas! cells, megakaryocytes or
erythroid cells (G.M. others I. megakaryocytes (Meg).
HThe four CSFs. which include IL-3, induce production of IL-6, IL-l also induces IL-

6. CD= cell death. References in Sachs (1990).
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Fig. 3. The four CSFs can induce growth of normal myeloid precursor
cells to form colonies. They also induce in these cells the production of
another cytokine, IL-6. that induces differentiation. The induction of a
differentiation inducer by the CSFs provides a mechanism to couple the
multiplication of normal precursor cells and their differentiation.

tiation inducer, but which can still be induced to differentiate to
mature non-dividing cells by a normal differentiation-inducing cytokine
(Fig. 5). These clones, which are called 0+ clones (D for differen-
tiation) (Fibach et al., 1973) can be induced to differentiate normally
to mature macrophages or granulocytes via the normal sequence of
gene expression that occurs during differentiation by incubating the
cells with a normal myeloid differentiation-inducingcytokine (Sachs,
1974, 1978, 1982, 1987b,c, 1990). The mature cells, which can
be formed from all the cells of a leukemic clone, then stop
multiplying like normal mature cells and are no longer malignant in
vivo (Lotem and Sachs, 1981, 1984; Sachs, 1982, 1987b,c),
Studies in animals have shown that normal differentiation of D+
myeloid leukemic cells to mature non-dividing cells can be induced
not only in culture but also in vivo (Lotem and Sachs, 1978; Sachs,
1978, 1982, 1987c). These leukemias, therefore, grow progres-
sivelywhen there are too many leukemic cells forthe normal amount
of differentiation inducer in the body. The development of leukemia
can be inhibited in mice with these D+ leukemic cells by increasing
the normal amount of differentiation-inducing cytokine, either by
injecting it or by injecting a compound that increases its production
by cells in the body (Lotem and Sachs, 1981, 1984; Sachs, 1982,
1987b). After injection of these myeloid leukemic cells intofetuses,
the leukemic cells can participate in hematopoietic cell differentia-
tion in apparently healthy adult animals (Gootwine et al., 1982; Webb
et al" 1984),

In addition to the D+ leukemic clones that can be induced to
differentiate by a normal myeloid differentiation-inducing protein,
there are other D+ clones that can be induced to differentiate by

incubating the leukemic cells with a normal myeloid growth-inducing
cytokine (Table 3). In these leukemic clones the growth inducers
can presumably still induce production of an appropriate differentia-
tion inducer. Not all clones respond to the same cytokine even
though they may have the apprqpriate receptors. The results show
that most, and probably all, the physiological regulatory cytokines
of normal myeloid hematopoietic cell development can regulate
differentiation of D+ myeloid leukemic cells (Table 3) (Lotem and
Sachs, 1988; Sachs, 1990),

The study of different clones of myeloid leukemic cells has also
shown that in additio'n to D+ clones, there are differentiation-de-
fective clones called D' clones (Fibach et ai" 1973) (Fig,5), Some
D-clones are induced by a normal myeloid regulatory cytokine to an
intermediate stage of differentiation which then slows down the
growth of the celis, and others could not be induced to differentiate
even tothis intermediate stage (Sachs, 197 4,1978, 1982,1987b,
1990). Since normal differentiation inducer can induce differentia-
tion to mature non-dividing cells in the D+ clones, it has been
suggested that D+ clones are the early stages of leukemia and that
the formation of different types of D- clones may be later stages in
the further progression of malignancy (Sachs, 1978). Studies on
changes in the synthesis of cellular proteins in normal myeloid
precursors and D+ and D- myeloid leukemic cells have shown that
there have been changes from inducible to constitutive gene
expression in the leukemic cells, and that the most differentiation-
defective D'clones showed the highest amount of constitutive gene
expression (Liebermann eta/., 1980; Sachs, 1980, 1982, 1987b).
The cellular protein changes during differentiation of normal myeloid
precursors are induced as a series of parallel multiple pathways of
gene expression. It can be assumed that normal differentiation
requires synchronous initiation and progression of these multiple
parallel pathways. The presence of constitutive instead of induced
gene expression for some pathways can be expected to produce
asynchrony in the co-ordination required for differentiation. Depend-
ing on the pathways involved, this asynchrony can then produce
blocks in the induction and termination of the differentiation
program (Liebermann et a/" 1980; Sachs, 1980, 1982, 1987a,b).
Studies on the genetic changes in differentiation-defective clones
of myeloid leukemias have shown that differentiation defectiveness
may be due to changes in homeobox genes. These include re-
arrangement of the Hox-2.4 homeobox gene which results in
abnormal expression of this gene in the leukemic cells (Blatt et af.,

elL-II

Fig. 4. The network of interactions between hematopoietic cytokines
(Sachs, 1992).



TABLE 3

DIFFERENTIATION OF MYELOID LEUKEMIC CELLS BY DIFFERENT
HEMATOPOIETIC CYTOKINES

Differentiation after culture with
Myeloid
leukemia

-~-----
IL-6 IL-l D-factorl TNF IL-3 GM-CSF G-CSF M-CSF

LlF-- -----
Ml-clone 11
Ml-clone T22
7-M12
WEHI-3B
HL-60

+ +'

+' +'+
+' +'

+'

+' --
.Il-' induces differentiation indirectly In clones 11_ It is suggested that the mduction
of differentiation in WEHI-3B by G-CSF.in cJone 7-M12 by GM.CSF or Il-3, Inclone
T22 by D-factorILIF. In HL-60 by TNF and partial differentiation by G-CSF In some
clones may also be Indirect. +. induced to differentiate; -.not induced todltferentiate;
:t, partial differentiation ReferencesInSachs (990)

1988). This abnormal expression inhibits specific pathways of
myeloid cell differentiation (Blatt et al., 1992). In other leukemias
with a deletion in one chromosome 2 (Azumi and Sachs. 1977).
there is a deletion of one copy of Hox-4.1 (Blatt and Sachs. 1988).

Different pathways for inducing differentiation

Studies with a variety of chemicals other than normal
hematopoietic regulatory cytokines have shown that many com-
pounds can induce differentiation in 0+ clones of myeloid leukemic
cells. These include certain steroid hormones. chemicals such as
cytosine arabinoside. adriamycin. methotrexate and other chemi-
cals that are used today in cancer chemotherapy. and also x-
irradiation. At high doses these compounds used in cancer
chemotherapy and x-irradiation killcells. whereas at low doses they
can induce differentiation. Not all these compounds are equally
active on the same leukemic clone (Sachs. 1978. 1982). Avariety
of chemicals can also induce differentiation in clones that are not
induced to differentiate by a normal hematopoietic regulatory
cytokine. and in some clones induction of differentiation requires
combined treatment with different compounds (Sachs, 1982). The
results show that although the response to induction of differentia-
tion by a normal myeloid regulatory protein has been altered. the 0"
clones have not lost all the genes for differentiation. In addition to
certain steroids and chemicals used today in chemotherapy and
radiation therapy. other compounds that can induce differentiation
in myeloidleukemiccells include insulin. bacterial lipopolysaccharide.
certain plant lectins. phorbol esters and retinoic acid (Sachs. 1978.
1982, 1987b; Degos, 1992). In addition to the normal myeloid
regulatorycytokines. the steroid hormones, insulin and retinoic acid
are physiological compounds that can induce differentiation. It is
possible that all myeloid leukemic cells no longer susceptible to the
normal regulatory cytokines by themselves can be induced to
differentiate by the appropriate combination of compounds.

The abilityof a variety of compounds to induce differentiation in
malignant cells is not restricted to myeloid leukemic cells.
Erythroleukemic cells can be induced to differentiate by various
chemicals (Marks and Ritkind, 1978). El)'throprotein, a cytokine
that induces the production of hemoglobin in normal erythroid cells,
does not induce hemoglobin in these erythroleukemias. These
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Fig. 5. Differentiation of myeloid leukemic cells to non-malignant
mature macrophages or granulocytes by normal myeloid differentia-
tion-inducing protein. (AI Leukemic cell; (8) macrophage; ICI colony of
cells with macrophages; ID-GJ stages in differentiation to granulocytes
(Fibach et al.. 1972)

erythroleukemias are thus like D. myeloid leukemias that are not

induced to differentiate by a normal myeloid regulatory cytokine. It
has also been shown that some of the compounds that induce
differentiation in leukemic cells can induce differentiation in tumors
derived from other types of cells (Gardner. 1983).

Not only do different compounds induce differentiation but there
are different ways of inducing it. In myeloid leukemic cells. some
compounds induce differentiation by inducing the production of a
normal differentiation-inducing cytokine in the D+ leukemic cells.
whereas others such as the steroid hormones induce differentiation

--
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D+

without inducing this cytokine (Sachs. 1987b). Different com-
pounds can induce different parts of the differentiation program.
When combined treatment with different compounds is required.
this combined treatment then produces by complementation the
appropriate gene expression that is required for differentiation. This
complementation of gene expression can occur at the level of mRNA
production and mRNA translation (Sachs, 1987b). Studies with
different mutants of myeloid leukemic cells have also shown that
the constitutive cellular protein changes which inhibit differentiation
by the steroid hormone dexamethasone are different from the
constitutive cellular protein changes that inhibit differentiation by a
normal differentiation-inducing cytokine (Cohen and Sachs. 1981:
Sachs. 1987b). These experiments have identified different path-
ways of gene expression for inducing differentiation. and have also
shown that genetic changes which inhibit differentiation by one
compound need not affect differentiation by another compound that

uses alternative pathways.

Chromosome changes. differentiation and bypassing of
genetic defects in tumor suppression

Evidence has been obtained with various types of tumors.
including teratocarcinomas (Lehman et al.. 1974: Gardner. 1983;
Pierce et al.. 1987: Pierce and Speers. 1988) and sarcomas
(Sachs, 1974) In addition to myeloid leukemias (Sachs, 1974,
1978), that tumor cells have not lost all the genes that control
normal growth. This was first shown in sarcomas by the finding that
it was possible to reverse the malignant to a non-malignant
phenotype with a high frequency in cloned sarcoma cells whose
malignancy had been induced by chemical carcinogens. x-irradia-
tion. or by a tumor-inducing virus (Fig. 7) (Rabinowitz and Sachs.
1968, 1970a,b), In sarcomas induced after transformation of
normal fibroblasts in culture with chemical carcinogens (Berwald
and Sachs, 1963) or x-irradiation (Borek and Sachs, 1966). this
reversibility of malignancy included reversion to the limited life-span
found with normal fibroblasts (Rabinowitz and Sachs. 1970b).
Chromosome studies on normal fibroblasts. sarcomas. revertants
from sarcomas which had regained a non-malignant phenotype. and
re-revertants. showed that the difference between these malignant
and non-malignant cells is controlled by the balance between genes
located on specific chromosomes that at that time were calted
genes for expression (E) and genes for suppression (5) of malig-

leukemic
cells

Intermediate

stages of

differentiation

Fig. 6. Classification of different types of
clones of myeloid leukemic cells according
to their ability to be induced to differenti.
ate by normal myeloid differentiation-in-
ducing proteins. Some dlfferentlatlon-de-
fecrive (D-) clones can be induced by normal
differentiation-inducing protems to interme--
diate stages by differentiation. whereas other
[J clones are not Induced to differentiate by

these proteins even to an intermediate stage
(Sachs, 1982, 1987b).

Mature
mQ crophages

or granulocytes

nancy (Fig. 8) (Rabinowitz and Sachs. 1970a; Hitotsumachi et af..
1971; Yamamoto at al.. 1973; Sachs 1974; Bloch-Shtacher and
Sachs. 1976). When there is enough S to neutralize E malignancy

Fig. 7. Cultures of sarcoma cells (top) and a non-malignant revertant
(bottom! (Rabinowitz and Sachs. 1968).
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Fig. 8. The expression and suppression of malignancy by chromo-
some segregation resulting in a change in gene dosage owing to a
change in the balance of specific chromosomes. From experiments with
normal fibroblasts, sarcoma cells and their non-malignant revertants.
Genes for J expreSSIonand. suppression of malignancytRabinowitz and
Sachs, 1970a)

is suppressed. and when the amount of S is not sufficient to
neutralize E malignancy is expressed. These early experiments
have shown (Rabinowitzand Sachs. 1970a; Hitotsumachi et al..
1971: Yamamoto et al.. 1973: Sachs, 1974, 1987a) that in ad-
dition to genes on specific chromosomes for expression of malig-
nancy (E) (oncogenes). there are other genes on specific chromo-
somes, S genes (suppressor genes), that can suppress the action
of oncogenes. Among the activities of these genes is the ability of
an oncogene to suppress programmed cell death and the ability of
a tumor suppressor gene to activate programmed cell death
(Yonish-Rouacher al., 1991: Lotem and Sachs, 1993).

The suppression of malignancy in sarcomas (Sachs. 1974) was
obtained by chromosome segregation. resulting in a change in gene
dosage due to a change in the balance of specific chromosomes.
This suppression of malignancy by chromosome segregation, with
a return to the gene balance required for suppression of the
malignant phenotype. occurred without hybridization between differ-
ent types of cells. The non-malignant cells were thus derived from
the malignant cells by genetic segregation. Suppression of malig-
nancy associated with chromosome changes including changes in
gene balance has also been found after hybridization between
different types of cells (Klein, 1981: Evans et al.. 1982: Kitchiner
al.. 1982: Stanbridge et al.. 1982: Benedict er al., 1984). These
studies on cell hybrids have led to similar conclusions to those
obtained from the reversal of malignancy in sarcomas without
hybridization between different cell types.

The D+ myeloid leukemic cells have an abnormal chromosome
composition (Azumi and Sachs. 1977). But suppression of malig-
nancy in these cells. which also occurred in certain clones with a
high frequency. was not associated with chromosome changes.
Suppression of malignancy in these D"leukemic cells was obtained
by induction of the normal sequence of cell differentiation by a
normal myeloid regulatory cytokine. In this suppression of the
malignant phenotype, the stopping of cell multiplication by inducing
differentiation to mature cells by-passes genetic changes in the
requirement forthe normal growth inducer, and a block in the ability
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of growth inducer to induce differentiation inducer. that produced
the malignant phenotype. Genetic changes which make cells
defective in their ability to be induced to differentiate by the normal
differentiation inducer occur in the evolution of myeloid leukemia.
But even these D- cells can be induced to differentiate by other
compounds, either singly or in combination. that can induce the
differentiation program by alternative pathways. Also in these cases
the stopping of cell multiplication by inducing differentiation by
these alternative pathways by-passes the genetic changes that
inhibit response to the normal differentiation inducer. This by.
passing of genetic defects is presumably also the mechanism for
the suppression of malignancy by inducing differentiation in
erythroleukemias and other types of tumors.

Studies on the chromosomes of myeloid leukemic cells have
shown that the change from D- to D" and vice versa. i.e. the ability
to be induced to differentiate to mature non-dividing cells by a
normal myeloid regulatory cytokine. is controlled by the balance
between genes that allow induction of differentiation and genes that

Oillt'r..nIiOlion tI~
normal dllt..renllallon

lac tors

Oitt..rt'ntialion tly
compound!!. u!!.lnO

allernall"t' pathways

Non- mohonen'
diltert'nlielt'd

non- d,,,idon~ ct'lls

Fig. 9. Suppression of malignancy by inducing differentiation can be
achieved in different ways. Leukemic cells can (D~) or cannot ([)-) be
induced to differentiate to mature non-dividing celfs by normal regulatory
proteins. The cr cells can, however, be induced to differentiate bV com-
pounds that Induce differentiation bv alternative pathways. Chromosome
changes that change the balance between genes for Induction and genes
for suppression of differentiation can change cells from 0-- to 0" and vice
versa (Sachs, 1987a).
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suppress differentiation (Azumi and Sachs. 1977). It was then also
shown in hybrids between different cell types that chromosome
changes can suppress malignancy by restoring the ability of the
cells to be induced to differentiate to non-dividing cells in vivo in a
location in the body where the cells are exposed to what is
presumably the normal differentiation inducer (Stanbridge. 1984;
Harris, 1985). The appropriate chromosome changes also change
these hybrid cells from 0" to D+. Chromosome changes can thus
change tumor cells from 0" to 0+, so that the cells can then be
induced to differentiate when exposed to normal differentiation
inducer.

It can, therefore, be concluded from studies on the molecular
regulators of growth and differentiation in normal development.
changes in the normal development program in tumor cells. and
suppression of malignancy that (A) malignancy can be suppressed
by inducing differentiation either with or without genetic changes in

the malignant cells (Fig. 9), (B) this suppression does not have to
restore all the normal controls. and (C) genetic defects that give rise
to malignancy can be by-passed and their effects nullified by
inducing differentiation which stops cells from multiplying.
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