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Preface 

This volume contains the proceedings of an International Sympo­
sium on the Biology and Pharmacology of Tumor Cell Differentiation­
held on June 29-July I, 1986 at the University of Tromso, Norway. 

The objective of this meeting was to bring together scientists from 
various disciplines to discuss recent advances in the understanding of 
tumor cell differentiation and to bridge the gap between experimental 
findings and clinical application of new knowledge. Thus the infor­
mation will be of value not only to basic scientists involved in mol­
ecular and cell biology, but also to pharmacologists and clinicians 
trying to develop the concept of tumor cell differentiation as a thera­
peutic modality. Each plenary speaker and selected poster presenters 
were requested to submit a comprehensive, up-to-date review of 
recent contributions to their disciplines related to differentiation and: 
hematopoietic factors and leukemic cells in culture~ vitamin deriva­
tives and polyamines; nucleosides and methylation; and cell interac­
tions. 
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HEMATOPOIETIC GROWTH AND DIFFERENTIATION FACTORS 

AND THE REVERSAL OF MALIGNANCY 

Leo Sachs 

Department of Genetics, Weizmann 
Institute of Science, Rehovot 76100, 
Israel 

ABSTRACT 

"The described cultures thus seem to offer a 
useful system for a quantitative kinetic approach 
to hematopoietic cell formation and for experi­
mental studies on the mechanism and regulation of 
hematopoietic cell differentiation" (1). Our de­
velopment of systems for the in vitro cloning and 
clonal differentiation of normal hematopoietic 
cells made it possible to identify A. The factors 
that regulate growth and differentiation of these 
normal cells. B. The changes in the normal devel­
opment program that result in leukemia, and C. 
How to reverse malignancy in leukemic cells.-I 
have mainly used myeloid cells as a model system. 
Normal hematopoietic cells require different pro­
teins to induce growth (growth factors) and diff­
erentiation (differentiation factors). There is a 
mul tigene family for these factors. Identifi­
cation of these factors and their interaction has 
shown how growth and differentiation can be 
normally coupled. The development of leukemia 
involves uncoupling of growth and differenti­
ation. This can occur by changing the requirement 
for growth without blocking cell response to the 
normal inducers of differentiation. Addition of 
normal differentiation factors to these malignant 
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4 Sachs 

cells still induces their normal differentiation, 
and the mature cells are then no longer malig­
nant. Genetic changes which inhibit differenti­
ation by normal differentiation factors can occur 
in the progression of leukemia. But even these 
leukemic cells may still be induced to differen­
tiate by other compounds, including low doses of 
compounds now being used in cancer therapy, that 
can induce differentiation by alternative path­
ways. The differentiation of leukemic to mature 
cells results in the reversion of malignancy by 
by-passing genetic changes that produce the 
malignant phenotype. We have obtained this diffe­
rentiation of leukemic cells in vitro and in vivo 
and by-passing genetic defects by inducing diffe­
rentiation can be a useful approach to therapy. 

INTRODUCTION 

The multiplication and differentiation of normal 
cells is controlled by different regulatory mole­
cules. These regulators have to interact to 
achieve the correct balance between cell multi­
plication and differentiation during embryoge­
nesis and during the normal functioning of the 
adult individual. The origin and further progres­
sion of malignancy results from genetic changes 
that uncouple the normal balance between multi­
plication and differentiation so that there are 
too many growing cells. This uncoupling can occur 
in various ways (2-6). What changes in the normal 
development program produce cells with different 
degrees of malignancy? When cells have become 
malignant, can malignancy again be suppressed so 
as to revert malignant back to non-malignant 
cells? Malignant cells can have different abnor­
malities 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 discuss our 
results obtained with normal and leukemic myeloid 
hematopoietic cells, and also some results with 
sarcomas, as model systems that can be used to 
try and answer these questions. 



Regulators of Normal and Leukemic Blood Cells 

NORMAL HEMATOPOIETIC GROWTH FACTORS AND 
DIFFERENTIATION FACTORS 

An understanding of the mechanisms that control 
multiplication (growth) and differentiation in 
normal cells would seem to be an essential requi­
rement to elucidate the origin and reversibility 
of malignancy. The development of appropriate 
cell culture systems (Table 1) has made it pos­
sible to identify the normal regulators of growth 
(growth factors) for various types of cells, and 
also in some cell types the normal regulators of 
differentiation (differentiation factors). This 
approach has been particularly fruitful in iden­
tifying the normal growth factors for all the 
different types of hematopoietic cells, first for 
myeloid cells (1,7-10) and then for other cell 
types, including T lymphocytes (11) and B lympho­
cytes (12). The growth and differentiation fac­
tors for hematopoietic cells are different pro­
teins that can be secreted by the cells that pro­
duce them. The normal differentiation factors but 
not the growth factors for myeloid cells are DNA 
binding proteins (13,14). It will be interesting 
to determine how far this applies to normal 
differentiation factors for other cell types. 

Table 1. 
History of cloning and clonal differentiation of 
normal hematopoietic cells in culture 

1963. 

1965. 

1965. 

1966. 

1966. 

1966. 

Cloning and clonal differentiation in 
liquid medium (1). 
Cloning and differentiation in 
agar (7). 
Factors for growth and differentiation 
secreted by cells (7). 
Factors in conditioned medium from 
cells (8,9). 
Cloning and differentiation in 
methylcellulose (9). 
Confirmation of cloning and differenti­
ation in agar (10). 

5 



6 Sachs 

In cells of the myeloid series four different 
growth-inducing proteins have been identified. 
These have been given various names and are now 
called macrophage and granulocyte inducers-types 
1 (MGI-1), or colony stimulating factors (CSF) 
(2,3,15,16). Of the four growth factors, one 
protein (M) induces the development of clones 
with macrophages, another (G) clones with 
granulocytes, the third (GM) clones with both 
macrophages and granulocytes, and the fourth 
(also called Interleukin-3, IL-3), clones with 
macrophages, granulocytes, eosinophils, mast 
cells, erythroid cells, or megakaryocytes ( Table 
2, Fig. 2). Cloning of the genes for the IL-3 
(17,18) GM (19), M (20) and G (21) growth factors 
has shown that these genes are unrelated in their 
nucleotide sequence. This multigene family re­
presents a hierarchy of growth factors for dif­
ferent stages of hematopoietic cell development 
as the precursor cells become more restricted in 
their developmental program. It can be assumed 
that in the normal development program IL-3 
functions as a growth factor at an early stage 
when the precursors have the potential to develop 
into 6 cell types, GM at a later stage when the 
precursors have a more limited potential and can 
develop into 2 cell types, and that G and Mare 
growth factors when the developmental potential 
is still more restricted to produce only one cell 
type (Fig. 1). There is presumably also such a 
hierarchy of growth factors in the developmental 
program of other types of cells. 

How do normal myeloid precursor cells induced to 
multiply by these growth factors develop into 
clones that contain mature differentiated cells 
that stop multiplying when they terminally diffe­
rentiate? It appears unlikely that a growth 
factor which induces cell multiplication is also 
a differentiation factor whose action includes 
the stopping of cell multiplication in mature 
cells. Proteins that act as myeloid cell diffe­
rentiation factors have been identified and these 
have been called MGI-2 or differentiation factors 
(DF) (2,3,15,22-24). Experiments with normal 
myeloid cell precursors have shown that in these 
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HIERARCHY OF C7ROWTH FACTORS IN OEVELOPMENT 

C7ranuIocyte 

Macrophage 

C7ranulocyte Macrophage 

C7ranulocyte Macrophage 

Eosinophil Mast cell 

Erythrocyte---::::::;;.=----Megakaryocyte 

Fig.1. Myeloid precursors can be induced to grow 
by 4 different growth factors (Table 1). One 
(IL-3) induces growth in precursors that have the 
potential to develop into 6 cell types, the 
second (GM) when the precursors can develop into 
2 cell types, and the third (M) and fourth (G) 
when the precursors produce one cell type. 

cells the growth factors induce cell viability 
and cell multiplication and also production of 
different factors (2,3,25,26). The myeloid 
differentiation factors induce differntiation 
directly, whereas the growth factors induce 
differentiation indirectly by inducing the 
production of differentiation factors (Table 2). 
This induction of differentiation factor by 
growth factor thus ensures the normal coupling of 
growth and differentiation, a coupling mechanism 
that may also apply to other cell types. Diffe-

7 
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rences in the time of the switch-on of the diffe­
rentiation factor would produce differences in 
the amount of cell multiplication before diffe­
rentiation. There is more than one type of 
differentiation factor (5). Different growth 
factors may switch on different differentiation 
factors which may determine the differentiated 
cell type. The results thus show that there are 
different proteins that participate in the 
developmental program of myeloid cells, growth 
factors and differentiation factors, and that 
growth factors can induce the synthesis of 
differentiation factors in normal myeloid pre­
cursors. In addition to their production by 
normal myeloid precursors, the differentiation 
factors can also be produced by some other cell 
types and can induce differentiation when 
supplied externally to the target cells 
(2,3,5,22-24,27). 

GROWTH FACTORS AND LEUKEMIA 

Identification of these normal growth and diffe­
rentiation factors and the cells that produce 
them, has made it possible to identify the diffe­
rent types of changes in the production or 
response to these normal regulators that occur in 
leukemia. The normal myeloid growth factors can 
be produced by various cell types. However, these 
growth factors are not made by the normal myeloid 
precursors (25,26), so that the normal precursors 
require an external source of growth factor for 
cell viability and growth. Cells that become 
malignant have escaped some normal control, which 
can be associated with changes from an induced to 
a constitutive expression of certain genes 
(2,28,29). In myeloid leukemic cells 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 
factors (2,3,5,30). There are different leukemic 
clones that A. Need less or have become inde­
pendent of normal growth factor for growth. B. 
Constitutively produce their own growth factor, 
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and C. Are blocked in the ability of growth 
factor to induce production of differentiation 
factor. The cells blocked in the abi li ty of 
growth factor to induce production of differenti­
ation factor include some cell lines in culture 
which require an external source of growth factor 
for growth (25,26), and in some leukemic cells 
which constitutively produce theirown growth 
factor, changes in specific components of the 
culture medium can restore the ability of growth 
factor to induce differentiation factor (15,31). 

Growth factors induce cell viability and cell 
multiplication (25,26,32). Independence from 
normal growth factor or constitutive production 
of their own growth factor, can also explain the 
survival and growth of metastasizing malignant 
cells in places in the body where the growth 
factor required for the survival of normal cells 
is not present. In cells that are malignant and 
may still need some growth factor, the organ pre­
ference of metastasis could be due to production 
of the required growth factor in the organ where 
the metastasis occurs. Normal macrophages and 
granulocytes, and other cell types, move in 
certain directions in response to various chemo­
tactic stimuli (33). But the myeloid leukemic 
cells which metastasize did not respond to these 
chemotactic stimuli (34). A decrease or lack of 
response to chemotactic stimuli which are 
presumably produced in certain organs could also 
explain the ability of metastatic, and non­
metastatic tumor cells, to move in a more dis­
organized manner than normal cells. 

The transformation of normal into malignant cells 
can involve different genetic changes including 
changes in gene dosage (27), gene mutations, de­
letions and gene rearrangements (see 35,36). The 
genes involved in the expression of malignancy 
are now called oncogenes (see 36-39), and the 
changes of normal genes to oncogenes are in all 
cases associated with changes in the structure 
or regulation of the normal genes (see 36-39). 
Some oncogene products are related to a growth 
factor or a receptor for growth factor. 
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The sis oncogene is derived from one of the 
normal genes for platelet derived growth factor 
(40,41), the erb B oncogene from the gene for the 
receptor for epidermal growth factor (42), and 
the fms proto- oncogene is related (43) to the 
receptor for one of the hematopoietic growth 
factors, CSF-1 = MGI-1M = M-CSF (Table 2). These 
results are thus providing further information on 
the genetic differences that result in changes in 
the normal production or response to growth 
factors that occur in malignancy. 

DIFFERENTIATION FACTORS IN LEUKEMIA 

The different types of myeloid leukemic cells in­
clude clones that have changed their normal requ­
irement for growth factor and in which growth 
factor no longer switches on production of diffe­
rentiation factor, but which can still be induced 
to differentiate to mature non-dividing cells by 
a normal differentiation factor. These clones, 
which are called 0+ clones (0 for differenti­
ation) can be induced to differentiate normally 
to mature macrophages and granulocytes via the 
normal sequence of gene expression that occurs 
during differentiation by incubating the cells 
with normal differentiation factor (see 2,3,27). 
The mature cells, which can be formed from all 
the cells of a leukemic clone, then stop multi­
plying like normal mature cells and are no longer 
malignant. Experiments carried out in animals 
have shown that normal differentiation of these 
myeloid leukemic cells to mature non-dividing 
cells can be induced not only in culture but also 
in the body (44-49). These leukemias therefore 
grow progressively when there are too many leuke­
mic cells for the normal amount of differenti­
ation factor in the body. The development of 
leukemia can be inhibited in mice with these 
leukemic cells by increasing the normal amount of 
differentiation factor either by injecting it, or 
by injecting a compound that increases production 
of differentiation factor by cells in the body 
(45,46). 
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Fig. 2. Classification of different types of 
clones of myeloid leukemic cells according to 
their ability to be induced to differentiate by 
normal differentiation factors. Some 
differentiation-defective (0-) clones can be 
induced by normal differentiation factors to 
intermediate stages by differentiation, whereas 
other 0- clones were not induced to differentiate 
by these factors even to an intermediate stage. 

The culture of different clones of myeloid 
leukemic cells in the presence of differentiation 
factor has shown that in addition to 0+ clones 
there are also differentiation-defective clones 
(called 0- clones). Some of these clones were 
induced to an intermediate stage of differenti­
ation which then slows down the growth of the 
cells, and others could not be induced to 
differentiation even to this intermediate stage 
(see 3,27,30,50) (Fig. 2). Since normal differen 
tiation factor can induce differentiation to 
mature non-dividing cells in the 0+ clones, it 
can be suggested that 0+ clones are the early 
stages of leukemia and that the formation of 
different types of 0- clones may be later stages 
in the further progression of malignancy. Ooes 
this progression include complete loss of the 
genes for differentiation in 0- clones? 
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To answer this, experiments were carried out to 
determine whether compounds other than normal 
differentiation factor can induce differentiation 
in myeloid leukemic cells. 

studies with a variety of chemicals other than 
normal differentiation-inducing protein have 
shown that many compounds can induce differen­
tiation in 0+ clones of myeloid leukemic cells. 
These include certain steroid hormones, chemicals 
such as cytosine arabinoside, adriamycin, metho­
trexate and other chemicals that are used to-day 
in cancer chemotherapy, and also x-irradiation 
(Table 3). At high doses these compounds used in 
cancer chemotherapy and x-irradiation kill cells, 
whereas at low doses they can induce differenti­
a tion. Not all these compounds are equally 
active on the same leukemic clone. A variety of 
chemicals can also induce differentiation in 
clones that are not induced to differentiate by 
normal differentiation factor, and in some clones 
induction of differentiation requires combined 
treatment with different compounds (see 3,5,30). 
The results show that although the response for 
induction of differentiation by differentiation 
factor has been altered, the 0- clones have not 
lost all the genes for differentiation. 

Table 3. 
Compounds used to-day in cancer therapy that can 
induce differentiation in clones of myeloid 
leukemic cells at low doses 

Adriamycin, cytosine arabinoside 
daunomycin, hydroxyrea, 
methotrexate, mitomycin C, 
prednisolone, X-irradiation 

13 
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In addition to certain steroids and chemicals 
used to-day in chemotherapy and irradiation, 
other compounds that can induce differentiation 
in myeloid leukemic cells include insulin, 
bacterial lipopolysaccharide, certain plant 
lectins and phorbol esters, together with or 
without differentiation factor (see 5,30). It is 
probable that all myeloid leukemic cells no 
longer susceptible to the normal differentiation 
factor by it self can be induced to differentiate 
by choosing the appropriate combination of 
compounds. 

The ability of a variety of compounds to induce 
differentiation in malignant cells is not 
restricted to myeloid leukemic cells. Erythro­
leukemic cells can be induced to differentiate by 
various chemicals (51,52). Erythropoietin, a 
normal protein that induces the production of 
hemoglobin in normal erythrocytes, did not induce 
hemoglobin in these erythroleukemias. These 
erythroleukemias are thus like 0- myeloid 
leukemias that are not induced to differentiate 
by the normal myeloid differentiation factor. 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 (52). 

studies on the way in which different compounds 
act in myeloid leukemic cells have shown that 
there are different ways of inducing differen­
tiation. Some compounds induce differentiation 
by inducing the production of differentiation­
inducing protein (differentiation factor) in the 
0+ leukemic cells, whereas others such as the 
steroid hormones induce differentiation without 
inducing this protein. Various compounds can 
also induce differentiation in 0- clones that are 
not induced to differentiate by normal differen­
tiation factor, not all clones respond to the 
same compound, and in some clones differentiation 
requires combined treatment with more than one 
compound. Not all compounds act in the same way 
and in cases of combined treatment each compound 
induces changes not induced by the other. 
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The combined treatment then produces, by comple­
mentation, the appropriate gene expression that 
is required for differentiation (see 3,5). 

Further evidence that there are different ways of 
inducing differentiation in leukemic cells was 
obtained from studies on changes in the synthesis 
of cellular proteins in normal myeloid precursors 
and different types of myeloid leukemic cells 
(2,28,29). These experiments have shown that 
there are protein changes that have to be induced 
in normal cells and are constitutive in leukemic 
cells. The leukemic cells were found to be 
constitutive for changes in the synthesis of a 
group of proteins that were only induced in 
normal cells after the addition of growth factor. 
These protein changes, which include the appea­
rance of some proteins and disappearance of 
others, where constitutive in all the leukemic 
clones studied derived from different leukemias. 
They have been called Cleuk, for constitutive in 
leukemia. 0+ leukemic cells can be induced to 
differentiate to mature cells by normal differen­
tiation factor. This showed that the differen­
tiation program induced by differentiation factor 
can proceed normally, even when the protein 
changes induced in normal cells by growth factor 
have become constitutive. There were other 
protein changes that were induced by differenti­
ation factor in normal and 0+ leukemic clones but 
were constitutive in the differentiation­
defective 0- leukemic clones. With this group of 
proteins, the most differentiation-defective 
clones showed the highest number of constitutive 
protein changes. These protein changes have been 
called Cdef, for constitutive in differentiation 
defective (2,28) (Fig. 3). 

The 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 

15 
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Fig. 3. Schematic summary of changes in the 
synthesis of cellular proteins associated with 
growth and differentiation. Cleuk, constitutive 
expression of changes in all the clones of 
myeloid leukemic cells compared to normal 
myeloblasts. Cdef, constitutive expression of 
changes in differentiation-defective (D-) clones 
of leukemic cells compared to differentiation­
competent (D+) leukemic clones and normal 
myeloblasts. The most differentiation-defective 
D- clones (Fig. 5) showed the highest number of 
Cdef constitutive protein changes (28). 

produce asynchrony in the co-ordination required 
for differentiation. Depending on the pathways 
involved, this asynchrony can then produce blocks 
in the induction and termination of the diff­
erentiation program (2,28,29). D- leukemic cells 
can be treated so as to induce the reversion of 
Cdef proteins from the constitutive to the 
induced state. This reversion was associated 
with restoration of inducibility for differenti­
ation by the normal differentiation factor. 
Reversion from constitutive to the induced state 
in these cells thus restored the synchrony of 
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gene expression that is required for differenti­
ation (53). 
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The study of different mutants of myeloid 
leukemic cells has shown that in addition to the 
existence of constitutive protein changes that 
inhibit differentiation of myeloid leukemic cells 
by normal differentiation factor, there are also 
constitutive protein changes that inhibit diff­
erentiation by the steroid hormone dexamet­
hasone. The constitutive changes that inhibit 
differentiation by dexamethasone are different 
form those that inhibit differentiation by normal 
differentiation factor (29). These experiments 
have thus identified different pathways 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. Since the normal differen­
tiation factor for myeloid cells has been 
identified and leukemic clones have been found 
that respond to this normal differentiation 
factor, it was possible to compare the ability of 
clones of myeloid leukemic cells to be induced to 
differentiation by the normal inducer and by 
other compounds. Even though the normal diffe­
rentiation factors or many other cell types have 
not yet been identified, it seems likely that the 
conclusion on the different pathways of inducing 
differentiation derived from studies with myeloid 
leukemic cells will also apply to other types of 
tumors. 

ONCOGENE SUPPRESSORS AND BY-PASSING OF GENETIC 
DEFECTS IN THE REVERSAL OF MALIGNANCY 

Evidence has been obtained with various types of 
tumors including sarcomas (27), myeloid leukemias 
(27,30) and teratocarcimomas (54) that malignant 
cells have not lost the genes that control normal 
growth and differentiation. 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 
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cells whose malignancy had been induced by 
chemical carcinogens, x-irradiation, or by a 
tumor-inducing virus (27,55,56). In sarcomas 
induced after transformation of normal 
fibroblasts in culture with chemical carcinogens 
(57,58) or x-irradiation, (59,60) this reversi­
bility of malignancy i~cluded reversion to the 
limited life-span found with normal fibroblasts 
(61 ). 

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 for 
expression (E) and suppression (S) of malignancy 
(27,56,62-65). When there is enough S to 
neutralize E malignancy is suppressed, and when 
the amount of S is not sufficient to neutralize E 
malignancy is expressed. These early experiments 
have shown (4,27,56,62-65) that in addition to 
genes for expression of malignancy (E) 
(oncogenes), there are other genes, S genes (that 
have now been called soncogenes (4), or anti­
oncogenes (66), that can suppress the action of 
oncogenes. Suppression of the action of the Ki­
ras oncogene in revertants (66,67), is presumably 
due to such suppressor genes. The balance between 
oncogenes and their suppressors also seems to 
determine malignancy in other tumors including 
human retinoblastomas (68). 

In the mechanism found with sarcomas (see 4,27) 
reversion was obtained by chromosome segregation, 
resulting in a change in gene dosage due a change 
in the balance of specific chromosome. This 
suppression of malignancy by chromosome segre­
gation, with a return to the gene balance 
required for expression of the non-malignant 
phenotype, occurred without hybridization between 
different types of cells. The non-malignant 
cells were thus derived form the malignant ones 
by genetic segregation. Suppression of malignancy 
associated with chromosome changes including 
changes in gene balance have also been found 
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after hybridization between different types of 
cells (35,69-73). These studies on cell hybrids 
have led to similar conclusion to those obtained 
from the reversal of malignancy in sarcomas 
without hybridisation between different cell 
types. 

In addition to this reversion of malignancy by 
chromosome segregation another mechanism of 
reversion was found in myeloid leukemia. These 
leukemic cells also have an abnormal chromosome 
composition (74). In this second mechanism 
reversion to a non-malignant phenotype was also 
obtained in certain clones with a high frequency, 
but this reversion was not associated with 
chromosome segregation. Phenotypic reversion of 
malignancy in these leukemic cells was obtained 
by induction of the normal sequence of cell 
differentiation by the normal differentiation 
factor (2,3,27,30). In this reversion of the 
malignant phenotype, the stopping of cell 
multiplication by inducing differentiation to 
mature cells by-passes genetic changes in the 
requirement for the normal growth factor, and the 
block in the ability of growth factor to induce 
differentiation factor, that produced the 
malignant phenotype. Genetic changes which make 
cells defective in their ability to be induced to 
differentiate by the normal differentiation 
factor occur in the evolution of myeloid 
leukemia. But even these cells can be induced to 
differentiate by other compounds, either singly 
or in combination, that can induce the diffe­
rentiation program by other pathways. (2,5,30) 
Also in these cases the stopping of cell multi­
plication by inducing differentiation by these 
alternative pathways by-passes the genetic 
changes that inhibit response to the normal 
differentiation factor. Thi s by-pa s sing of 
genetic defects is presumably also the mechanism 
for the suppression of malignancy by inducing 
differentiation in other types of tumors such as 
erythroleukemias (51,52) and neuroblastomas. 

There is also the possibility that all the 
oncogenes are lost (75), or that the changes of 
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normal genes into oncogenes are actually 
reversed. Chromosome changes can also change 
malignant ceells from D- to D+ (74) so that the 
cells can then be induced to differentiate when 
exposed to normal differentiation factors. 

It can, therefore, be concluded that the changes 
of normal genes into oncogenes that result in the 
expression of malignancy does not mean that this 
expression of malignancy can not again be 
suppressed. The results on the reversibility of 
malignancy have shown that there are different 
ways of suppressing malignancy (Fig.4), that 
reversion does not have to restore all the normal 
controls and that the stopping of cell multi­
plication by inducing differentiation can by-pass 
genetic defects that give rise to malignancy. 

HEMATOPOIETIC GROWTH AND DIFFERENTIATION FACTORS 
IN THERAPY 

I have suggested from these results that the 
reversibility of malignancy provides new 
possibilities for therapy (27,30). This is an 
alternative approach to therapy based on the use 
of cytotoxic agents which with the agents used so 
far kills many normal cells as well as tumor 
cells. The reversion of malignancy by correcting 
genetic abnormalities may be of therapeutic value 
in the future. However, the therapeutic possi­
bilities of reverting malignancy by inducing 
differentiation and thus by-passing the genetic 
abnormalities are already now testable. Results 
showing that the development of myeloid leukemia 
can be inhibited in mice with D+ leukemic cells 
by injecting a normal differentiation factor, or 
injecting a compound that increases the produc­
tion of differentiation factor in the body 
(45,46), indicate a therapeutic potential for 
normal differentiation factors. The induction of 
growth of normal myeloid precursors by myeloid 
growth factors and their differentiation to 
macrophages and granulocytes by the differenti­
ation factors, also indicates (45,46) that 
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DIFFERENT WAYS OF REVERSING MALIGNANCY 
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differentiated 
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Fig. 4. Malignancy can be suppressed in diffe­
rent ways. A. By chromosome changes that change 
the balance-between genes for the expression of 
malignancy (oncogenes) and genes that suppress 
oncogenes, or B. The stopping of cell multipli­
cation by inducing differentiation to mature 
cells can by-pass genetic changes that produce 
the malignant phenotype. Chromosome changes can 
also change malignant cells from D- to D+ so that 
the cells can then be induced to differentiate 
when exposed to normal differentiation factors. 

injection of these factors and the use of 
compounds that increase their production in the 
body can be of value in restoring the normal 
macrophage and granulocyte population after 
cytotoxic therapy. The use of these factors may 
also be of value for treating non-malignant 
macrophage and granulocyte defects (30). 
Chemicals and irradiation used to-day in cancer 
therapy at high doses to kill cells can induce 
differentiation in leukemic cells at low doses. 
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not all these compounds are equally active on the 
same clone. The existence of differences in the 
ability of clones to be induced to differentiate 
may help to explain differences in response to 
therapy in different patients. The induction of 
differentiation factors by these compounds may 
also play a role in the therapeutic effects that 
can be obtained. As a result of these experi­
ments it has been suggested (30) that there can 
be a form of therapy based on induction of 
differentiation by using in addition to normal 
differentiation factors some of these other 
compounds, which can also affect mutant malignant 
cells that are no longer susceptible to the 
normal differentiation factor. Therapy should 
include prescreening of the leukemic cells from 
each patient to select the most effective 
compound (77,78), either singly or in combi­
nation, and using these compounds at low doses to 
induce differentiation. Differentiation therapy 
could also in some cases be combined with cyto­
toxic therapy to reduce the number of malignant 
cells. Based on these suggestions some 
encouraging clinical results with myeloid 
leukemia have been obtained with low doses of 
cytosine arabinoside (79-87) which is one of the 
compounds that can induce differentiation in 
myeloid leukemic cells (30,50). Differentiation 
therapy should also be applicable to tumors 
derived from other types of cells whose growth 
and differentiation are controlled by other 
normal factors. 
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G-CSF AS A DIFFERENTIATION-INDUCING AGENT IN NORMAL AND 

LEUKEMIC MYELOPOIESIS. 

MALCOLM A.S. MOORE. 

MEMORIAL SLOAN-KETTERING CANCER CENTER 

NEW YORK, NEW YORK. 

The "reversal of malignancy" in leukemia, while an 
attractive goal, is one that is rarely attainable in 
its entirety in clinical or experimental systems. What 
is more feasible and has proved attainable, is removal 
of the maturation block in the leukemic lineage with 
resulting development of varying but incomplete 
functional and phenotypic features of lineage-specific 
differentiation. 

Post-deterministic differentiation of normal 
hematopoietic progenitors is under the control of 
lineage-specific growth factors and lineage fidelity is 
the norm. The last five years have seen accelerated 
progress in the characterization and purification of 
murine and human hematopoieti~ growth factors, 
culminating in the current availability of recombinant 
material in sufficient quantities for extensive in 
vitro and in vivo testing. Hematopoietic growth 
factors can be considered in three categories. Type A 
mediate terminal differentiation by action on a 
specific lineage restricted progenitor; Type B have 
more extensive action where there is mediation of 
differentiation in one or two lineages by action on 
specific lineage-restricted progenitors and a survival 
promoting and proliferation-inducing action on earlier 
progenitors of other lineages without induction of 
differentiation. Type C factors would be pluripotent, 
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supporting proliferation, self-renewal and differenti­
ation of pluripotent stem cells with multiple differ­
entiation potential and self-renewal capacity. The 
class C pluripotent factors h~ve proved the hardest to 
characterize because their action may be considered 
permissive for survival or proliferation of cells whose 
commitment to any lineage is the result of stochastic 
events rather than deterministic ones. Furthermore, 
terminal expression of differentiation may invariably 
require synergistic interaction with class A growth 
factors. 

It has recently become clear that human myeloid leu­
kemias retain responsiveness to hematopoietic growth 
factors which they can produce themselves (autocrine) 
or that are provided from an exogenous source. As with 
normal hematopoietic progenitors, proliferative and 
differentiation changes may be induced and current 
strategy is designed to accentuate differentiation at 
the expense of leukemic stem cell self-renewal. In 
contrast to the high degree of fidelity seen in normal 
hematopoiesis, a high degree of lineage infidelity in 
leukemic blast cell populations has been reported in 
some studies. This controversial observation suggests 
that the differentiation program of leukemic cells is 
constructed abnormally relative to the programmatic 
components of normal lineages. 

It remains to be seen whether lineage-specific growth 
factors, or other differentiation-inducing agents, 
while not being deterministic may nevertheless impact 
on, or maintain the fidelity of expression of, differ­
entiation in terminal stages of leukemic cell mat­
uration. 

A major goal of current therapy in leukemia is the 
selective inhibition of leukemic cell proliferation 
relative to the proliferation of normal stem cells. 
Decades of chemotherapy research have defined some 
clinically effective agents but in general the "toxic 
window" has proved too narrow for highly selective 
erradication of leukemic stem cells without damage, 
frequently irreversible, to the normal stem cell 
compartment. Differentiation-inducing agents, while 
falling short in their ability to "reverse" malignancy, 
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can nevertheless prove highly effective in suppressing 
leukemic stem cell self-renewal capacity by inducing 
"death" by differentiation to a post-mitotic stage. 
Reduction or elimination of leukemic stem cell self­
renewal, together with restoration of responsiveness to 
homeostatic control, may prove to be the most effective 
therapeutic strategy in myeloid leukemia since the 
leukemic cells would lose their competitive advantage 
over normal stem cells and would no longer clonally 
dominate hematopoiesis. 

In designing strategies to test some of the above 
hypotheses, various differentiation inducible leukemic 
cell lines have been utilized. Much of the history of 
the development of an effective chemotherapy for 
leukemia was based on the availability of cell lines, 
or transplantable leukemias, with sensitivity to cell 
cycle specific agents. The development of biological 
response modification therapy and the recognition of 
leukemic cell differentiation as an obtainable goal led 
to the use of leukemic cell lines capable of terminal 
maturation. The human cell lines HL-60 and U937 and 
the murine lines WEHI-3 and MI are examples. HL-60 was 
isolated from the peripheral blood of a patient with 
acute promyelocytic leukemia. U937 originated from the 
pleural fluid of a patient with diffuse histiocytic 
lymphoma. At present these lines are cloned, readily 
maintainable in culture and, most important, exist in 
an arrested yet differentiation inducible phenotype. 
These lines in the uninduced state resemble blast cells 
of their lineage and are believed to be the neoplastic 
equivalents of committed progenitors of granulocytes 
and/or monocytes and the histochemistry and morphology 
of these cell lines typify them as immature cells of 
myelomonocytic lineages. 

Recognition that physiological inducers of differenti­
ation of normal hematopoietic cells could also influ­
ence proliferation and differentiation of leukemic cell 
lines, led to a series of studies over the last decade 
involving characterization of hematopoietic growth 
factors, in many cases using leukemic cell lines as 
sources of growth factor and/or as targets for growth 
factors in various bioassays. In order to consider the 
role of a specific growth factor G-CSF- as a 
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physiological inducer of myeloid leukemic 
differentiation and to understand the nature and extent 
of uncoupling of growth factor proliferation and 
differentiation responses in leukemic transformation, 
the properties of existing growth factors will be 
reviewed. In doing so, the problem of nomenclature 
arises and while no true logic exists in this area, 
Table 1 provides the most current, and hopefully to be 
agreed upon, nomenclature of growth factors influencing 
hematopoiesis. 

TABLE 1. 

NOMENCLATURE OF HEMATOPOIETIC GROWTH FACTORS 

INTERLEUKIN-2 (IL-2): 
INTERLEUKIN-3 (IL-3): 

INTERLEUKIN-4 (IL-4): 

INTERLEUKIN-5 (IL-5): 

GRANULOCYTE-MACROPHAGE 
CSF (GM-CSF): 

GRANULOCYTE CSF (G-CSF): 

MACROPHAGE CSF (M-CSF): 

ERYTHROPOIETIN (Epo): 

HEMOPOIETIN-1 (H-1): 

T cell growth factor. TCGF. 
Multi-CSF, PSF, Mast cell 
growth factor, HCGF, BPA, 
Hemopoietin-2 etc. 
MCGFII/TCGFII, BCGF-I, BSF, 
IgG-induction factor. 
Eosinophil differentiation 
factor (EDF), Eo-CSF, TRF, 
BCGFII, Interleukin-4. 
CSFu, MGI-IGM, CSF-2, NIF-T, 
Pluripoietin u. 

Pluripoietin, CSF8, MGI-1G, 
GM-DF. 
CSF-1, MGI-1M. 

Ep, ESF. 

Synergistic Factor. 

In general, terminology imposed by hematologists has 
reflected function as defined by the assay, for ex­
ample, a colony stimulating assay, or by a growth 
(-poietic) response, both further modified by a lineage 
specificity. Immunological terminology favours nomen­
clature based upon cell network concepts defining 
producer and target cells, thus, interleukins numbered 
chronologically in order of first publication of the 
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full sequence of the molecule. A further defining 
feature of Interleukins 2 to 5 is that they appear to 
be products of T cells. in contrast to G-CSF. M-CSF. 
Epo and H-1. which are products of macrophages. endo­
thelial cells. fibroblasts. uroepithelium. etc.. but 
not T cells. GM-CSF is certainly a T cell product. but 
is also an inducible product of endothelial cells and 
fibroblasts. but possibly not of macrophages. 

MOLECULAR AND BIOLOGICAL CHARACTERISTICS OF HEMATO­
POIETIC GROWTH FACTORS. 

Recent progress in the cloning of hematopoietic growth 
factor and lymphokine genes and the availability of 
recombinant factors for research has led to an escal­
ating interest in the therapeutic potential of these 
agents. Table 2 is a summary of the currently charac­
terized factors that influence hematopoietic cell 
differentiation. All the native factors are heavily 
N-glycosylated. or in the case of G-CSF. O-glycosyla­
ted. and all are active in vitro in a nonglycosyla-
ted state. Where tested for in vivo activity (CSF-1. 
IL-3. GM-CSF. G-CSF. Epo.) non-glycosylated E.coli 
recombinant material is active. with the exception of 
Erythropoietin. where glycosylation appears necessary 
for in vivo stabilization. In almost every case. both 
murine and human gene products are available which is 
important in the case of factors whose action is 
species restricted (IL-3. IL-4. GM-CSF). No signifi­
cant sequence homology exists between the different 
factors arguing against their evolution from a common 
primordial gene. Between species. considerable struc­
tural conservation at the nucleotide and amino acid 
level is seen when murine and human are compared. with 
G-CSF and CSF-1 being the most conserved and IL-3 being 
the least conserved. All the molecules are in the 
range of 120-178 amino acids with the exception of 
CSF-1 whose gene codes for 224 amino acids. However. 
its active form is much smaller. coding for a subunit 
of 14.500 MW .• presumably resulting from cleavage. 

The spectrum of biological activity of the factors is 
summarized in Table 3. IL-3 is capable of stimulating 
proliferation of all classes of myeloid progenitors 
including a subset of late pluripotential stem cells 
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that form mixed colonies of neutrophils, monocytes, 
eosinophils, megakaryocytes and - with the addition of 
erythropoietin - erythrocytes (12). Despite earlier 
confusion, there is no evidence of direct action of 
IL-3 on B or T lineage cells, however, IL-3 is a major 
growth factor for the mast cell lineage. 

Interestingly, inappropriate production of IL-3 by the 
myelomonocytic leukemia WEHI-3, together with ability 
of the factor to cause leukemic cell proliferation, but 
not differentiation, implicates this factor in an 
autocrine model of leukemogenesis. IL-4 is a lympho­
kine that is intimately involved in the allergic 
response, stimulating mast cell growth and differen­
tiation, inducing IgE receptors, promoting B cell 
proliferation and Ig secretion and acting as a T cell 
growth factor (4,5,6). IL-5 is a lymphokine pre­
dominantly involved in the eosinophil response, acting 
as a CSF for eosinophil-restricted progenitors and as a 
functional activator of the mature eosinophil (7,8). 
In addition, it acts as a growth factor for pre­
activated B cells and is a T cell replacing factor in 
certain antibody responses. The conventional CSF's 
include GM-CSF that in humans is capable of stimulating 
colonies of neutrophils, eosinophils and monocytes and 
appears to have megakaryocyte and erythroid (with 
erythropoietin) colony stimulating activity (17,20). 
Its action on myeloid leukemic cells is as a prolif­
eration-inducing agent with uncoupling of differen­
tiation, however, some differentiation of HL-60 cells 
can be induced by GM-CSF (34). Like IL-3, autocrine 
production of GM-CSF by human leukemic cells may be a 
critical component of malignant tranformation in 
certain myeloid leukemias. CSF-1 is a monocyte­
macrophage proliferation and differentiation inducing 
agent with the potential for activating monocyte­
macrophage production of a variety of monokines (TNF, 
interferon, GM-CSF prostaglandin E, plasminogen acti­
vator, Interleukin-1) (9-11). The identity of the fms 
protooncogene and the CSF-1 receptor has raised con­
siderable interest in the factor and in its role in 
malignant transformation in certain hematopoietic and 
fibroblast systems. The CSF-1 receptor may be up­
regulated on early hematopoietic stem cells by bri ef 
exposure of such cells to a partially purified factor 
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termed synergistic activity or hemopoietin-1 (36) 
originally identified in human spleen of placental 
conditioned medium and subsequently purified from the 
bladder carcinoma line 5637 (36). Hemopoietin-1 has no 
direct colony stimulating activity but synergises with 
other hematopoietic growth factors. 

MURINE G-CSF. 

The existence of a regulatory factor specific for 
neutrophils was unclear for a long time, due to confu­
sion with the activities of pluripotential IL-3 and 
oligopotential GM-CSF. It is now clear that a specific 
G-CSF does exist in mouse and man. It was first recog­
nized that a number of active tissue sources of murine 
GM-CSF contained an additional structurally and func­
tionally distinct CSF species capable of stimulating 
exclusively neutrophil colony formation and neutrophil 
differentiation of WEHI-3 myelomonocytic leukemic cells 
(12,23). This G-CSF-Dif activity was reported in mouse 
post-endotoxin serum (24) and could be distinguished 
from GM-CSF by Con-A sepharose binding capacity and 
lack of immuno cross reactivity with GM-CSF antisera. 
The first purification of mouse G-CSF from endotoxin­
treated mouse lung conditioned medium was reported by 
Nicola et al. (12). The differentia~ng activity 
against WEHI-3 cells was purified x10 fold using 
salting out chromatography, phenylsepharose hydrophobic 
chromatography, gel filtration and RP-HPLC on phenyl 
silica columns and HPLC on gel filtration columns. In 
the first two purification steps the Dif. activity 
separated from GM-CSF but at all later stages it 
co-purified with a distinct neutrophil-specific CSF. 
The common identity of the two activities was further 
suggested by their localization in a single protein 
band on SDS PAGE. The murine factor is a 25,000 Mr. 
glycoprotein of considerable hydrophobicity containing 
internal disulfide bonds essential for maintaining 
structural integrity and biological activity. 

Purification of a factor distinct from GM-CSF and also 
capable of Dif. activity against M1 mouse leukemic 
cells has been reported by the Israel group (25) and 
has been termed MGI-2 to distinguish it from MGI-1 
which stimulates normal marrow granulocyte-macrophage 
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colony formation. The hypothesis of this research 
group is that MGI-2 is a molecule uniquely active in 
causing leukemic differentiation to granulocytes and 
macrophages, whereas MGI-l is the regulator of normal 
granulocyte-macrophage proliferation and differentia­
tion, being capable of inducing normal or leukemic 
cells to produce MGI-2. This conflicts with the view 
that MGI-2 is G-CSF and the Israel group have identi­
fied a separate MGI-IG and MGI-IM stimulating prolifer­
ation and differentiation of normal progenitors to 
neutrophil or macrophage suggesting G-CSF is MGI-IG and 
CSF-l is MGI-IM (25). 

G-CSF interacts with specific high-affinity receptors 
present in relatively low numbers on mature human and 
mouse PMN and on all neutrophil lineage progenitors. 
The receptors are lacking in eosinophil, monocytes, 
macrophages, erythroid or lymphoid tissue and appear to 
be specific for neutrophil G-CSF since there is no 
competition for binding with other CSF-species. Re­
ceptors have been purified from the WEHI-3 differ­
entiation-inducible line, but they appear to be lacking 
on the D non-inducible line (26). Interestingly, but 
anomalously, the murine macrophage leukemic line, alone 
among macrophage leukemias tested, possessed high 
affinity G-CSF receptors and it is this line that was 
used for isolation of the specific CSF-l receptor. 
Conflicting reports exist as to the capacity of mouse 
G-CSF to stimulate human normal granulocyte progenitor 
cell differentiation (26) although a differentiation 
action on human HL-60 or fresh leukemic cells is well 
established. The most current studies, using highly 
enriched FACS separated human marrow showed the same 
degree of colony formation with mouse G-CSF and human 
CSF-beta with colonies being small, appearing early and 
degenerating after 7 days of culture (26). The concen­
tration of G-CSF influenced the morphology of colonies 
since at high concentration, mixed neutrophil-macro­
phage (but never pure macrophage or eosinophil) colony 
formation was seen in addition to pure neutrophil 
colonies, whereas at low concentrations only neutrophil 
colonies were seen. This differentiation downgrading 
phenomena is the reverse of that reported for GM-CSF 
(24). 

Moore 
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Some action of G-CSF on the survival and initial pro­
liferation of pluripotent progenitors is seen, for in 
delayed addition colony transfer experiments, clones 
initiated with GM- or G-CSF for the first few divisions 
could be transferred to secondary cultures containing 
only IL-3 and colonies of mixed erythroid, megakaryo­
cyte and myeloid cells developed (27). 

HUMAN G-CSF. 

The association of neutrophil leukocytosis with a 
variety of neoplasias in man has in certain cases been 
attributed to inappropriate production of hematopoietic 
growth factors by tumor tissue. In a patient with 
squamous carcinoma of the oral cavity and in a case of 
squamous cell carcinoma of the lung and in a pancreatic 
carcinoma (28-30) associated with leukocytosis, trans­
plantation of tumor tissue in nude mice provoked a 
leukocytosis in recipient animals (28-30) which was 
tumor mass dependent and reversed upon excision of the 
tumor (30). The neutrophil leukocytosis in nude mice 
induced by a transplanted lung tumor was associated 
with marked splenomegaly and an increase in myeloid, 
erythroid and megakaryocytic progenitor cells and 
pluripotential stem cells detected by the CFU-s assay 
(31-32) • Freshly isolated tumor cells and cell lines 
established from leukocytosis-inducing tumors have also 
been shown to produce CSF active in human marrow 
culture and tumor cell production of CSF is not un­
common since nine of 67 tumors screened were found to 
be positive in one survey and nearly 50% of lung, 
pancreas and urinary bladder carcinomas were found to 
produce CSF (33). The human hepatoma cell line Hep-1 
and the bladder carcinoma cell line 5637 are both 
constitutive producers of high levels of both G- and 
GM-CSF (14,34) Interleukin-1 (35 and Moore MAS., 
unpublished observation) and 5637 produces a syner­
gistic factor, Hemopoietin-1 (36). Whether CSF pro­
duction by the preceding tumor types reflects aberrant 
gene expression associated with malignant transform­
ation, or is a true reflection of the functional 
capacity of the normal tissue from which the tumor 
arose, is unclear. Certainly in man, fibroblasts, 
endothelial cells, trophoblasts, monocyte-macrophage 
and activated T cells are the only normal sources of 
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CSF that have been clearly defined and recently it has 
been reported that normal human prostate and uretral 
epithelia, cultured or freshly isolated, have the 
capacity to produce CSF that is active on both human 
and murine bone marrow (33). The cross species 
activity of human tumor-derived CSF and its ability to 
induce a neutrophil leukocytosis in nude mice, clearly 
points to the active CSF species being C-GSF since it 
acts across species barriers, while human GM-CSF does 
not and M-CSF is only weakly active as a colony stimu­
lus in man and its action is predominantly to induce 
monocyte-macrophage production. 

CSF activity in the conditioned medium of the human 
bladder carcinoma cell line 5637 was purified by 
sequential ammonium sulfate precipitation, anion-ex­
change chromatography, and gel filtration (14). In the 
final purification step on RP-HPLC human CSF activity 
and a differentiating (GM-DF) activity for both HL-60 
and WEHI-3B (D+) leukemic cells eluted together at a 
propanol concentration of 42%. An additional peak of 
GM-DF activity eluted at a lower propanol concentration 
and fractions from this peak were highly active in 
inducing differentiation of HL-60 cells, but were 
inactive on WEHI-3 cells and in the human GM-CSF colony 
assay at day 7. The least hydrophobic activity called 
CSF-alpha (26) or pluripoietin alpha (34) is structur­
ally and functionally homologous to murine GM-CSF 
(although not species cross reactive) and the hydro­
phobic species called CSF-beta (26) or pluripoietin 
(14) is the human analogue of murine G-CSF, since these 
two CSF's exhibit similar activities on murine and 
human cells and are fully cross-reactive with each 
others specific cellular receptors (14,15,26). This 
latter CSF species was purified to homogeneity and was 
shown to be O-glycosylated and to have a molecular 
weight of 19,600 (14). The gene encoding this pluri­
potent human G-CSF was subsequently cloned and ex­
pressed in E.coli (15,16). The E-coli rh-G-CSF was 
comprised of 174 amino acids with a deduced molecular 
weight of 18,700 and it had no significant homology 
with any other previously sequenced growth factors. 
Recently, the cDNA sequence coding for murine G-CSF has 
been isolated from a cDNA library prepared with mRNA 
derived from murine fibrosarcoma NFSA cells, which 
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produce G-CSF constitutively (13). The nucleotide 
sequence and the deduced amino acid sequence of murine 
G-CSF cDNA were 69% and 73% homologous, respectively, 
to the corresponding sequences of human G-CSF cDNA. 

Native and recombinant G-CSF had comparable biological 
activity, stimulating neutrophil granulocyte colonie~ 

of mouse and man with a specific activity of lxl0 
units per milligram of pure protein (15). 

The action of hG-CSF on mature hematopoietic cells 
appears to be confined to an action on neutrophils 
involving increased expression of chemotactic recep­
tors, and enhanced phagocytic ability, cellular metab­
olism associated with the respiratory burst, antibody­
dependent cell killing and the expression of function­
associated cell surface antigens (37,38). Our earlier 
observation with purified G-CSF showing that at high 
concentrations, the factor stimulated BFU-E and CFU­
GEMM in methylcellulose cultures of adherent and T cell 
depleted human marrow (14) were confirmed using rh-G­
CSF (15). More recent studies in our laboratory (14) 
using highly enriched hematopoietic progenitor cells 
failed to demonstrate a direct effect of human G-CSF on 
BFU-E and CFU-GEMM, suggesting that the earlier observ­
ations may have been the consequence of an indirect 
mechanism involving non-T accessory cells (39). We 
have documented that G-CSF can stimulate the generation 
of new CFU-GM in suspension culture of accessory cell 
depleted human marrow, suggesting a recruitment action 
on some pre-CFU-GM populations and/or enhanced self 
renewal of pre-existing CFU-GM capable of responding to 
both G-CSF and GM-CSF (40). This observation provides 
evidence for a stimulatory action of G-CSF on a progen­
itor population with a differentiation potential more 
extensive than that of neutrophil lineage-restricted 
CFU-G. The CFU~GM generated in suspension cultures with 
G-CSF responded to GM-CSF in colony assay by a normal 
pattern of differentiation into eosinophils and macro­
phages as well as neutrophils. 

In vivo, administration of G-CSF by the intraperitoneal 
route led to sustained serum levels of bioactive G-CSF 
comparable to those found 3-6 hrs. post inj ection of 
endotoxin in endotoxin responsive strains of mice (40). 
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The use of highly purified recombinant G-CSF, absence 
of significant contamination of our G-CSF with endo­
toxin and the use of C3H/HeJ mice, allowed us to 
conclude that the in vivo responses seen were due to 
the action of G-CSF, rather than any contaminant, act­
ing directly or synergistically on neutrophil produc­
tion. The predominant response involved elevation of 
peripheral blood neutrophils by 6-9 fold in C3H/HeJ 
mice, which was somewhat lower than we have observed in 
other strains, since up to a 20 fold increase in blood 
neutrophils can be obtained in Balb/c mice. Studies in 
hamsters also indicated a specific action on the 
neutrophil lineage with an increase of 3-6 fold in 
peripheral blood neutrophils (41), and in monkeys 
receiving 10ug/kg/days of rh-G-CSF, neutrophil counts 
rose five fold and up to 12 fold with 100/ug/kg/day 
(42). In mice, demand for increased hematopoiesis 
following such insults as endotoxin treatment, irradi­
ation or cytotoxic drug treatment is met by a marked 
expansion of splenic hematopoiesis with little absolute 
change in marrow cellularity. Thus it was not surpris­
ing that the major expansion of neutrophil production 
elicited by chronic G-CSF treatment was met by a rapid 
onset of extensive splenic myelopoiesis. What was 
surprising was that the splenic phase of hematopoiesis 
was associated with increased erythropoiesis, megaka­
ryocytopoiesis, and elevated numbers of pluripotential 
stem cells and progenitors of all hematopoietic linea­
ges. Indeed, the splenic increase led to an absolute 
total body expansion of production of these cell 
populations, although only neutrophils and to a lesser 
extent monocytes, but not red cells, platelets and 
eosinophils increased in the circulation. It is 
possible that G-CSF acts directly to activate pluripo­
tential stem cells detected by the day 12 CFU-s assay 
leading to their enhanced proliferation, mobilization, 
migration to the spleen and subsequent expansion. In 
this scenario, progenitors for lineages other than 
neutrophil, could be generated in increased numbers as 
a result of stochastic mechanisms believed to operate 
at the level of pluripotential stem cell self-renewal 
and differentiation. Alternatively, indirect mechan­
isms may operate whereby G-CSF-induced differentiation 
depletes a population of neutrophil progenitors which 
in turn triggers activation of the pluripotential stem 
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cell pool and expansion of the marrow microenvironment. 
A third possibility is that G-CSF acts in vivo upon an 
accessory cell population to induce release of other 
hematopoietic growth factors known to influence multi­
ple hematopoietic lineages. 

G-CSF AND LEUKEMIC CELLS. 

The action of G-CSF on leukemic cells is rece~tor 

mediated and competitive binding studies with 1 51_ 
labeled hG-CSF (15) or murine G-CSF (26) revealed 
receptors on fresh human leukemic marrow cells class­
ified as M2,M3 and M4, on murine WEHI-3 and human HL-60 
and U937 leukemic cell lines. Furthermore, these 
leukemic cell lines and receptor positive human leu­
kemic cells were induced by recombinant G-CSF to 
undergo terminal differentiation to macrophages and 
granulocytes (15). 

HL-60 and WEHI-3 cells were differentially sensitive to 
native human G-CSF in the colony assay measuring 
conversion of leukemic colonies from compact undiffer­
entiated to diffuse, differentiated, with HL-60 cells 
requiring approximately five times more G-CSF for 
comparable effect. Morphological and cytochemical 
analysis of HL-60 colonies with cytochemical analysis 
of colony morphology revealed that up to 75% of HL-60 
colonies were induced to contain significant numbers 
(> 10%) of polymorphonuclear neutrophils and there was 
increased intensity of alpha-napthyl acetate esterase 
staining (37). 

Many endogenous cytokines and lymphokines appear 
capable of inducing both neutrophil and monocytoid 
maturational changes in HL-60 cells and of mature 
monocyte and macrophage functional features in the U937 
monocytic leukemic cell line. Since functional neutro­
phil and macrophage maturation involves changes in 
lysosomal enzyme activity, in cytoskeletal protein, 
glycolipid profiles and altered expression of cell 
surface receptors in a coordinated temporal sequence, 
no single criterion of differentiation can establish 
the exact developmental state of induced cells. For 
this reason, we elected to characterize leukemic cell 
differentiation, using a panel of markers 
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characteristic of mature granulocytes and macrophages 
and applied to leukemic cells cultured for 206 days in 
simple sus- pension culture in the presence of various 
sources of cytokine/lymphokine differentiation inducers 
(42. 44). Table 4 shows the various parameters of 
differentiation monitored in U937 and HL-60 cultures 
exposed for varying intervals to unseparated 
conditioned media. partially purified fractions of 
inducer activity and pure natural or recombinant 
cytokines and lymphokines. 

Moore 

TUMOR NECROSIS FACTOR AND G-CSF. 

The ability of endotoxin to elicit production of G-CSF 
can account for most reports of the leukemia- differen­
tiation action of post-endotoxin serum in mouse and man 
(45). however. the elevation of bioactive G-CSF in 
post-endotoxin serum is partially masked at high serum 
concentrations by an inhibitory activity which is 
particularly evident in post-endotoxin sera of mice 
primed with BCG or C.parvum {)45. This hematopoietic 
or colony inhibitory activity was shown to be directed 
at both normal CFU-GM and myeloid leukemic cells. Bio­
chemical characterization showed that it co-purified 
with an activity with both in vitro L cell cytotoxicity 
and in vivo tumor necrosis action. Subsequent studies 
distinguished between the antiproliferative effects of 
tumor necrosis factor on CFU-GM and myeloid leukemic 
cells and the proliferation and differentiation induc­
ing action of the G-CSF co-induced with similar kinet­
ics in the serum of C. parvum-endotoxin treated mice 
(45). With the availability of recombinant human TNF 
alpha (18) it was possible to demonstrate that human 
CFU-GM. BFU-E and CFU-GEMM were inhibited by relatively 
low concentrations of TNF «100 Units/ml) and that the 
inhibition was potentiated by addition of gamma inter­
feron (46). We have explored the antagonism between 
CSF species and TNF alpha in both short-term clonogenic 
assays and long-term bone marrow cultures(40). The 
stimulation of increased granulopoiesis persists as 
long as G-CSF is administered in vivo although the 
duration of studies to date have been limited to 4-5 
wks. In long-term marrow culture much longer periods. 
up to 4 months. with sustained high levels of G-CSF 
have been obtained. with persisting elevation of 
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TABLE 4. 

G-CSF INDUCIBLE FEATURES OF HL-60 AND U937. 

1. Neutrophil/macrophage or macrophage morphology. 

2. Adherence. 

3. Activation of lysozomal enzymes (myeloperoxidase, 
a-naptha esterase, alkaline and acid phosphatase, 
lysozyme, lactoferrin). 

4. Reactive oxygen production, NBT reduction. 

5. Enhanced expression of the Fc, C3 and fMLP 
chemotactic receptors. 

6. Enhanced phagocytosis and bacteriacidal capacity. 

7. Antibody-dependent 
killing. 

cell-mediated tumor cell 

8. Induction of monocyte-related antigens OKM1 and 
Leu M2. 

9. Stimulation of ConA-induced release of 
Prostaglandin E2, 6-keto PGEla and Thromboxane 
B2· 

10. Enhanced glucosamine uptake and glycoconjugate 
synthesis. 

11. Conversion of compact, undifferentiated leukemic 
colonies to diffuse differentiated. 

12. Reduced recloning capacity of leukemic colonies. 
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neutrophil production relative to control cultures and 
no evidence was obtained for premature exhaustion of 
stem cells or accelerated depletion of cultures. 

The ability of low concentrations (100~/ml) of TNF 
alpha to counteract the proliferative action of G-CSF 
in vitro in clonal assay and long-term bone marrow 
cultures (40) suggests a physiological role for TNF as 
a natural inhibitor of neutrophil granulopoiesis. The 
co-ordinate inducibility of G-CSF and TNF alpha follow­
ing endotoxin-activation of macrophages may provide a 
mechanism self-limiting the chronic generation of 
neutrophils from marrow progenitors following bacterial 
infection. Alternatively, the relative resistance to 
TNF inhibition of myeloid progenitors stimulated by 
GM-CSF may provide an alternate pathway for generating 
neutrophils in the face of elevated TNF levels. The 
interrelationship of TNF and CSF in the production and 
function of neutrophils is further emphasised by the 
observation that TNF can enhance both the phagocytic 
ability and the antibody-dependent cytotoxicity of 
neutrophils, increase their superoxide anion production 
and stimulate their adherence to endothelial cells 
(47). In addition, TNF has been shown to stimulate 
growth factor production by endothelial cells. due in 
part to activation of transcription of the GM-CSF gene 
(48). 
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INDUCTION OF DIFFERENTIATION IN MYELOID LEUKEMIC CELLS AND 

THE DIFFERENTIATION INDUCING FACTOR (DIF) 
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University of Lund, S-221 85 Lund, Sweden 

ABSTRACT 

Results from work on immortalised cell lines indica­
te that the maturation arrest of leukemic cells can be re­
versed. Mitogen-stimulated lymphocytes and some T-Iympho­
cyte lines produce a polypeptide called differentiation­
inducing factor (DIF), which gives maturation of promye­
locytic HL-60 cells into macrophage-like cells. DIF also 
mediates a primary growth inhibition of some myeloid leu­
kemic cell lines as well as of fresh clonogenic cells from 
patients with acute myeloid leukemia and normal granulo­
cyte-macrophage progenitors. Also the Tumor Necrosis Factor, 
which is not identical with DIF, displayed differentiation 
effects and growth inhibitory effects, which were similar 
to those of DIF. Our data indicate that there are a number 
of ways to induce differentiation in leukemia but that 
final common pathways may exist. That complementary, syner­
gistic differentiation effects were found between some 
agents may be of clinical utility. 

INTRODUCTION 

The stemcells constitute the basis for the hematopoie­
sis. A stemcell shows two major capabilities: one is to 
produce identical copies of itself by cell proliferation 
(self renewal) and the other is to yield daughter cells 
which are committed to differentiation. The capacity for 
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differentiation is restricted by the determination of the 
stemcell. The mature phenotype is the visible result of 
stemcell determination. Hematopoietic stemcells are likely 
targets for leukemia inducing agents and as a result a 
transformed cell is produced from which leukemia manifests 
itself by clonal expansion. 

Proliferation and differentiation are normally coupled 
processes i.e. daughter cells which are committed to diffe­
rentiation along a hematopoietic lineage also passes seve­
ral cellcycles during this maturation to reach terminal 
differentiation where proliferation no longer can occur. 
In leukemia the processes of proliferation and differentia­
tion are uncoupled (1) with a very low probability for 
differentiation. This leads to an expanding clone of proli­
ferating immature leukemic cells. However, a stemcell rela­
tionship is maintained so far that usually a minority of 
the cells are clonogenic in vitro. This minor population is 
responsible for maintenance of the leukemic growth and is 
most important from a therapeutic point of view. 

Human leukemic clonogenic cells are not independent of 
physiological growth factors (2). Thus it seems unlikely 
that the leukemic cells produce endogenous growth factors 
that are of importance for stimulating growth in an auto­
crine fashion. For stationary cells it is suggested that 
autonomous growth of transformed cells might be due to a 
constitutive expression of any of the controlling elements 
along the normal mitogenic pathway, (3). Hematopoietic cells 
are not stationary and normally depend on a continuous 
supply of adequate physiological growth factors. Therefore, 
transformed hematopoietic cells are not under pressure to 
develop independency of growth factors which are supplied 
by the environment. On the other hand, immortalised leukemic 
cell lines may produce their own growth factor or develop an 
independency of growth factors (1). 

Induction of Differentiation 

Is the differentiation block in leukemia reversible? 
An extensive work on both animal models and on leukemic cell 
lines suggests that the normal maturation may be reestab­
lished, (4-11). Injection of mouse myeloid leukemic cells 
into embryos resulted in the appearence of mature leukocytes 
in the adult mice partially derived from the leukemic clone 
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(10) indicating that the malignant cel19 responded to nor­
mal differentiation control in the embryo. Many studies on 
differentiation induction in leukemia have been performed 
on cell lines. In these the immortal ising genes, which nor­
mally can be induced or repressed, have become constituti­
vely expressed or amplified. Sachs and coworkers showed 
that some leukemia clones were induced to mature macropha­
ges or granulocytes by a physiological inducer called MGI 
(macrophage and granulocyte inducer) (11). Such clones did 
not require MGl as a proliferation stimulus because they 
multiplied in its absence. In spite of this, they were still 
induced to mature by the addition of this physiological in­
ducer of differentiation. Similarly, G-CSF has been repor­
ted to have a differentiation effect on myeloid leukemic 
cells (12). 

The human promyelocytic HL-60 (5) and the monoblast-like 
U-937 (6) lines have been widely used in a search for diffe­
rentiation agents, some of which are listed in Table I. 
HL-60 cells are bipotent and mature into granulocyte-like 
cells. Incubation with interferon-y lead to the development 
of markers of myelo-monocytic cells on U-937 (13). 

Inducer 

Dimethyl sulfoxide (DMSO) 
Hypoxanthin 
Thioguanine 
dbcAMP 
Prostaglandin E 
Phorbol diesters 
Retinoic acid 
1,25(OH)2 vitamin 03 
Polypeptldes: Differentia-
tion inducing factor (DIF) 

Tumor necrosis factor (TNF) 

Conc. (M) 

TABLE I 

Cell product 

granulocyte 
macrophage 
granulocyte 
macrophage 
macrophage 
macrophage 
granulocyte 
macrophage 

macrophage 
macrophage 

dbcAMP: dibutyryl cyclic adenosine monophosphate 
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The differentiation-inducing factor (DIF) 

In our work we demonstrated that mitogen-stimulated 
human mononuclear blood cells released polypeptide factors, 
which produced mature monocyte-like HL-60 cells (14). These 
polypeptides are called differentiation-inducing factors 
(DIFs). Mononuclear blood cells released one or two species 
of DIF depending on which type of mitogen was used; apparent 
molecular weights were 40,000 and 25,000. At least the 
40,000 mw species of DIF was distinct from colony-stimula­
ting factor. It was shown that the T-lymphocyte cell-line 
HUT-102 produced DIF constitutively (15). Others have also 
demonstrated that mitogen-stimulated blood cells produced 
differentiation inducing factors (16, 17). As the parameter 
of maturation in HL-60 we have used nitroblue tetrazolium 
(NBT) reduction as well as phagocytic capacity, cell-surface 
antigen expression detected with monoclonal antibodies, non­
specific esterase, and composition of cytoplasmic granules. 

We have attempted large scale purification of DIF using 
the HUT-102 cell line as the producer (15). Batches of HUT-
102 supernatant are prepared and after processing including 
concentration by ultrafiltration, DEAEcellulose chromato­
graphy and high-resolution ion-exchange chromatography on 
MonoQ, a 50,OOO-fold purification is achieved. Final purifi­
cation in ~g quantities is obtained by SDS-PAGE. On the 
basis of partial amino acid sequence determinations, corre­
sponding oligonucleotides can be synthesised and used as pro­
bes for screening a cDNA-library established from HUT-102 
cells. Subsequent production of recombinant DIF may be of 
clinical utility in leukemia. 

High-resolution ion-exchange chromatography showed a 
considerable charge heterogeneity also demonstrated by 
chromatofocusing, revealing isoelectric points in the pH 
range 5.4-5.9. DIF is a relatively heat-stable protein 
destroyed by proteases. It is not inactivated by periodate 
oxidation indicating that carbohydrate moieties are unimpor­
tant for biological activity. DIF does not have colony­
stimulating activity; thus it is distinct from G-CSF. The 
DIF-effect is likely to be mediated through binding to a 
cell-surface receptor. The second messenger is unlikely to 
be cAMP as no increase in cAMP was observed after addition 
of DIF. A synergistic inducing effect between DIF and reti­
noic acid (15) was expressed in the production of granulo­
cyte-like cells. 
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DIF induces maturation of "wild" type HL-60 along the mono­
cyte pathway leading to a secondary inhibition of growth. 
However, we have also showed that DIF, at a ten-fold lower 
concentration (1 pM), inhibited proliferation of subclones 
of both HL-60 and U-937 (18). This effect was displayed 
without visible differentiation. Therefore the antiprolife­
rative effect was unlikely to be secondary to differentia­
tion in this case. Thus there are different actions on clo­
nes from the same cell line and target cells that are resis­
tant to a direct antiproliferative effect of DIF, may res­
pond with differentiation (and secondary growth inhibition) 
at higher concentrations. The final result will be inhibi­
tion of self-renewal in both cases. Differentiation and 
antiproliferative effects are expressed by the same polypep­
tide as both activities cochromatographed during all purifi­
cation steps. 

The antiproliferative effect of DIF was not exclusive 
for myeloid cell lines but also clonogenic cells from bone 
marrow of patients with acute myeloid leukemia were growth 
inhibited (18). Our findings demonstrated that normal hemo­
poietic stem cells (CFU-GM and BFU-E) are inhibited too. It 
is therefore possible that DIF may be involved in a physio­
logical regulation of hemopoiesis perhaps as a link in a 
feedback regulation involving T-Iymphocytes. DIF may be of 
utility in the treatment of leukemia only if normal multi­
potent stem cells are resistant, which is not yet demonstra­
ted. 

An identity between DIF and interferon-y was ruled out 
based on the use of a neutral ising antibody against inter­
feron-y that did not affect the DIF-effect (18). 

The tumor necrosis factor (TNF) 

As DIF caused a primary growth inhibition of both leuke­
mic and normal hemopoietic cells, we investigated if the 
cytostatic and cytotoxic factor TNF had similar properties. 
TNF is produced by macrophages (19) and has been purified 
and cloned (20-23). Recombinant TNF produced by Genentech, 
Inc. and supplied by Boehringer-Ingelheim was used in our 
studies. A factor called cachectin, which is released from 
macrophages and which specifically suppressed the enzyme 
lipoprotein lipase is identical with TNF (24) and may play 
a role in the development of the cachexia of chronic inflam­
matory disease. 
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Neutralizing antibodies against TNF did not neutralize 
the effect of OrF and biochemical characteristics are not 
identical, but we found very striking effects of TNF remi­
niscent of the OrF effects (25). Thus TNF displayed a pro­
found growth inhibitory effect on some myeloid leukemia 
cell lines at 1-10 pM concentration. However, the suscepti­
bility for TNF varied among different clones of HL-60. Some 
of these were highly susceptible to growth inhibition except 
for wild type HL-60, which was induced to differentiate into 
monocyte-like cells at 100 pM TNF. Thus TNF showed differ­
ent actions on clones from the same cell line and target 
cells that are resistant to the antiproliferative effect 
at low concentrations may respond with differentiation at 
higher concentrations of TNF. 

The clonogenic growth of fresh acute myeloid leukemia 
cells was inhibited with 50% at approximately 15 pM TNF. 
The sensitivity to TNF was not specific for transformed 
cells as the growth of normal granulocyte-macrophage proge­
nitors (CFU-GM) was also inhibited as was the growth of 
erythroid progenitors (25). A synergistic antiproliferative 
effect was demonstrated between TNF and recombinant inter­
feron-I • By use of radio iodinated TNF 1,500-2,100 cell 
surface receptors were detected on myeloid cell lines at 
40 C with Kd of approximately 300 pM. A very high affinity 
binding observed at elevated temperature may be an expres­
sion of a temperature sensitive class of receptors or re­
sult from ligand internalization (25). At 200 e internaliza­
tion occurred of bound ligand into receptosomes, but without 
transfer to lysosomes and degradation. At 370 bound ligand 
was transferred to lysosomes and after 2 hours degradation 
was visible. No correlation was observed between the number 
of binding sites or affinity and antiproliferative or diffe­
rentiation respponse to the addition of TNF. No differences 
in pattern of internalization of the receptor-ligand complex 
were observed between sensitive and resistant clones. Most 
likely differences in post receptor events are responsible 
for different responses among cell lines to TNF and not 
differences in binding to the receptor. 

A relationship between OIF and lymphotoxin (LT)? 

Also lymphotoxin produced by B-cell lines is active in 
the classical tumor necrosis assay (26). The sequence compa­
rison revealed extensive homologies between TNF and LT (20). 
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One neutralizing antibody against LT neutralized all DIF 
effects but some monoclonal antibodies against LT did not 
bind to DIF (27). Biochemical characteristics also seem to 
differ between DIF and LT. The data may however, indicate 
a structural relationship between DIF and LT. A comparison 
of aminoterminal sequence data for DIF with the sequence 
for LT will resolve this question. 

Mechanisms for induction of differentiation 
- a common pathways? 

If mechanisms by which agents act to induce differen­
tiation are defined this may lead to an understanding of 
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the maturation arrest in leukemia. We found a synergistic 
effect between retinoic acid and cAMP agents (28) and that 
cells could be "primed" for differentiation by preincubation 
with low concentrations of retinoic acid followed by exposu­
re to low concentrations of DIF. Priming was independent of 
the normal rate of protein synthesis suggesting that an 
initial decrease in synthesis of some protein(s) favored 
differentiation. Short-time incubation with 1,a25-dihydoxy­
cholecalciferol (1,25(OH)2D3) "primed" for the maturation 
effect of cAMP agents (29). It was noticed that the "pri­
ming" did not depend on the normal rate of RNA or protein 
synthesis. We also demonstrated that U-937 were "primed" 
for differentiation by preincubation with 1,25(OH)2D3 follo­
wed by exposure to interferon-y (13). This priming did not 
depend on the normal rate of RNA synthesis. All the data 
reviewed suggest that an initial step in differentiation 
induction is independent of RNA and/or protein synthesis 
and that the maturation arrest may therefore be due to the 
production, or overproduction, of a polypeptide and that 
maturation is facilitated when the production of this inhi­
bitor is decreased. 

Different agents obviously act by different mechanisms 
to induce the production of more or less identical matura­
tion products. This diversity indicates that there are a 
number of ways to induce differentiation but there are final 
common pathways. Proliferation and differentiation may be 
regulated by a network which spans the cell from the plasma 
membrane to the nucleus. The network may be touched at speci­
fic points to change the balance so that the maturation block 
is released. A network theory explains complementary matura­
tion effects between different agents; the network being 
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touched at different points simultaneously to give a syner­
gistically amplified effect. 

Cellular oncogenes most likely play a role in hemopoi­
etic growth regulation. There is also evidence for the exis­
tence of a family of genes called anti-oncogenes (30), 
which could have a suppressive effect on oncogene products. 
Maturation arrest in leukemic cells may result both from 
constitutive expression of oncogenes or lack of expression 
of anti-oncogenes. Expression of anti-oncogenes may be 
directly linked to terminal differentiation. 
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The human leukemic population is an heterogeneous 
collection of cells arising from a malignant clone of 
undifferentiated progenitor cells analogous in some 
respects to the normal hemopoietic cells (1-3). These 
leukemic progenitors are capable both of self-renewal and 
differentiation that very often is highly abnormal. The 
differentiation level (most immature stem cell or inter­
mediate progenitor cell) at which the leukemic transfor­
mation occurs has been defined in lymphocytic leukemia, 
where marker events involving progressive rearrangement of 
specific genes (immunoglobulin genes for B-ALL and and T 
cell receptor genes for T-ALL) leave irreversible foot­
prints in the DNA (32,33). In the case of acute undif­
ferentiated leukemias (AUL) or acute myelogenous leukemias 
(AML) gene rearrangements during progression of differen­
tiation do not occur, or at least they have not been iden­
tified and the differentiation stage of the progenitor 
cells that are targets for the various types of AML is 
still largely undefined. Genetic evidence (4) indicates 
that chronic myelogenous leukemias arise from the malignant 
transformation of a very early pluripotent stem cell 
(although the expression of the malignancy usually occurs 
at the level of the myelomonocytic lineage); in other types 
of myeloid leukemia the issue is less clear. 

G6PD isoenzyme analysis of the hemopoietic population 
in 4 cases of AML showed that clonal proliferation was 
limited to progenitor cells with potential for granulocytic 
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and monocytic differentiation in two young patients and to 
involve cells with potential for erythroid as well as 
myeloid differentiation in two older patients (5). 

The problem of identifying the leukemic progenitor 
cells has been approached by studying those leukemic cells 
which proliferate in vitro either in semisolid media or in 
suspension culture-an~investigating the specific fac­
tors that allow leukemic progenitor cells to proliferate. 
Studies aimed at defining the phenotype of leukemic cells 
able to form colonies in vitro (CFU-L) support the concept 
of multi potent progenitOr~tem cell origin for AML. 
Colony-forming cells in ten cases of acute myeloid leukemia 
(AML) were studied in our laboratory with six cytotoxic 
monoclonal antibodies that react with antigens expressed at 
discrete stages of differentiation of normal and leukemic 
precursors (6-7) and the reactivity of the entire leukemic 
population was measured by indirect immunofluorescence. The 
phenotype and the reactivity of the colony-forming cells 
was established by complement-mediated cytotoxicity and by 
fluorescence activated cell sorting. Comparison of the 
immunofluorescent reactivity with cytotoxicity and cell 
sorting showed that colony-forming cells were contained 
within a fraction of the leukemic subpopulation that 
expresses these differentiation antigens. The implication 
of this result is that immunofluorescent reactivity of the 
total leukemic population does not necessarily predict the 
phenotype of the clonogenic cells, but reflects the dif­
ferentiative heterogeneity of the leukemic population (8). 
When the surface phenotype of the CFU-L was compared to the 
phenotype previously established for normal marrow hemo­
poietic clonogenic cells, three patterns were seen: (a) the 
clonogenic cells expressed a phenotype similar to that of 
relatively mature normal granulocyte-macrophage colony­
forming cells (late CFU-GM) in 4 cases; (b) in two cases, 
the phenotype resembled the less mature colony-forming 
cells (early CFU-GM or CFU-GEMM), and (c) in four cases a 
composite phenotype of early and late CFU-GM (9). Thus, the 
level of impairment of differentiation in AML and the hemo­
poietic progenitor cell target for transformation may vary 
from case to case. Essenti ally, simil ar studi es usi ng 
monoclonal antibodies and AML cells were also reported by 
Griffin and Lowenberg (10,11). All these studies suggest 
that in the majority of AML the cell that is target of 
malignant transformation is a cell that is more immature 
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than the cell that has the potential to generate only mono­
cytes and granulocytes (CFU-GM). 

How much more immature is the target progenitor cell 
for AML? 

A limitation of these studies, is that the leukemic 
clonogenic cell (CFU-L) phenotype is established by cloning 
the cells using sources of growth factors that, we know, 
allow formation of colonies derived only from relatively 
late progenitor cells. Unless in vitro clonogenic cells are 
self-maintaining, like the in VlVO leukemic stem cells, 
they may not represent the type of cells from which the 
leukemic cells have originated in vivo, but simply an 
intermediate population, making-rt impossible to pinpoint 
the target cell for malignant transformation. 

The CFU-L studies, therefore, may indicate which are 
the more differentiated targets for leukemic transformation, 
but, at the present time, they are unable to indicate which 
are the most undifferentiated targets. 

We have more recently attempted to identify the self­
maintaining population in various cases of leukemia by 
identifying those conditions that permit the leukemic cells 
to proliferate indefinitely ~ vitro in suspension cultures. 

Presently, accumulating evidence indicates the existence 
of a hierarchy of growth factors that control differentia­
tion and proliferation of normal human hemopoietic cells 
(35). Pluripotent growth factors have been identified and 
characterized (36) although, there is no evidence at the 
present time that these factors may support the growth of 
the most immature cells. Rather than using monoclonal 
antibodies probes and clonogenic assays to identify the 
most immature leukemic cells with proliferative potential, 
we have attempted to probe the response of leukemic cells 
with growth factors with the objective of obtaining self­
maintaining leukemic population of cells and to determine 
their differentiation state by immunophenotypic characteri­
zation. 

It is generally believed that leukemic cells remain 
dependent on the same growth factors that control prolif­
eration and differentiation of normal hemopoietic cells. 
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Factor-independent growth may occur in vivo and in 
vitro, due possibly to the effect of some-oncogenes on the 
signal-transmission pathway of growth factors (25-27). 
However, this is probably not the most common event 
occurring in vivo during progression of human acute leuke­
mia because-the cells, in the great majority of cases, seem 
to maintain, after multiple relapses, the same factor 
dependence that they had initially. 

The dependence of leukemic cells on specific growth 
factors has been documented in a few cases. Well­
differentiated or partially differentiated human T leukemia 
cells grow in long-term cultures in media supplemented with 
interleukin-2 (IL2) (12), a molecule required for prolifer­
ation of antigen-activated mature T cells (13). However, 
highly undifferentiated leukemic T cells do not respond to 
IL2 or any known growth factors. Several types of immature 
murine leukemia of the B cell and myeloid lineages can be 
maintained in cultures supplemented with interleukin-3 
(IL3) (14), a growth factor that induces proliferation and 
differentiation of early hemopoietic and lymphoid stem 
cells (15). Well-differentiated B cell leukemias (hairy 
cell leukemias) can be grown in long-term cultures using 
medium supplemented with BCGF (16), a factor that stimu­
lates proliferation of normal mature B cells (17). 

In the case of human acute myelogenous leukemia (AML) 
and most pre-B and early T cell leukemia, the conditions 
under which progenitor cells can be grown routinely in the 
presence of growth factors have not yet been defined. Only 
a small fraction of AML cells can form colonies in semi­
solid media supplemented with conditioned media containing 
colony-stimulating activity for normal myeloid cells (18-
21). The leukemic colonies often undergo terminal differ­
entiation, and repeated subculturing is not possible. The 
long-term tissue culture system for normal myeloid and 
erythroid precursor cells first described by Dexter et al. 
(22) is inadequate for human leukemia cells since it tends 
to select for growth of normal rather than malignant clones 
(23). Recently, Nara and McCulloch (24) have reported suc­
cess in establishing cultures that grew for more than 7 
days and up to 2 months, in 9 out of 17 cases of AML using 
medium conditioned by phytohemagglutinin {PHA}-stimulated 
lymphocytes. However, the specific factors responsible for 
leukemic growth remain to be identified, and only certain 
subclasses of myelogenous leukemias were responsive. 
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The long-term culture may be a more relevant test 
system than colony formation to assess the efficacy of 
potential chemotherapeutic agents in vitro. The identifi­
cation of those factors that stimulate growth of leukemic 
cells would help to establish their relationship to the 
well-characterized factors that stimulate growth of normal 
myeloid progenitor cells and their relationship with poten­
tial oncogenes. In addition, the question of whether 
autocrine stimulation (28) plays a role in maintaining 
leukemic growth at any stage during leukemic progression 
can be addressed. Finally, long-term culture of leukemia 
cells would allow analysis of the nature of the leukemic 
stem cell and of any functional similarities to normal 
hemopoietic precursor cells. 

We have examined 50 consecutive cases of childhood 
leukemias in order to determine the frequency of leukemias 
that are already growth factor independent; to determine 
whether conditioned media from 3 cell lines (Mo, JLB-1 and 
5637) known to produce a variety of hemopoietic growth fac­
tors could increase the survival in vitro of the cells that 
were not growth factor i ndependen"f; to estab 1 i sh whether 
any particular leukemic lineage was more responsive to 
these factors and to identify any activity present in the 
conditioned medium of these cell lines that could favor the 
growth and the establishment of leukemic cell lines (29). 

The fifty consecutive cases of childhood acute leukemia 
included 30 pre-B, 7 T, and 13 ANLL. Five of the 50 cases 
(3 pre-B, 1 T, and 1 ANLL) did not require any conditioned 
medium factors to grow in vitro and form established cell 
lines. This suggest that for any type of lymphoid and 
myeloid leukemia, 10% of the cases are growth factor 
independent. 

In 28/50 cases conditioned medium from three human cell 
lines (Mo, JLB-l and 5637) was able to maintain prolonged 
proliferation, from 4 to 12 weeks. A comparison of the con­
ditioned media for their overall growth stimulating activi­
ties indicated that the Mo-CM was slightly more efficient 
than the JLB-l and 5637 conditioned medium, but as a general 
rule, in every case there was a proliferative response all 
three conditioned media were found to be effective, 
suggesting that the three conditioned media contained fac­
tors with relatively similar activities on leukemic cells. 
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Although the cultures usually ended in terminally differen­
tiated cells, three cases developed into cell lines in the 
presence of conditioned media. Two of the cell lines became 
independent after 6 weeks and 6 months; the third required 
conditioned medium more then 1 year after establishment. 

Utilizing blocking antisera and replacing the condi­
tioned media with recombinant growth factors the growth 
factor required to establish the three lines was shown to 
be GM-CSF. Unexpectedly, however, the lines requiring this 
factor were not all myeloid, but an undifferentiated T, a 
biphenotypic B-myelomonocytic and a myelomonocytic. Probing 
for the proliferative response of the five cell lines that 
did not require at all growth factors indicated that some 
clearly could be further stimulated with GM-CSF. 

The GM-CSF growth factor dependent TALL-lOl cell line 
was studied in more detail (30). The cells are genotypi­
cally of the T cell lineage since they have a translocation 
t(8;14) involving chromosome 14 in region ql.l, a region 
where the gene for the alpha-T cell receptor is localized 
(31) and that often is involved in translocations in T cell 
1 eukemi a. 

The TALL-lOl cells also have a rearrangement of the T­
beta receptor. Although the leukemic population was origi­
nally positive for TdT and for the TIl pan T surface 
antigen, the established line is negative for both markers. 
The TALL-lOl cells have, however, on the surface the IL2 
receptor that can be detected by the anti-Tac monoclonal 
antibody and IL2 potentiates GM-CSF in supporting the pro­
liferation of such cells. 

TALL-lOl cells can grow in synthetic medium only in the 
presence of 10 ug/ml of GM-CSF, however, high serum con­
centration decrease the requirement for GMCSF. 

Phenotypically, the TALL-lOl population has no lineage 
specific markers. However, the majority of the cells carry 
on the surface a carbohydrate antigen recognized by mono­
clonal antibody S4.7 (32). This antigen is abundant on the 
surface of cells of the myelomonocytic lineage. 
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These studies suggest that in some cases acute leuke­
mias may arise from cells that are highly immature, e.g., 
at the level of precursors of both the T and the myeloid 
lineage. 
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Since it has been shown that GM-CSF is a factor that 
acts on pluripotent cells (34) it is, however, surprising 
that the majority of AMls cannot be maintained in vitro in 
its presence, and it is not yet clear what differentiates 
these cases, which have prolonged growth in vitro from those 
that die or differentiate almost immediately:-rn-some cases 
(M4 and M5 most commonly) terminal differentiation occurs. 
In other cases (Ml and M2 cells), rapidly die. This sug­
gest that the target cell is probably different from the 
various subtypes of leukemias and that most of AMl may be 
even more immature than one would expect or alternatively 
that leukemic transformation, alters the distribution of 
growth factor receptors. In any case, the issue remains 
open: what are the factors that in vivo maintain the self­
replication of AMl cells? Is human~going to be the 
answer? Or will we have to identify those factors that 
support the proliferation of pluripotent stem cells in 
order to be able to support leukemic growth? 
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INFREQUENT PHENOTYPES OF CLONOGENIC CELLS IN AML: EVIDENCE 
FOR ABNORMAL DIFFERENTIATION AND POSSIBILITIES FOR DETECTING 
MINIMAL DISEASE? 

BOB LoWENBERG AND RUUD DELWEL 
The Dr Daniel den Hoed Cancer Center, 
P.O. Box 5201, 3008 AE Rotterdam, 
The Netherlands. 

INTRODUCTION 

Efforts to detect minimal numbers of AML clonogenic 
cells (AML-CFU) in the marrow during complete remission 
depend on phenotypic properties which distinguish AML-CFU 
from normal marrow stem and progenitor cells. 
We and others have previously shown that AML-CFU represent a 
minority population among the total leukemic blast pool 
(1,2,3). Among the phenotypically heterogeneous AML cells, 
the AML-CFU are typically the most immature subset of cells 
which give rise to maturing progeny during proliferation in 
vitro (3,4,5). Earlier studies have established that the 
phenotypes of AML-CFU differ but the differences correlate 
with the heterogeneous classes of normal progenitors as a 
function of maturity (14). Although AML-CFU phenotypes show 
considerable variability when different cases of AML are 
compared, it is noteworthy that surface markers to 
distinguish AML-CFU from their normal counterparts have not 
been reported as yet. 
We wished to investigate whether abnormal surface markers 
are expressed on the subset of clonogenic cells of AML and 
whether these differences provide clues for the diagnosis of 
minimal numbers of AML cells among normal marrow. In a 
systematic search for identifying discriminative markers 
between AML-CFU and normal hematopoietic precursor cells, we 
selected a combination of surface markers (i.e., three MCA 
and a fucose binding lectin), which are expressed as a 
consistent phenotype on early as well as late hematopoietic 
progenitors. These investigations were conducted with 
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fluorescence activated cell sorting (FACS) of colony forming 
cells. We assessed the membrane marker expression not only 
by presence or absence of the marker but also by relative 
fluorescence intensity to measure the antigen density on the 
cell surface. 

MATERIALS AND METHODS 

The collection and processing of marrow and blood from 
patients with AML and from normal individuals (3), the 
colony assay for AML-CFU (6,7,8) and for normal myeloid 
progenitors (CFU-GM) (8), the use of indirect immunofluor­
escence (3,4), fluorescence activated cell sorting (9) and 
the application of the fucose binding lectin UEA (Ulex 
Europaeus Agglutinin) coupled to the fluorescent label FITC 
(9) have been described in detail. 
Vim-2 is a murine MCA (IgM) which recognizes an antigen 
expressed on granulocytic cells (from myeloblasts to 
polymorphonuclear cells) and monocytes (10). The mouse MCA 
My-l0 (IgGl) is expressed on immature human marrow cells, 
including normal hematopoietic in vitro colony forming cells 
(11). The MCA, RFB-I (IgGl), reacts with immature progenitor 
cells of the granulocytic-monocytic cells, including colony 
forming units+and terminal deoxynucleotidyl transferase­
positive (TdT ) cells in the marrow and thymus (12). 

RESULTS 

Characterization Of CFU-GM In Normal Marrow With Four 
Surface Markers. 

We have previously reported that a varying proportion 
of Ficoll separated normal bone marrow cells are UEA 
positive. Normal CFU-GM are UEA negative or only weakly 
positive, i.e., they express receptors for the lectin UEA at 
only low density on the cell surface (9). Normal marrow 
shows a bimodal Vim-2 fluorescence profile indicative of 
distinct Vim-2 positive and Vim-2 negative populations. 
CFU-GM are almost entirely recovered among the Vim-2 
negative cells. The Myl0 fluorescence histogram reveals a 
minor (approximately 5%) subset of highly reactive cells 
from which fairly all CFU-GM are recoverable. Finally, 
normal marrow contains 20-50% RFB-l positive cells and all 
CFU-GM are RFB-l strongly positive. Thus, in summary, CFU-GM 
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Fig. 1 - Legend. 
The surface marker profile was established in the individual 
patients with FACS using the lectin UEA-FITC and three 
monoclonal antibodies (My-10, Vim-2, RFB-1) as illustrated 
in the example of Fig. 1. Negative -; weakly positive +; 
strongly positive ++. 
1) Reference data for normal hematopoietic precursor cells 
CFU-GM, BFU-e and CFU-GEMM. 
2) 45-50% of normal precursors are UEA negative, 50% are UEA 
+, and less than 10% UEA ++. 
3) Between 90-100% of normal progenitors. 
4) Between 90-100% of normal progenitors. 
5) 100% of normal progenitors. 
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in normal marrow are characterized by the following surface 
phenotype: UEA -/+, My 10 ++, Vim-2-, RFBI ++. Studies 
involved with other progenitor cells, confirmed the same 
phenotype for early (day 7) and late (day 14) CFU-GM, BFU-e 
and CFU-GEMM (13). 

Characterization of AML-CFU With Four Surface Markers. 

AML blasts from 20 cases of AML were labelled with the MCA 
Myl0, RFB-1, Vim-2 and the lectin UEA and analyzed by FACS. 
The cells were sorted into three fractions of relative 
fluorescence intensity, i.e., negative (-), weakly positive 
(+) and intensely positive (++) cells. These separated 
fractions were inoculated in colony culture to determine the 
distribution of AML-CFU as a function of antigen density 
expression in each of the cases. An example of a complete 
analysis of the binding abilities of AML blasts and AML-CFU 
to these reagents is geven in Fig. 1. It illustrates a case 
of AML in which the majority of AML-CFU were shown to be 
UEA -, Myl0 ++ and Vim-2 ++. Thus AML-CFU from this patient 
differ from CFU-GM by one marker, i.e., UEA. The results 
of the analogous analyses for the complete series of 
patients are compiled in Table 1. Ten classes of surface 
phenotypes were recognized depending on the composite 
antigenic configuration expressed on AML-CFU. In the Table 
these are designated as A thru L. In 16/20 patients two or 
at least one discrepant marker(s), based on the relative 
amount of surface binding to AML-CFU, were different from 
normal CFU-GM. This refers to the surface categories A 
through K. In contrast, in the four patients 17, 18, 19 
and 20, AML-CFU phenotypes (profile L) were indistinguisable 
from their normal counterparts. 
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TABLE 1. Surface phenotypes of AML-CFU in 20 patients with AML. 

reactivity with surface markers patterns number of 

UEA Hy-l0 Vim-2 RFB-l of reac- markers 

tivity different 

from normal 

pat FAB 

1 M2 ++ ++ ++ A 2 

2 M4 ++ ++ + ++ 

3 H4 ++ ++ + ++ B 2 

4 M4 ++ ++ + ++ 

5 H4 ++ ++ ++ ++ C 2 ----
6 M2 + ++ ++ ++ D 1 

7 Ml ++ ++ ++ 

8 Ml ++ ++ ++ 
E 1 

9 Ml ++ ++ ++ 

10 H2 ++ ++ ++ 

11 Ml ++ ++ + F 2 

12 M4 + ++ ++ G 2 

13 M5 ++ ++ 
H 2 

14 H2 ++ ++ 

15 HI + ++ K 2 

16 M4 + ++ 

17 Ml ++ ++ L 0 

18 H2 ++ 

19 H2 ++ 

20 M2 ++ 

normal1) _/+2) ++3) - 4) ++5) L 
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CONCLUSION 

No unique AML associated surface markers have been 
reported. AML-cells share differentiation antigens with 
normal marrow cells. In the present study we have phenotyped 
the clonogenic cells in 20 cases of human AML (AML-CFU) with 
three MCA (monoclonal antibodies), My-10, Vim-2 and RFBl and 
the fucose binding lectin UEA. Using fluorescence activated 
cell sorting and colony culture of subpopulations with 
different fluorescence intensities, we did not only the 
determine the abnormal presence or absence of these surface 
markers on AML-CFU but also whether the expression was 
apparent at an abnormal (i.e., increased or decreased) 
density on the cell surface. Based on this approach, the 
surface profile was established in each of the individual 
cases of AML. 
We demonstrate that AML-CFU phenotypes are highly variable 
and 10 combinations of phenotypes were distinguished. In 16 
of these 20 cases, we were able to differentiate AML-CFU 
from the majority of the normal hematopoietic precursors, 
i.e., CFU-GEMM, early (day 14) and late (day 7) CFU-GM and 
BFU-e. Only, in 4 cases AML-CFU phenotypes were identical to 
the normal counterparts as far as these four markers are 
concerned. Other studies involving monoclonal antibodies 
have previously indicated discrepancies as regards their 
reactivity with AML-CFU and CFU-GM. However, these 
approaches have usually been based on complement mediated 
lysis so that more subtle distinctions founded on relative 
binding abilities were not made. 
We have defined a reference phenotype, which included 4 
heterogeneous classes of normal precursors. The frequent 
discrepancies between the AML and normal precursors are 
striking. The fact that AML-CFU phenotypes were so diverse 
and so frequently dissimilar to the standard surface pattern 
of each of the types of normal progenitors, suggests that 
these polymorphic phenotypes of AML-CFU reflect 
abnormalities of differentiation. At the present time we can 
not distinguish between the two possibilities to explain 
this bizarre marker expression: i.e., AML-CFU present 
altered phenotypes as the result of malignant transformation 
or they correlate with expansions of precursors with 
essentially normal but unfrequent phenotypes. 
The problem of the identification of minimal numbers of AML 
clonogenic cells in a remission bone marrow aspirate relates 
not only to the unfavourable quantitative ratio of AML 
versus normal cells, but also to the cross reactivity of the 
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surface reagents with AML cells and diverse normal cell 
types. The experiments presented utilizing FACS allow for 
differentiating AML-CFU from the normal hematopoietic 
precursors by fluorescence intensity and thus open new 
possibilities for detecting minimal leukemia. These 
possibilities increase when surface markers are selected 
which indicate a stable phenotype for the different 
categories of normal hematopoietic precursors and which 
permit the identification of a high frequency of deviations 
in AML. 
In order to successfully detect minimal numbers of AML 
cells, the marrow cell suspension needs to be processed so 
that a fraction is obtained from which contaminant normal 
precursors are removed and which is highly enriched for AML 
precursors. It is conceivable that this goal can be reached 
if advantage is taken of the disordered differentiation 
which characterizes most cases of AML as demonstrated in our 
studies. Attempts at detection can for instance be made by 
sorting My10 positive cells in a first separation step, so 
that 95% of contaminant non leukemic marrow is removed. In 
a second step utilizing a discriminative marker the AML-CFU 
can be recovered and CFU-GM removed. This may result in the 
ultimate concentration of AML-CFU by 30-100 fold. 
Preliminary data (not shown) indicate possibilities for 
detection of AML cells when they make up only 0.1-1% of a 
mixed normal marrow and AML cell preparation. 
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Introduction 

Hematopoiesis is the process by which a pluripotent 
stern cell gives rise to the formed elements 
(recognizable differentiated cells) of the blood. These 
include red cells, platelets, lymphocytes, and cells of 
the granulocyte monocyte series (neutrophils, 
eosinophils, basophils, and monocyte-macrophages). The 
cellular biology and biochemistry of hematopoiesis have 
been intensively studied because the hematopoietic 
system is of fundamental scientific and clinical 
importance. As a biological phenomenon, hematopoiesis 
represents the most striking and readily examined 
example of differentiation by a single parent stern cell 
along several alternate cellular pathways. At the 
clinical level, hematopoiesis represents the means by 
which the body is supplied with cells needed for oxygen 
transport, infection resistance, and hemostasis. 
Disorders of hematopoiesis, such as the aplastic 
anemias, myeloproliferative syndromes, leukemias, and 
lymphomas, represent a major cause of morbidity and 
mortality for which increasingly effective but 
incomplete treatments have become available. 

Abundant evidence, reviewed elsewhere (cf, for 
example, references 1,2), has established the existence 
of a single stern cell which gives rise to all of the 
formed elements of the blood. Very little is known about 

79 



80 Benz et al. 

the morphologic or biochemical features of stem cells. 
However, much has been inferred about their capacity to 
generate mature blood cells by use of clonal colony 
assays. These measure the ability of stem cells to 
generate unique subsets of red cell, white cell, or 
platelet precursors under defined culture conditions. 
This information has permitted useful generalizations to 
be postulated about the development of each of the 
mature blood cell types. 

Hematopoiesis can be considered to consist of two 
distinct phases: differentiation, during which the 
potential of the pluripotent stem cell to develop along 
several lines becomes restricted; and maturation, during 
which the committed stem cell acquires the actual 
phenotype found in the mature of that lineage. 

The pluripotent stem cell begins to differentiate 
by forming "committed stem cells", which have more 
restricted potential to form blood elements. For 
example, a committed erythroid stem cell has the 
capacity to form only red cells, while a committed 
granulocyte-monocyte stem cell can give rise only to 
those particular cell types. These stem cells do not 
express the actual phenotypic features of the line to 
which they are committed. Rather, during the 
"differentiation" phase, the genetic program of 
pluripotent stem cells simply becomes restricted with 
respect to the array of genes they potentially express. 
Actual execution of the genetic program is delayed until 
the "maturation" phase during which the committed stem 
cell pool, now expanded and further restricted by virtue 
of several "differentiating" cell divisions, begins to 
express, during a period of three to seven days, the 
recognizable, distinctive phenotypes of the particular 
cell line to which the parent stem cells were committed. 
During this phase the maturing progenitor cells usually 
undergo only three to six cell divisions and 
progressively develop the characteristics of the cell 
lineage, from the earliest recognizable precursor stage 
(e.g. erythroblasts or myeloblasts) to the release of 
the fully mature cell into the circulation. 

Relatively little is known about the biochemistry 
of the differentiation phase. The biochemical markers of 
the maturation phase seem to be controlled by mechanisms 
determined during the silent or cryptic portion of 
hematopoiesis. At the present time, maturation is the 
phase that can be better studied biochemically, even 
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though this stage represents only the manifestation and 
execution of the genetic program determined in early 
stem cells during the differentiation phase. In this 
manuscript, we summarize some of our efforts to analyze 
the expression of selected genes durir.g the maturation 
phase of granulopoiesis. 

Maturation of blood cell lines clearly involves the 
enhanced expression of a few genes whose products 
characterize the mature cell, concomitant with orderly 
repression of the vast majority of the genome. For 
example, granulocyte maturation is characterized by 
selective expression of the genes encoding the 
structures of secondary granules and their contents, 
lactoferrin and vitamin B12 binding proteins (cf 
reference 3); conversely expression of globin and 
glycophorin genes, (cf reference 4) is a hallmark of 
maturing erythroid cells. Repression of the majority of 
the genome can readily be appreciated by morphologic 
criteria, such as the progressive condensation of 
chromatin as progenitors acquire more mature 
characteristics (1,2). In order to examine more closely 
the processes governing gene activation and inactivation 
during cellular differentiation, we have studied changes 
in gene expression in normal and leukemic human 
granulocytes, and in a human leukemia cell line (HL60) 
that can, when exposed to inducing agents, undergo 
terminal maturation. 

Characteristics of Maturing Neutrophils. 

As shown in figure 1, the earliest recognizable 
neutrophil progenitor is the myeloblast, which exhibits 
features typical of immature blood cell precursors, 
including open chromatin, multiple nucleoli, and highly 
basophilic, scant cytoplasm; these features correlate 
with active cell division and protein synthesis. Blasts 
may still have some capacity to pursue an alternative 
maturation pathway into monocytes, as may the next 
maturation stage, the promyelocyte. Promyelocytes 
exhibit some of the earliest features of specialization, 
including azurophilic (primary, or "non-specific") 
granules, and production of characteristic enzymes, such 
as neutrophil myeloperoxidase. Actual restriction or 
"commitment" to granulocytic maturation with loss of 
proliferation potential appears to occur during the 
transition from promyelocyte to myelocyte stage, a 
process that is also accompanied by the acquisition of 
the neutrophilic or "specific" granules containing 
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lactoferrin and vitamin B12 binding protein (cf 
reference 3). Subsequent stages (metamyelocyte, band and 
mature polymorphonuclear leukocytes) are characterized 
by progressive dominance of neutrophilic granules, 
condensation of chromatin, loss of protein synthesizing 
capacity, and lobulation of the nucleus. 

Granulocyte maturation stages are largely preserved 
in chronic myelogenous leukemia, even though the total 
number of granulocytic progenitors is abnormally high, 
and there is a "shift to the left" toward dominance of 
more immature precursors in both bone marrow and 
peripheral blood (5). Patients in the chronic phase of 
this disorder thus provide a valuable source of 
circulating myelocytes and metamyelocytes, cells active 
in the biosynthesis of the more mature components of the 
neutrophils; in normal patients, only bands and mature 
neutrophils circulate. These exhibit very little protein 
biosynthetic activity. For this reason, studies of 
protein biosynthesis in normal maturing granulocytes 
have been relatively limited in the past. 

Attempts to investigate neutrophil maturation have 
been greatly enhanced in recent years by the discovery 
and characterization of the HL60 cell line by Gallo and 
co-workers (6,7). HL60 cells are a permanent cell line 
derived from a patient with acute promyelocytic 
leukemia. These cells undergo maturation along other 
granulocytic pathways (following induction with 
compounds such as dimethyl sulfoxide or retinoic acid) 
or a macrophage-monocyte pathway (following induction 
with phorbol esters) [6-8). Upon induction, HL60 cells 
acquire many of the features of mature granulocytes, 
including phagocytosis, staining with specific 
histochemical markers, motility, and acquisition of 
characteristic morphology. However, even maximal 
inducing conditions, do not cause HL60 cells to produce 
specific granules or to express proteins contained in 
these granules, such as lactoferrin (9,10). Although 
these facts limit the utility of the HL60 cell line as a 
complete model for granulocyte maturation, the cell 
remains useful for a number of important studies, 
particularly those that examine on the early commitment 
of immature progenitors to terminal maturation along 
this pathway. The HL60 line appears, even after 
induction, to be "locked" or "frozen" at an early 
myelocyte stage of differentiation. 

Our attempts to examine some aspects of granulocyte 
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maturation at the genetic level have focused on two 
genes: The lactoferrin gene, whose expression appears to 
occur only in late progenitors, and the c-myc oncogene, 
which, as discussed below, is expressed actively in HL60 
cells before induction but is strongly repressed upon 
addition of inducers. We chose these genes as 
potentially illuminating examples which might reveal 
interesting aspects of the processes by which the 
majority of genes are repressed during maturation while 
a few are selectively expressed. 

Lactoferrin and c-myc Proto-oncogene Expression in 
Maturing Neutrophil Precursors. 

Lactoferrin is an iron binding protein with a 
molecular weight of approximately 79,000 daltons that is 
known to be present among hematopoietic cell types only 
in neutrophilic secondary granules (11-13). Lactoferrin 
has been implicated as an important protein in 
bacteriostasis and as an agent required for optimal 
neutrophil function during phagocytosis (14-16); 
lactoferrin deficient patients have abnormal secondary 
granules, functional neutrophil abnormalities, and 
increased susceptibility to infection (16,17). Some 
investigators (cf 18,19) have suggested that lactoferrin 
is also a participant in the servoregulation of 
granulocyte mass. We chose lactoferrin for further study 
because its onset of accumulation in late progenitors 
identifies it as a potentially interesting marker for 
study of the commitment to terminal phases of 
maturation. 

The c-myc proto-oncogene is a cellular DNA sequence 
homologous to the transforming DNA sequence of MC-29 
avian myelocytomatosis virus (20). The oncogenic 
activity of c-myc remains mysterious, but it does appear 
to be a nuclear DNA binding protein expressed in a cell 
cycle specific manner (cf reference 1). Gallo and co­
workers (21) have previously reported that expression of 
c-myc is abundant in uninduced HL60, but declines upon 
induction to terminal maturation. The gene is amplified 
16-32 fold in HL60 cells (22). We chose to analyze c-myc 
expression as a potential model for shut down of the 
bulk of genomic DNA during the induction of HL60 cells. 
The abundant expression of c-myc in a continuous cell 
line also provided an opportunity to study expression of 
a specific gene in a system providing sufficient 
material for detailed analysis of mRNA and gene 
configuration in chromatin. 
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Analysis of Lactoferrin Biosynthesis During 
Granulocytopoiesis. 

Figure 2 summarizes the methods we utilized to 
study lactoferrin biosynthesis in granulocytic cells (cf 
also 3Sference 3). Briefly intact cells were incubated 
with S methionine. The radiolabelled protein was 
extracted by mild detergent lysis of the cells and 
removal of nuclei and mitochondria by centrifugation. 
The lysates were then incubated with specific 
antilactoferrin antibody (we tried several sources from 
our own and other laboratories, but found commercially 
available preparations to be equally suitable). Immune 
complexes were immunoprecipitated by exposure to killed 
Staphylococcal cell bearing the "Staph A" protein. The 
immunoprecipitated proteins were analyzed by 
polyacrylamide gel electrophoresis and autoradiography. 
As indicated in the figure, biosynthesis of lactoferrin 
is readily detected by the presence of a radiolabelled 
band at the appropriate molecular weight from lysates 
immunoprecipitated with specific antiserum, whereas no 
such band is seen when pre-immune serum was used 
instead. The results shown in figure were obtained using 
a sample of peripheral blood from a patient with chronic 
myelogenous leukemia who exhibited abundant myelocytes 
and metamyelocytes in peripheral blood. 

We applied this method to they study of lactoferrin 
biosynthesis in peripheral blood and bone marrow 
specimens from patients with a variety of hematologic 
abnormalities, as well as uninduced and DMSO induced 
HL60 cells. These data have been presented previously 
(3), and are summarized in table 1. These results can be 
summarized as follows: The presence, and approximate 
amount, of lactoferrin biosynthesis always correlated 
with the presence and cellular content of myelocytes, 
metamyelocytes, and bands in the specimen. In 
particular, abundant lactoferrin synthesis was seen only 
when myelocytes and metamyelocytes were abundant in the 
specimen. On the basis of these findings, we concluded 
that lactoferrin biosynthesis was confined to a narrow 
"window" of granulocyte maturation, beginning with the 
myelocyte and ending at or just prior to the band stage. 

Our studies of de novo lactoferrin biosynthesis 
correlated well with earlier studies of lactoferrin 
accumulation using cytochemical and immunochemical 
techniques (cf reference 3). Moreover, we established 
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Table 1. 

Synthesis of Lactoferrin in Leukocytes 

Cellular Content 

Source of Cells 
of Myelocytes, 
Metamyelocytes, Bands 

Moderate 
Bands only 

Normal Bone Marrow 
Nonpal Blood 
CGL Bone Marrow 
CGL Peripheral Blood 
APL Bone Marrow 

Very Abundant 
Abundant 
Absent 
Abundant APL Remission Bone Marrow 

AML Bone Marrow 
AML Remission Bone Marrow 
HL60 cells (uninduced) 
HL60 cells (induced) 

Absent 
Moderate 

Amount of 
Lactoferrin 
Biosynthesis 

Moderate 
Minimal 

Very Abundant 
Abundant 
Absent 
Abundant 
Absent 
Moderate 
Absent 
Absent 

Lactoferrin synthesis was analyzed as described in 
Figure 2. Cellular content of specimens was determined 
by quantitative differential counting of Wright-Giemsa 
stained smears. For details concerning these experiments 
cf reference 3. CGL-chronic Granulocytic Leukemia; 
APL-Acute Promyelocytic Leukemia; AML-Acute Myelogenous 
Leukemia. Leukemic and remission specimens were obtained 
from the same patients before and after treatment. AML 
and APL specimens contained only myeloblasts and 
promyelocytes, respectively, before remission; in both 
conditions patients in remission exhibited the full 
range of granulocytic precursors in their marrows. 
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that synthesis of lactoferrin polypeptides was not 
adversely affected by inhibitors of glycosylation such 
as tunicamycin (3), and, as shown in figure 3, that the 
presence or absence of lactoferrin biosynthesis appeared 
to correlate with the presence or absence of 
translatable mRNA in chronic granulocytic leukemia and 
HL60 cells. 

More recently, we have characterized the size of 
lactoferrin mRNA and analyzed its presence or absence in 
different granulocytic cells by direct hybridization 
analysis, using Northern blotting methods. As shown in 
figure 4, when mRNA from chronic granulocytic leukemia 
cells is fractionated according to size by sucrose 
gradient centrifugation, the strongest lactoferrin mRNA 
translational activity appears in fractions of 
approximately 22S in size, corresponding to about 3,000 
bases of mRNA length. 

We next developed synthetic oligonucleotide probes, 
17 bases long, directed against known regions of the 
amino acid sequence of lactoferrin. We deduced a mixture 
of oligonucleotides that represented all possible codon 
choices for these amino acids; the derivation of these 
oligonucleotides is discussed elsewhere (3). As shown in 
figure 5, these oligonucleotides, when used to probe 
Northern blots of RNA from chronic granulocytic leukemia 
and HL60 cells, detect a 22S mRNA band that is abundant 
in the chronic granulocytic leukemia cells, but absent 
in all other cell types, including induced and uninduced 
HL60 cells. No combination of inducers we have yet 
studied generates any detectable lactoferrin mRNA 
(unpublished results). 

Our examination of lactoferrin gene expression in 
granulocytic progenitors suggests strongly that onset of 
lactoferrin biosynthesis occurs at the myelocyte stage 
and results from de novo accumulation of a 22S mRNA 
species. Failure of induced and uninduced HL60 cells to 
produce lactoferrin appears to be related to failure of 
these cells to produce this mRNA. Our current studies 
focus on determining whether or not these differences in 
lactoferrin gene expression result from differences in 
transcriptional or post transcriptional events. (We have 
recently isolated cDNA clones for lactoferrin and 
confirmed the Northern blotting data shown here with 
these more specific probes). 
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FIGURE 3 - Translation of lactoferrin mRNA in Xenopus 
oocytes. Autoradiographs of gel slots loaded with 
immunoprecipitated 35S proteins synthesized by oocytes 
injected with mRNA from the indicated cell sources are 
shown. See text and Figure 2. 
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FIGURE 5 - Northern Blot analysis of mRNA. Poly (A)+ 
mRNA from each cell source was blotted and then hybrid­
ized to a 17 oligonucleotide deduced from the amino 
acid sequence of a segment of lactoferrin. See text. 
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Studies of c-myc Proto-oncogene Expression 

Our studies of c-myc proto-oncogene expression have 
focused on the HL60 cell line. As noted in the 
introduction, these cells express c-myc abundantly in 
the uninduced state, but cease expression upon 
induction. Figure 6 illustrates this point. Whether or 
not the cessation of c-myc oncogene expression has 
anything to do with initiation or completion of the 
induction process is not known, but seems unlikely. We 
focused on c-myc expression because it was a well 
defined gene which exhibited a marked change in 
expression upon phenotypic induction of the HL60 cell 
line. 

We first attempted to determine the step at which 
myc mRNA accumulation was altered during HL60 cell 
induction. As indicated by figure 6, it seemed clear 
that the change in myc protein production was due to a 
change in the amount of mRNA accumulation. However, this 
result would be equally consistent with altered 
transcription, stability, or processing of the mRNA. To 
measure transcription directly, we isolated nuclei from 
uninduced and induced HL60 cells, and analyzed their 
ability to transcribe myc RNA sequences in a nuclear 
"runoff" assay modified slightly from the method 
developed by Groudine and co-workers (24). As shown by 
figure 7 and 8, there is a dramatic decline in c-myc 
mRNA transcription. However, as indicated by figure 9, 
there is also a decline in the overall rate of 
transcription. Indeed, genes such as gamma actin and 
sodium potassium ATPase (data not shown) also decline. 
As indicated by figure 9, there is a reproducible 3-5 
fold decrease in the total amount of incorporation of 
radiolabelled precursor into mRNA's after induction. 
Nonetheless, the decline in c-myc oncogene expression is 
consistently more marked than the decline in 
transcription seen for these other genes. [These 
experiments are described in detail in reference 25.] 
All of these results favor the notion that the primary 
mechanism underlying the decline in c-myc mRNA 
expression occurs at the level of transcription. As 
discussed by us elsewhere (25) several groups, including 
ours, have documented that c-myc mRNA is a particularly 
unstable mRNA species with a half life of approximately 
20 minutes. Our results (cf 25) suggest that in the HL60 
cell line, in contrast to other cell lines, there is no 
major change in mRNA stability as a result of induction. 
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FIGURE 8 - Densitometry scan of c-myc bands in Figure 7. 
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Transcriptional activity of the gene often 
correlates well with the development or loss of DNA'se I 
hypersensitive sites in the chromatin surrounding the 
affected gene domains (26,27). These sites can be 
detected by exposing nuclei to minute amounts of DNA'se 
I, and then digesting with informative restriction 
endonucleases, followed by restriction endonuclease 
mapping by Southern gene blotting techniques (cf 
reference 25-29 for details). A DNA'se I hypersensitive 
site is detected by progressive loss of the parent band 
seen in control DNA and the appearance of smaller sub 
bands as DNA'se concentrations are progressively 
increased (cf figure 10). When we performed this 
analysis on the c-myc loci in uninduced and induced HL60 
cells, we found three DNA'se hypersensitive sites. 
Figure 10 shows a representative analysis illustrating 
detection of these sites. Precise localization and 
enumeration of these sites requires multiple restriction 
endonuclease digestions and analysis of the blots with a 
variety of probes directed toward various regions of the 
gene. We have presented these results in detail in 
reference 25. 

Figure 11 summarizes the results of our DNA'se I 
hypersensitivity mapping of the c-myc proto-oncogenes 
present in HL60 cells. We identified three definitive 
DNA'se I hypersensitive sites, but only one (site II) 
was found to change on induction (25). Appropriately, 
this site is located within the 5' flanking sequence of 
the gene, a region frequently implicated as being 
important in gene regulation. Is is noteworthy that 
these sites can be detected in HL60 cells despite the 
fact that the gene is highly amplified. This implies the 
existence of "trans" acting factors capable of 
interacting with multiple copies of the c-myc genes. 

Summary and Conclusion 

Granulocyte maturation is characterized by the 
selective onset of expression of a few genes and the 
repression of the bulk of genomic DNA expression. We 
have begun to analyze expression of two genes, one that 
increases as neutrophils mature and one that decreases 
when induction of maturation takes place in a leukemia 
cell line. We have demonstrated that lactoferrin gene 
expression appears to be regulated by accumulation of 
new rnRNA molecules, quite possibly at the level of 
transcription. In any event, its absence, even after 
induction, in HL60 cells appears to be due to failure to 
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DNA'se Hypersensitive Sites Near 
c-myc in HL-60 
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accumulate the characteristic 22S mRNA species. c-myc 
proto-oncogene expression appears to be repressed when 
HL60 cells are induced to mature by transcriptional 
mechanisms which appear to act at least in part by 
altering a DNA'se I hypersensitive site near the 
transcription start site in the 5' flanking sequences. 
Furthermore, since this change appears to develop in 
synchrony on mUltiple copies of the gene, one is led to 
the conclusion that repression involves the production 
of a "trans" "acting" factor when these cells are 
induced. 

Maturation of blood cells is a complex molecular 
and cellular process which ultimately must be understood 
in terms of the coordinate expression and repression of 
a large number of genes. It will be interesting to 
determine whether or not the two genes discussed in this 
manuscript are responsive to generalized mechanisms 
representative of the behavior of other genes, or 
whether there are multiple classes of genes requiring 
regulation by a variety of different "trans" regulating 
factors. 
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GRANULOCYTES OBTAINED FROM HL-60 CELLS BY 
RETINOIC ACID TREATMENT BEHAVE ABNORMALLY IN 
HEMATOPOIETIC REGULATION - POSSIBLE CONSEQUENCES 
FOR DIFFERENTIATION INDUCTION TREATMENT OF 
LEUKEMIA. 

W.R. Paukovits, J.B. Paukovits, O.D. Laerum 

Institute for Tumor Biology / Cancer Research, 
University of Vienna, Austria (W.R.P., J.B.P.) 
and Department of Pathology, The Gade 
Institute,University of Bergen, Norway (O.D.L.) 

INTRODUCTION 

Tumor stem cells, both in hematopoietic and 
solid neoplasms give rise to differentiated or 
fully maturated end stage cells at a rate 
significantly below that of corresponding normal 
tissues (1,2,3). This aspect of malignancy seems 
not to be completely irreversible. In several 
experimental systems chemical induction of 
differentiation has been accomplished in vitro 
(see compilation in ref. 4). Based on such 
observations the emerging concept of 
differentiation induction therapy was tested in 
in vivo animal systems (5,6,7,B,9). In contrast 
to cytotoxic drug therapy which can be based on 
relatively simple concepts of cellular metabo­
lism and proliferation kinetics the development 
of rational therapeutic strategies to treat 
malignant diseases as e.g. leukemia by diffe­
rentiation induction requires a thorough under­
standing of the regulation of (granulopoietic) 
proliferation and differentiation at both the 
cellular and molecular level. In certain types 
of leukemia this situation seems to be better 
understood than for most other hematological and 
nonhematological malignancies. Several in vitro 
and in vivo models of myeloid leukemia are known 
for which regulatory phenomena are relatively 
well understood. Such systems could also be 
useful test systems for evaluating the 
therapeutic efficacy of agents capable of indu­
cing differentiation. 

Most of these cellular systems seem to be kine­
tically compartmentalized in a) a relatively 
small population of (slowly) proliferating self 
renewing stem cells, b) transitional cells com­
mitted to terminal differentiation, with a re-
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st~icted p~olife~ative capacity, and c) 
non-p~olife~ating matu~e end-stage cells 
(fig.l). Unde~ steady state conditions (in a 
no~mal postemb~yonic tissue) the va~ious 
"fluxes" in such a system a~e under regulatory 
control such that a well balanced and (on a time 
average) constant population size is maintained. 
One of the important factors in such a system is 
the probability P. r of self renewal in the stem 
cell population, respectively the probability 
l-P. r that a stem cell will undergo terminal 
differentiation. In normal adult tissues the 
time average of this factor is exactly 0.5, 
whereas the continuous growth of a tumor is 
cor~elated with P. r >0.5. However, even in such 
situations the majority of the tumor mass still 
consists of transitional or end cells. 

There are several possible ways to reduce the 
net growth rate respectively tumor mass. A) to 
remove cells from the system, either by mecha­
nical means (surgery) or by killing them 
(chemotherapy, radiotherapy), and b) to make the 
differentiation probability l-P. r >0.5 thus 
increasing the flux into the terminal compart­
ment from which cells will be "automatically" 
removed according to their finite life span 
(half life t 1 / 2 ). Similar cell kinetic conside­
rations have earlier been made by workers 
discussing the use of non-cytotoxic chalones for 
tumor therapy: "To achieve ••• regression of the 
tumor it is only necessary to slow down the 
growth rate of the tumor cells strongly enough 
to make it smalle~ than the spontaneous rate of 
cell loss" (10). It is easy to translate this 
sentence into the terminology used above. 

time .. 
5TE" TRANSITIONAL END 

"-,OJ 
D 
E 
:::l 
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...... 

...... 
OJ 
u 

CELL LOSS 
Fig.l: Schematic Presentation of some kinetic 

characteristics of the hemopoietic 
system. P. r is the probability of self 
renewal of the stem cells. T1/2 is the 
half life time of the mature end cells. 
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However real cell growth systems are often much 
more complicated than such simplistic reasoning 
would imply. Practically all known systems of 
this kind are under the control of external 
factors, and internal factors, e.g. as in fig.2, 
(again oversimplified). The situation in myeloid 
leukemia may be discussable in such terms. 
Control of stem cell proliferation and 
differentiation seems to be exerted by coopera­
ting stimulatory (11,12,13) and inhibitory 
(14,15) factors. The situation is often compli­
cated by a strong suppression of the remaining 
normal population by the leukemic cells. 

One aspect, which may occasionally become im­
portant, has been largely neglected by propo­
nents of differentiation induction therapy. The 
basic idea assumes that the increase of 1-P. r 
will drive the majority of the leukemic popula­
tion into the end stage compartment where the 
cells have a limited life span. What has been 
largely neglected is that the population size in 
this compartment will become very high unless 
either t1/2 is very short, or is shortened by 
the treatment. The first is not the case, and 
the second is improbable. Physicians will have 
to comply with large increases in the number of 
end cells. Several aspects may be of 
importance here: 
a) As schematically indicated in fig.2 these 
cells will in one way or another influence the 
control circuits in the system; 
b) They will be numerous; 
c) They will be present in the body for at 
least some time; 
d) Although non-proliferative they still are of 
"malignant" type, possibly resulting in misbe­
haviour of one or another kind. 

Fig.2: 

r 
.. 
I 
Ie Ie I L _____ ~ _______ j+ __ 

INHIBITDRS 

Cell production is often under control of 
well balanced stimulatory and inhibitory 
factors (originating in the system itself 
or elsewhere). 
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We describe here some experiments 
regulatory behaviour of "mature 
originating from the promyelocytic 
line HL-60 after treatment 
noic acid (RA). 

MYELOID LEUKEMIA, DIFFERENTIATION, 
HEMOREGULATORY PEPTIDES 

Paukovits and Laerum 

concerning the 
granulocytes" 
leukemic cell 
with reti-

AND 

Certain types of myeloid leukemia are characte­
rized (among other changes) by a maturation 
block at a relatively early stage of cellular 
development. In some cases, however, the leuke­
mic cells retain an inducible capacity to pass 
this restriction point in response to various 
kinds of chemicals and biological factors. The 
HL-60 cell line, derived from a patient with 
promyelocytic leukemia (16) undergoes such 
maturational changes when inducers are added to 
the culture medium. Macrophage-like cells are 
formed under action of phorbol ester, and 
dimethyl sulfoxide, retinoic acid, and other 
compounds (17) induce the development of granu­
locyte-like cells. Although HL-60 cells grow 
autonomously in culture, they show some respon­
siveness to normal regulatoy factors. An auto­
stimulatory mechanism of growth control has been 
discussed (18), and HL-60 cells, when induced to 
form macrophages release CSF into their culture 
medium (19), a necessary growth factor for 
normal myelopoiesis (20, and Moore, this 
volume). Under normal conditions cell pro­
liferation in the myeloid lineage has been found 
to be directly controlled by the interplay of 
several factors: multi-CSF/IL-3, granu­
locyte/macrophage CSF, granulocyte CSF (13), and 
a hemoregulatory peptide (15,21,22,23) which we 
have isolated and characterized during our work 
on chalone-like growth regulators. 

The hemoregulatory peptide, HP, was purified 
from extracts of normal human peripheral 
leukocytes as described previously (22,24). It 
exerts a strong inhibitory effect on granu­
locyte/macrophage colony forming cells (CFU-GM) 
in vitro, and on pluripotent stem cells (CFU-s) 
and CFU-GM in vivo (15) (table 1). The aminoacid 
sequence of HP was determined (23) as 
pyroglutamyl-(asp or glu)-(asp or glu)-cys-Iys­
OH. A synthetic analog of this peptide, HP5b, 
with the structure pyroglu-glu-asp-cys-Iys-OH 
was found to be an equally potent modifier of 
hemopoiesis in vitro and in vivo (15,25,26,27). 
The cumulated evidence indicates that HP is a 
product of mature granulocytes (21,28), which 
however cease to release HP after some time 
(29,30) • 
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Table 1 EFFECTS OF HEMOREGULATORY PEPTIDE 
AND IN VIVO. 

IN VITRO 

in vitro· in vivo" 

HP conc. CFU-GM CFU-S CFU-GM 
(moles/l ) (colonies) (per femur x 10-:a) 

0 60.5:1:5.5 3.8*0.7 19.h2.1 
10- .... 59.8:1:2.5 
10- .. 0 21.0:1:2.4 2.2:1:0.5 15.5:1:0.8 
10-e 17.2:1:1.7 
10- e 17 
10- 7 21.5:1:2.5 
10-" 19.0:1:2.2 
10-- 47.3:1:4.5 
10-· 49.4:1:3.1 

a ••• tar~et: 10" mouse bone 
con itioned medium 

marrow cells, CSF = mouse lung 

b ••• continuous infusion: 10- .. 3 molesbhr for 7 days, total 
dose: 5.10- e moles. The femoral one marrow was taken on day 
14 for CFU-S and CFU-GM assay. 

Table 2: MORPHOLOGY OF HL-60 CELLS AFTER 6 DAYS TREATMENT WITH 
lxl0-" M ALL-TRANS-RETINOIC ACID. 
Functionality was tested by NBT reduction after TPA 
stimul~tion. 

promyelo- myelo- metamyelo- granulo- NBT-
cytes cytes cytes cytes positive 

control 100 0 0 0 1.3 
retinoic 4 36 32 28 51.0 

TABLE 3 EFFECTS OF USED HL-60 MEDIA (wko RA induction) ON 
CLONAL GROWTH OF HEMOPOIETIC C LLS. 

number of colonies 

cell type CFU-GM HL-60 RAJI Friend 

no.cells 
plated 1 x 10" lxl0:a 5xl0:a lxl0:a 

dilution 1:5 1:10 1:50 1:5 1:5 1:5 
rresn 
medium 65.301:3.8 
used 
HL-60 med. 69.5:1:6.3 71.001:3.4 70.7.11.1 44401:109 9:1:1 27.8:1:6.8 
used RA-
HL-60 med. 27.3:1:6.1 27.6:1:5.8 62.0:1:7.0 77:1:32 32:1:4 130:1:21 

percent 39 39 88 17 356 468 
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HL-60 cultures were induced to form granulo­
cytoid cells by treatment with retinoic acid 
(table 2). These "granulocytes" display some of 
the functional characteristics of normal PMN, 
e.g. the ability to reduce nitroblue tetrazolium 
(NBT) after stimulation with phorbol ester 
(table 2). We wanted to know if they also 
released HP into their culture medium. 

EFFECTS OF RA-HL-60 CONDITIONED MEDIDM ON IN 
VITRO HEMOPOIESIS 

The used medium of RA-treated HL-60 cultures 
exerts a strong inhibitory effect on granu­
locyte/macrophage colony formation (table 3). 
The data also indicate that this inhibitory 
action is confined to cells of the myeloid 
lineage (CFU-GM and HL-60). Non-myeloid cells 
(RAJI, Friend) showed strong stimulations under 
identical conditions. 

ISOLATION OF THE RA-PEPTIDE 

The crude RA-HL-60 conditioned medium was 
deproteinated by ultrafiltration (MW < 10 kDa) 
and fractionated by gel chromatography on a 
Sephadex G-10 column. The eluate between 
V./Vc=1.2 - 1.6 was further investigated because 
it should contain HP (if present at all). This 
fraction G1.2, when tested on colony formation 
by CFU-GM and HL-60 was inhibitory for normal 
cells (27.5 +- 5.3 % of control) but had no 
effect on the leukemic cells (102.3 +- 7.8 % of 
control), while purified HP did produce a strong 
inhibition of HL-60 growth, e.g. a reduction in 
the plateau level of the growth curve from 
2.8xl0e to 0.95x10e cells/ml. The RA-induced 
HL-60 peptide is thus different from 
HP in its biological properties. 

The CFU-GM inhibitor contained in fraction Gl.2 
was further characterized by chromatography on a 
Mono-Q anion exchange column. The elution 
profile, together with bioassay data from se­
lected fractions is given in fig.3. It is clear 
from these data that the RA induced HL-60 pep­
tide is different from normal HP. 
The inhibitory peak and/or activity "A" (fig.3) 
was absent when identically prepared extracts of 
untreated HL-60 media were chromatographed, or 
when the active G-I0 fraction was treated with 
2,2'-dipyridyldisulfide (oxidation of 
thiol groups) prior to Mono-Q separation. 
The apparent thiol content of the RA-peptide was 
utilized for further purification of the 3H_ 
carboxymethylated peptide. After rechromato­
graphy on Mono-Q and separation on a Sepha­
sorb-HP column a pure peptide was obtained 
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(homogeneous in HPLC) which was sequenced by 
Chang's DABITC/PITC double coupling Edman-type 
method (31). After each degradation cycle the 
colored DABTH derivatives were separated and 
identified by HPLC as described previously (32), 
yielding the N-terminal sequence GIN-asp-pro- ••• 
• The RA-peptide is thus also different 
from HP on the primary structural level. 

POSSIBLE CONSEODENCES FOR DIFFERENTIATION 
INDDCTION THERAPY 

Several workers have recently discussed the idea 
to control certain kinds of myeloid leukemia by 
differentiation induction in vivo (see also 
other articles in this volume). This strategy is 
more or less based on induction experiments with 
the HL-60 cell line and on the assumption that 
the artificially maturated progeny of the 
leukemic population will behave in a normal way. 
Our results indicate that this may not always be 
the case. Differentiation induction will 
generate a large population of 

RA-medium , 
1 

... .o~ 

r --
,.. 
;; 
o 
o 

o,oS 

J 
o 

normal leukocyte 
extract _... __ . .!'-~ 

20 ~L 30 

control 

fro A 

CFU-G ·1 
coloni~s 
per 10 
bone marrow 
cells 

67 . 7 6. 3 

16.3 6. 7 

B 69 . 38.4 

C 

D 

65.0 5 . 2 

14.7 4. 8 

Fig.3:High resolution anion exchange chromato­
graphy of prepurified (Sephadex G-10) RA­
HL-60 conditioned medium or normal human 
leUkocyte extract. Column: Pharmacia 
Mono-O 5x50 mm, 20 mM Tris, pH 7.0, 
Gradient to 0.4 M NaCI. The table gives 
bioassay data for fractions A and B of 
each chromatogram. No CFU-GM growth 
modifying activity was found in any other 
fraction. 
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cells which produce regulatory peptide(s) which 
are chemically and biologically different from 
their normal counterparts. These still 
"malignant" producer cells will, due to their 
finite life span, remain in the body for some 
time. Their aberrant regulatory behaviour may 
lead to severe disturbances in the hemopoietic 
control system. 
Besides the widespread observation that diffe­
rentiation induction never involves all cells, 
thereby permitting the eventual regrowth of the 
leukemic population, our results point to other 
aspects which should be carefully evaluated 
before and during such therapy forms. It is well 
known that leukemic cells in vivo suppress 
normal hemopoiesis, and that this is a major 
problem for the host organism. It seems to be 
quite important to clarify whether differentia­
tion induction will allow the restoration of 
normal hemopoiesis. Steinberg et ale (33) have 
recently shown with induced HL-60 and K~62 cells 
that in vitro CFU-E and BFU-E are released from 
a block that was exerted by the uninduced parent 
HL-60 line. While this may be regarded as a 
promising observation, our results (table 3) 
show that leukemic nonmyeloid populations are 
even more strongly stimulated than are normal 
CFU-E. Furthermore, as we have shown here, 
differentiated HL-60 cells produce (and other 
leukemic populations may well do the same) 
regulatory peptides with aberrant biological 
prop,erties, e.g. inhibition of normal stem cells 
but not of (residual) leukemic cells. 
It is completely unknown how this may affect the 
situation in vivo, e.g., if normal hemopoiesis 
could recover under such conditions. For the 
leukemia patient and his physician it may mean 
that the differentiation approach to leukemia 
treatment may involve hitherto unrecognized 
problems requiring careful evaluation in each 
individual case. 
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The physiological effects of beta-adrenergic 
stimulation are mediated through the activation 
of adenylate cyclase. The subsequent increase of 
intracellular cyclic AMP may play a regulatory 
role in hematopoiesis in normal bone marrow 
tissue culture (1-3) and has also been related to 
differentiation of leucemic cells (4-7). In 
polymorphonuclear leucocytes, these receptors are 
involved in the regulation of lysosomal enzyme 
release (8). The mononuclear leucocyte beta­
adrenergic receptors participate in the modul­
ation of immune and inflammatory responses (9). 

The catecholamine sensitive adenylate cyclase 
complex consists of three different moieties: 1) 
The guanine nucleotide regulatory protein which 
functionally links 2) the beta-adrenergic recep­
tor to 3) the catalytic unit. The stimulated 
enzyme activity is modulated by a change in 
receptor coupling to the catalytic unit and/or by 
a change in the number of beta-adrenergic recep­
tors present at the plasma membrane. Mononuclear 
as well as polymorphonuclear leucocytes have 
beta-adrenergic receptors functionally linked to 
adenylate cyclase (10,11). The receptor number of 
polymorphonuclear leucocytes ranges from approxi­
mately 300 to 1,800 per cell (12-17). Normal 
mononuclear leucocytes consist of different sub-
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populations and most studies have shown a lower 
number of beta-adrenergic receptor on T-cells 
than on B-cells (17-19). The number of receptors 
on T-cells ranged from approximately 200 to 1,500 
per cell and on B-cells from approximately 600 to 
3,800 per cell. The large variations in binding 
capacity reflect the biological variability in 
addition to the differences in experimental pro­
cedures. 

Lymphocytes in chronic lymphocytic leucemia have 
markedly lower number of beta-adrenergic recep­
tors than normal B-cells-(l7,20). The high 
binding capacity reported by Sheppard and co­
workers (20) is probably due to the experimental 
conditions which include non-specific binding. 
Paietta and Schwarzmeier (17) found values of 470 
and 2,000 sites/cell for chronic lymphocytic 
leucemic lymphocytes and normal B-Iymphocytes, 
respectively. In functional studies, the chronic 
lymphocytic leucemia lymphocyte adenylate cyclase 
responsiveness to beta-adrenergic stimulation was 
lowered (17,20,21), probably explained by down­
regulation and not by uncoupling of the beta­
adrenergic receptors (17). In acute lymphocytic 
leucemia and acute myelogenic leucemia the re­
ceptor number showed great variation, but did not 
differ from normal cells. The acute myelogenic 
monocytic leucemia/acute monocytic leucemia cells 
possessed 3,170 receptors compared to monocytes 
with 1,300 receptors (17). The degree of beta­
adrenergic stimulation in acute leucemic cells 
appeared to reflect the number of beta-adrenergic 
receptors (17). These observations show that the 
malignant transformation of human leucocytes, in 
vivo, may affect the catecholamine sensitive 
adenylate cyclase complex. It is not known 
whether this modulation occurs before, during or 
after the transformation. The beta-adrenergic 
receptors in leucemic cells ha~possibly a 
functional role, but this has to be determined. 

Changes have been observed in the catecholamine 
sensitive adenylate cyclase complex after diff­
erentiation of the human promyelocytic cell line 
HL-60 (22), but whether these occur before 
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during or after differentiation is unknown. As a 
first step in answering this question, we 
characterized the beta-adrenergic receptors of 
the HL-60 cell. 

The number of HL-60 cell beta-adrenergic recep­
tors ",as 1,970 sites/cell (Kd: 0.24 nM, Fig. 1), 
determined at 370 by use of the radioligand 3H­
CGP 12177. We found that propranolol inhibited 
the radioligand binding stereospecifically with 
the levoform more potent (Kd: 0.51 nM) than the 
dextroform (Kd: 38 nM). The radioligand binding 
was inhibited by an order of agonist potency: 
(-)-Isoproterenol (Kd: 58 nM) > (-)-Epinephrine 
(Kd: 270 nM) > (-)-Norepinephrine (Kd: 8,600 nM). 
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Fig.1: Binding of 3H-CGP 12177 to HL-60 cells at 
370 as a function of radioligand concentrations. 
Total binding (0) and non-specific binding (.) 
represent radioligand binding in absence or in 
presence of 100 nM (-)-alprenolol, respectively. 
Specific 3H-CGP 12177 binding (.) is given as the 
difference between total and non-specific 
binding. The results from one representative 
experiment are shown. 
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Under the present experimental conditions the 
basal cyclic AMP level was S.S pmol/10 6 cells. 
(-)-Isoproterenol caused a concentration depen­
dent increase of cyclic AMP accumulation with 
maximum level 810 % of basal (Fig. 2). The ECSO 
values were 270 nM and 3,300 nM, respectively, 
for the levoform and the dextroform of isoprot­
erenol. The adrenergic agonists raised the cyclic 
AMP levels by an order of potency: (-)-Isopro­
terenol (ECSO: 270 nM) > (-)-Epinephrine (ECSO: 
990 nM) > (-)-Norepinephrine (ECSO: 2,600 nM). 
Propranolol inhibited the isoproterenol induced 
cyclic AMP accumulation concentration dependently 
and stereospecifically. These results show that 
the HL-60 cells possess beta-adrenergic receptors 
functionally linked to adenylate cyclase. As \-lith 
normal human leucocytes (11,12), the adrenergic 
receptor of HL-60 cells is of beta-2 subtype. 
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Fig.2: Cyclic AMP accumulation in intact HL-60 
cells as a function of (-)-isoproterenol concent­
ration. The cells were pre incubated with 4 mM 
theophylline for 30 min at 37 0 before 3 min 
exposure to the indicated concentrations of (-)­
isoproterenol. The results from one represen­
tative experiment are shown. 
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In response to retinoic acid (23), the HL-60 
cells mature into functional granulocytes with 
reduced isoproterenol stimulated cyclic AMP 
leve I s (22). However, the number of beta­
adrenergic receptors did not decrease in response 
to retinoic acid (22) which indicates that the 
receptors become uncoupled from the catalytic 
unit. When treated with phorbol ester, the HL-60 
cells differentiate into macrophage like cells 
(24) with a lowered isoproterenol responsiveness 
after differentiation (22). Receptor down­
regulation, in addition to reduced cell surface 
area, can account for the 80 % decrease in the 
number of beta-adrenergic receptors after the 
exposure to phorbol ester (22). 

In conclusion, human leucocytes, being normal, 
transformed or immature, have beta-adrenergic 
receptors functionally linked~ adenylate 
cyclase. However, the following questions remain 
unanswered: 1) Do the change in catecholamine 
sensitive adenylate cyclase occur before, during 
or after cell transformation/maturation and 
2) What is the functional role of beta-adrenergic 
receptors in transformed and in immature human 
leucocytes? 
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Embryonal carcinoma cells represent a subpopulation 
of undifferentiated stem cells contained within a mixture 
of differentiated cell phenotypes of teratocarcinoma 
tumors (1). Such tumors can develop spontaneously in 
gonadal tissue of certain mouse strains (2,3) and can be 
induced experimentally (4,5). The undifferentiated EC 
cells are the primary malignant cells of the tumor and are 
similar to early embryonic ectoderm morphologically (6), 
biochemically (7) and antigenically (8). Like early 
ectoderm cells, EC cells are pluripotent since injection 
of EC cells into host blastocysts leads to formation of 
chimeric mice (9-11). 

Many EC cell lines have been isolated from in vivo 
tumors and successfully maintained in vitro. These 
various cell lines differ in their ability to 
differentiate in response to either physical or chemical 
stimuli (12). In vitro exponentially growing cells 
exhibit little tendency to differentiate, but as cultures 
reach high density, cells from some, but not all of the 
lines give rise to differentiated derivatives (13-16). 
Furthermore, cells from various EC cell lines can be 
induced to differentiate if they are allowed to form 
aggregates in vitro, rather than to attach to the 
substratum and grow as monolayer cultures (14,17,18). 
Several chemical inducers have been shown to be 
particularly effective in stimulating EC cell 
differentiation. These chemical compounds include 
retinoic acid (16,19), hexamethylene bisacetamide (20), 
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and alpha dif1uoromethy10rnithine (21-23). A number of 
reports have indicated that if EC cells from certain cell 
lines are allowed to form aggregates in vitro and are 
treated with different chemical inducers of 
differentiation, combinations of inducers, or different 
concentratioDs of the same inducer, the expression of 
different cellular phenotypes can be stimulated (24-28). 

Several recent studies have demonstrated that murine 
EC cells are particularly well-suited for studying 
molecular aspects of cell differentiation. A series of 
studies analyzing the expression of several cellular 
oncogenes has demonstrated that EC cells induced to 
differentiate in vitro exhibit a pattern of cellular 
oncogene expression that parallels expression of the same 
oncogenes in normal pre- and postnatal development 
(29,30). Transfection with the £-fos proto-oncogene led 
to the expression of several markers characteristic of 
differentiated cells, suggesting that £-fos may playa 
role in regulating cellular differentiation (31). In 
addition, it has been observed that RNA transcripts 
regulated during normal embryonic development and 
oncogenic transformation share a common repetitive 
sequence of DNA (32,33), the specific function of which is 
still unknown. This observation suggests that common 
developmentally regulated genes or genes induced 
coordinately may share common regulatory sequences. Such 
sequence homology has been identified in the co-inducible 
yeast enolase and glyceraldehyde phosphate dehydrogenase 
(34) genes and Drosophila heat shock genes (35). 

Phenotype specific cDNAs have been isolated from cDNA 
libraries constructed from both undifferentiated EC cells 
and their differentiated derivatives. In particular, 
cDNAs isolated include a gene sequence expressed only in 
undifferentiated EC cells (36), a cDNA clone for an 
intermediate filament component specific to trophectoderm 
(37) and cDNAs for both type IV proco1lagen and 1aminin 
(38,39). 

Transfection studies have shown that mouse EC cell 
lines can stably integrate exogenous genes and express 
them appropriately during differentiation into somatic 
tissue (40). A DNA sequence containing a homeo box 
sequence, a short DNA sequence conserved in most homeotic 
genes, the genes which specify segmentation in higher 
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organisms, seems to respond to induction of 
differentiation (41). This provides further evidence that 
such DNA sequences are important in the development of 
multicellular organisms. Studies utilizing retrovira1 
vectors have led to the expression of stably integrated 
recombinant genes flanked by retrovira1 long terminal 
repeats (42). Insertional mutagenesis studies (43) 
subsequently may be used for the genetic dissection of 
various cellular phenotypes. 

Thus, embryonal carcinoma cells can serve as a useful 
model system for the study of the molecular basis of 
cellular differentiation. EC cells, which resemble stem 
cells of the early mouse embryo, can be induced to 
differentiate in vitro by known chemical and physical 
stimuli. The undifferentiated stem cells are malignant 
while their differentiated products are not. 
Differentiation involves changes in gene expression which 
can be monitored by molecular probes, including general 
markers of differentiation and probes specific to EC 
cells. 

INDUCER-DEPENDENT PHENOTYPIC DIVERGENCE 

Nu11i-SCC1 EC cells fail to differentiate 
spontaneously in vivo or in vitro. When exposed to either 
retinoic acid (RA) or hexamethy1ene bisacetamide (HMBA) 
cells from this cell line differentiate extensively. Two 
distinct phenotypes can be identified depending on which 
inducer is utilized (44). These phenotypes are comparable 
to two of the earliest phenotypes expressed by cells that 
have themselves differentiated from blastocyst primitive 
ectoderm cells. These phenotypes are parietal endoderm­
like and visceral endoderm-like. In addition to 
morphology, several different parameters demonstrate that 
the phenotypes of the treated cells are divergent. Table 
1 shows the expression of several such characteristics. 
The data suggest that at least in the case of the specific 
parameters analyzed, RA- and HMBA-treated cells are 
divergent. Analysis of two dimensional gel 
electrophoresis profiles of untreated Nu11i-SCC1 cells or 
cells treated with either RA or HMBA show a variety of 
differences. These differences include 1) new proteins 
expressed during differentiation in general, 2) new 
proteins that are RA-specific, 3) new proteins that are 
HMBA specific, 4) proteins which disappear as a result of 
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differentiation, 5) proteins which disappear in response 
to RA alone and 6) proteins which disappear in response to 
HMBA alone. These six predicted classes of newly 
expressed proteins suggest that the phenotypic divergence 
of RA- or HMBA-treated cells is not unique to the specific 
characteristics identified in Table 1, but in fact 
influence broad changes in the expression of many 
different proteins. 

Treatment 

Untreated 
Controls 

RA (ljtm) 

HMBA (5mM) 

DFMO 
(2.lmM) 

TABLE 1 

PHENOTYPIC DIVERGENCE IN AN EMBRYONAL 
CARCINOMA CELL LINE 

Expressed Characteristics 

SSEA-l Plasminogen Fibronectin a-Fetoprotein 
Activator 

86% 8% 0% 0% 

6% 79% 37% 0% 

4% 8% 0% 96% 

89% 10% 0% 0% 

Nulli-SCCl EC cells were treated for 48 hrs and the 
expression of the markers indicated was monitored. These 
results represent the percentage of positive cells 
recorded and are taken from previously published 
observations (23,44). 

PHENOTYPE-SPECIFIC GENE EXPRESSION 

A primary source of alphafetoprotein (AFP) during 
development is the visceral endoderm. Studies utilizing 
aggregates of F9 embryonal carcinoma cells have shown that 
the outer layer of cells differentiates into visceral 
endoderm and also expresses AFP (25). Our studies show 
that Nulli-SCCl EC cells treated with HMBA in monolayer 
culture express a visceral endoderm-like phenotype. The 
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different inductive and growth conditions of this 
alternative EC cell line suggested to us that it would be 
valuable to investigate the regulation of AFP gene 
expression. We have received an AFP cDNA probe (kindly 
provided by Dr. S. Tilghman, Institute for Cancer 
Research) to investigate AFP gene expression in HMBA­
induced monolayer cultures of Nulli-SCCl EC cells. 

Kinetic analysis of AFP mRNA expression showed that 
within 1 hr of exposure to HMBA, AFP mRNA was detectable 
(45). After the initial appearance of AFP-specific mRNA, 
this mRNA disappears and reappears after 48 hrs of 
induction. No AFP-specific mRNA was detectable in either 
untreated Nulli-SCCl EC cells or RA-treated cells. In 
vitro translation of the recovered mRNA and 
immunoprecipitation with AFP-specific antibody 
demonstrated that the identified AFP-specific mRNA encoded 
a protein that migrated with a molecular weight identical 
to AFP on SDS-PAGE. Some mRNA samples contained higher 
molecular weight species which did hybridize to the AFP 
cDNA. By in vitro translation analysis, this mRNA did 
not encode AFP protein. The specific nature and 
relationship between this high molecular weight mRNA and 
authentic AFP mRNA is currently under investigation. 

Immunoprecipitation/SDS-PAGE was used to determine 
the appearance of AFP protein in HMBA-treated cells and 
media. AFP can be detected in cell extracts within 3-6 
hrs after induction and remains at a constant level 
through 48 hrs of exposure to HMBA. In culture medium, no 
AFP was detectable until 48 hrs after treatment. These 
observations suggest a fairly long lag time between 
initial intracellular appearance of AFP and its secretion 
into the media. Pulse labeling of cells for 3 hr 
intervals followed by immunoprecipitation/SDS-PAGE 
analysis indicated that detectable AFP could only be 
synthesized at times corresponding to the presence of 
authentic 2.2 kb AFP mRNA (1,3,48 hrs). 

While it is possible that the initial appearance of 
AFP-specific mRNA reflects a small subpopulation of cells 
that are differentially more mature or are at a sight in 
the cell cycle that facilitates the expression of a 
phenotype-specific marker, we feel that is unlikely since 
immunofluorescent detection of AFP indicates that at the 
time AFP protein can first be detected intracellularly, 
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low levels of protein are found in virtually all cells 
rather than high levels of AFP in a small subpopulation of 
HMBA-responsive cells. 

POLYAMINES AND EC CELL DIFFERENTIATION 

Extensive studies both in vitro and in vivo have 
demonstrated that the role of polyamines during 
differentiation is complex. Reduced levels of polyamines 
clearly influence the normal development of many different 
species (46-50). Bone, chondrocyte and adipocyte 
differentiation all require increased levels of polyamines 
while neuroblastoma cells and HL-60 cells require lower 
levels of polyamines to induce differentiation (51-55). 

With the use of a-difluoromethylornithine (DFMO), an 
enzyme-activated irreversible inhibitor of the polyamine 
biosynthetic enzyme ornithine decarboxylase (ODCase; see 
Figure 1; 56), we have attempted to better understand the 

FIGURE 1 
POLYAMINE BIOSYNTHESIS 
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The enzymes involved in the biosynthesis of intracellular 
polyamines are: 1) ornithine decarboxylase; 
2) S-adenosylmethionine decarboxylase; 3) spermidine 
synthase; 4) spermine synthase; 5) transglutaminase; 
6) diamine oxidase; 7) aldehyde dehydrogenase. This 
Figure is a modification of a previously published version 
(58). 
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relationship between polyamine levels and EC cell 
differentiation. Several EC cell lines were exposed to 
DFMO and cell behavior was monitored. Studies analyzing 
morphological changes as well as changes in well­
characterized antigenic and biochemical parameters, 
indicated that DFMO could influence EC cell behavior in a 
number of different ways (23). The EC cell lines which 
show large reductions in ODCase activity and polyamine 
levels show extensive morphological and biochemical 
differentiation. Cell lines which show limited reductions 
in both enzyme activity and polyamine levels show poor 
differentiation, while the cell lines that demonstrate 
little reduction in the levels of polyamines fail to 
respond to DFMO induction. These observations suggest 
that threshold levels of polyamines, that influence EC 
cells behavior, exist in all EC cell lines. In order to 
induce differentiation, polyamine levels must be reduced 
below these threshold levels to influence cell behavior. 
These studies suggest that reduced levels of intracellular 
polyamines do induce EC cell differentiation. 

Retinoic acid (RA) is a potent inducer of EC cell 
differentiation (19). If reduced levels of polyamines are 
related to the induction of differentiation, we would 
predict that exposure to RA would lead to early decreases 
in intracellular levels of polyamines. Studies performed 
in our laboratory (57) indicate that while polyamine 
levels are important in determining the phenotypic state 
of EC cells, reduction in the intracellular levels of 
polyamines is alone insufficient to induce EC cell 
differentiation. Our data indicate that while RA does 
influence polyamine levels, this influence is not mediated 
through direct RA-ODCase interaction. 

That RA and the polyamines do share common aspects of 
EC cell differentiation is demonstrated by studies using 
suboptimal levels of both inducers (58). These studies 
demonstrate that while suboptimal levels of either RA or 
DFMO have no effect on EC cell behavior, the two compounds 
together at similar suboptimal concentrations do synergize 
and induce EC cell differentiation. 

A possible sight of RA-polyamine interaction could be 
the transglutaminase (TGase) enzyme (see Figure 1). 
Previous studies (59,60) have shown that RA can modulate 
TGase enzyme activity and changes in such enzyme activity 
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can cause changes in the levels of intracellular 
polyamines. We therefore initiated studies to investigate 
the possible effect of RA on TGase activity. 

Our results show that RA modulates TGase activity 
shortly after exposure of EC cells to the inducer. Levels 
of enzyme activity change within 30 min after exposure to 
retinoic acid (61). Additional observations using two 
compounds which inhibit TGase activity are particularly 
convincing with respect to a role for TGase enzyme 
activity in mediating RA-induced EC cell differentiation. 
The two compounds, cystamine and cadaverine, when added 
simultaneously with concentrations of RA known to induce 
EC cell differentiation, block that induction. This 
observation provides strong evidence that TGase activity 
may play a role in EC cell differentiation. The specific 
site of RA-TGase interaction is not yet established, but 
it is possible to suggest several alternatives. One could 
consider 1) changes in the actual level of enzyme 
activity; 2) changes in the level of the acceptor moiety 
that participates in the TGase reaction; and 3) the 
possibility that mUltiple forms of TGase exist, as has 
been demonstrated in other experimental systems (62). RA 
induction could cause a change in the nature of the TGase 
enzyme. Studies are currently under way to distinguish 
between these possible options. 

DISSECTING THE MULTI-STEP NATURE OF EC CELL 
DIFFERENTIATION 

Our earlier studies suggest that threshold levels of 
polyamines dictate the state of EC cell phenotypic 
expression. Table 2 clearly demonstrates that a high 
degree of variability exists in the response of different 
EC cell lines to different inducers, suggesting that each 
cell line is "arrested" at a different developmental 
stage. While all EC cells are considered to be 
undifferentiated stern cells, it is clear that not all EC 
cells are, in fact, alike, as reflected in the different 
responsiveness of various EC cell lines to different 
inducers. A series of studies using several inducers in 
concert further confirms that the induction of EC cell 
differentiation is a multi-step process. Either the 
ability or inability of EC cells from different cell lines 
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TABLE 2 

SPECTRA OF DIFFERENTIATIVE POTENTIAL 

CONDITION 

HIGH 
TUMOR DENSITY AGGREGATE 

CELL LINE FORMATION GROWTH FORMATION DFMO HMBA RA 

OC-15 + + + + + + 

PCC3 + + + + + + 

PCC4azalR ± + + + + 

F9 ± ± ± + + 

NVLLI-SCCl + + 

Cells from the cell lines listed were induced to 
differentiate by the conditions indicated. (-) denotes no 
differentiation; (±) denotes 30-50% differentiation; 
(+) denotes >90% differentiation. This table is a 
composite of previously reported observations (12,23). 

to respond to different inducers is a reflection of their 
developmental "arrest". 

If one considers differentiation as a linear series 
of events (see Figure 2), it is possible to assign 
"transitional stages" to different EC cell lines. The 
relative location of these transitional stages is a 
reflection of the differing propensities of the various EC 
cell lines to differentiate. Figure 2 places several EC 
cell lines in such relative transitional positions. 

The "dosage hypothesis" for differentiation suggests 
that cells progress through various stages of the 
differentiation process as a result of quantitative 
changes that concern the level of expression of certain 
intracellular modulator molecules. Our reported 
observations regarding threshold levels of polyamines, as 
well as the possible biosynthesis, through a TGase 
reaction of new regulator proteins, suggest that the 
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FIGURE 2 
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By considering differentiation as a multistep linear 
event, it is possible to "order" different EC cell lines 
along this linear path. The specific position along this 
path is a direct reflection of each cell line's 
"propensity to differentiate". The relative locations of 
RA, HMBA, and DFMO reflect their putative active sites in 
the multistep process. 

"dosage hypothesis" may be valid for describing EC cell 
differentiation. By exploiting variable inducer 
responsiveness as a tool to dissect EC cell 
differentiation, it should be possible to identify the 
various steps involved in EC cell differentiation. While 
there are as yet no specific candidates for such 
intracellular regulatory moieties, it is possible to 
suggest the products of proto-oncogenes as possible 
candidates. Studies analyzing the relative quantitative 
levels of several different proto-oncogenes in different 
EC cells are currently under way. 

OVERVIEW 

The current report presen·ts a variety of data at both 
the molecular and cellular levels that demonstrate the 
value of murine EC cells as a viable experimental system 
to investigate cytodifferentiation. Our studies focus on 
several interrelated issues central to stern cell 
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differentiation. In particular, we are interested in 
1) investigating the mechanism of action of specific 
chemical inducers, 2) defining the events which regulate 
phenotype-specific gene expression, and 3) identifying 
intracellular compounds whose level of expression is 
important in dictating phenotypic expression of EC cells. 
Our observations with various murine EC cell lines provide 
intriguing and useful information with respect to all of 
our expressed interests. 
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EFFECT OF 1,25 DIHYDROXYVITAMIN 03 ON NORMAL AND LEUKEMIC 
MYELOID CELLS IN VITRO 

A diagram of the human hematopoietic system with 
their stem cells is shown on Figure 1. In vitro clono­
genic studies in the murine and human systems have shown 
that several lymphokines, known as colony stimulating 
factors (CSF), induce proliferation and differentiation of 
hematopoietic stem cells. The myeloid stem cell known as 
the granulocyte-monocyte colony forming cell (GM-CFC) can 
differentiate either to macrophage colonies when grown in 
the presence of macrophage or granulocyte-macrophage CSF 
or differentiate to granulocyte colonies in the presence 
of granulocyte or granulocyte-macrophage CSF. Few 
studies have examined the ability of other physiological 
substances to influence differentiation of myeloid stem 
cells. Recently 1,25 dihydroxyvitamin D3 [l,25(OH)2D3] 
was found to induce cells from both a murine myeloid 
leukemia line known as M1 (1) and a human promyelocytic 
leukemia line (HL-60) (2-5) to differentiate to monocyte­
macrophage like cells (Fig. 2, Table 1). The cells, when 
cultured in 1,25(OH)2D3 (10-7 - 10-10M), become adherent 
to charged surfaces, develop long filamented pseudopodia, 
stained positively for nonspecific acid esterase (NAE), 
reduce nitro-blue tetrazolium (NBT), and acquire the 
ability to phagocytize yeast. The HL-60 cells cultured 
with 1,25(OH)2D3 also acquire the capacity to bind and 
degrade bone matrix in vitro (3). The effective dose 
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FIGURE 1: Hematopoietic system. Abbreviations: BFU-E, 
erythrocyte burst-forming uni t; CFU-E, erythrocyte 
colony-forming unit; CFU-C, colony-forming unit in culture 
(synonymous wi th GM-CFC, granulocyte-monocyte colony 
forming cell); CFU-EO, eosinophil colony-forming unit; 
CFU-MEGA, (megakaryocyte colony-forming unit). 

(E050 ) that induces approximately 50% of the cells to 
differentiate is about 6 x 10-9M. 

The mechanism by which HL-60 is induced to differ­
entiate by l,25(OH)203 is not clear. These cells contain 
cellular receptors for the l,25(OH)203 as shown by sucrose 
dens i ty gradient analysis, DNA cellulose chromatography 
and by a specific monoclonal antibody which recognizes the 
l,25(OH)203 receptor (2, 5). Scat chard analysis shows 
that the HL-60 has about 4,000 1,25(OH)203 cellular 
receptors per cell with a Kd of ~ 5.4 x 10-9M (Fig. 3). 

Further indirect evidence that the vitamin ° analogs 
mediate their induction of differentiation through 
1,25(OH)203 cellular receptors is shown in Fig. 4. We 
have found that 1,25(OH)203 can inhibit clonal prolifera­
tion of HL-60 cells when plated in soft agar. We examined 
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FIGURE 2: (A) HL-60 promyelocytes. (8) HL-60 cells 
induced to macrophage-like cells after exposure to 10-7 
mol/L 1,25 dihydroxyvitamin 03 for seven days. Cells are 
adherent and have phagocytosed Candida albicans. 
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FIGURE 3. Determination of the equilibrium dissociation 
constant of 1,25(OH)203 internalization in intact HL-60 
cells. Saturation analysis (A) was determined by incubat­
ing intact cells under normal growth conditions for 4 h 
wi th 10% serum along wi th various concentrations of 
titrated 1,25(OH)203 in the presence ( ) or absence 
( ) of 100-fold excess nonradioactive 1,25(OH)203' 
Specific binding ( ) was transformed by Scatchard 
analysis and then the data line-fitted by linear regres­
sion. (B) to yield a Kint = 5.4 nM (abscissa intercept = 
4,000 molecules/cell, r = -0.71). 

the effect of 6 vitamin ° compounds on the clonal growth 
of HL-60 and found that the inhibition of growth by these 
analogs parallelled their known ability to bind to 
the cellular 1,25(OH)203 receptor. The rank order of 
potency of the activity of the compounds was: 
24,24-F2-1a25(OH)203 > 1a,25(OH)203 > 1a,24R,25(OH)3D3 = 

1a,24S,25(OH)3D3 (6). In contrast 1a-OH-03' 25-0H-03' 
24S25 (OH)203 had no effect on clonal growth. 

The 1,25 (OH) 2D3 can also preferentially induce 
differentiation of normal human myeloid stem cells towards 
macrophages. An initial study found that an increased 
percent of monocytes and macrophages were present when 
1,25 (OH) 203 was added to bone marrow cells in liquid 
cuI ture for 5 days as compared to control flasks 
containing no 1,25(OH)203 (4). To further investigate 
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Added 

TABLE 1 

Functional and Morphological Changes in HL-60 Cells 
Induced by Various Concentrations of 1,25(OH)203* 

Myeloblasts 
Nonspecific 
acid 

concentration of NBT Phagocytic and Intermediate*** esteras("-
!,25(OH)2D3** Reduction Cells Promyeloblasts to mature cells positive 

(M) 

0 

10-11 

10-10 

10-9 

10-8 

10-7 

10-6 

... 

(%) (%) (%) (%) (%) 

2 !. 3 2 !. 2 99 !. 2 1 !. 2 

10 !. 2 2 ~ 3 95 !. 3 5 :. 4 3 

18 !. 11 13 !. 7 82 !. 5 18 !. 7 10 

37 !. 19 20 !. 7 66 !. 9 23 !. 6 25 

64 ~ 13 26 !. 4 45 !. 12 55 !. 9 54 

82 !. 8 44 !. 9 32 !. 5 67 !.. 6 82 

86 :. 12 60 !. 3 27 !. 6 78 !.. 14 98 

HL-60 and "1-60 blast cells were cultured in the presence or absence of various 
concentrations of 1, 25(OH)203; after 7 d, cells were assessed for the various 
differentiation parameters. All data are expressed as the percentage of total 
cells assayed and the data represent the mean:. standard deviation of triplicate 
assays, 
Basal 1,25(OH)2D3 in 10% fetal bovine serum is 1.6 x 10- 11 M . 
Intermediate to mature cells include Ilwnocytes and macrophages. 

this observation, 1,25(OH)2D3 was added to soft agar 
cuI tures containing normal human bone marrow in the 
presence of GM-CSF (Table 2) (7). The GM-CFC stem 
cells proliferated and differentiated in soft agar and 
formed colonies. These colonies were plucked, cytochem~ 

ically stained, examined by light microscopy and the 
absolute number and percent of monocyte, granulocyte and 
combined monocyte and granulocyte colonies was deter­
mined. The 1,25(OH)2D3 induced human myeloid GM-CFC to 
differentiate to colonies containing macrophages. Nearly 
95% of the colonies were composed of only macrophages in 
culture plates containing 10-8M 1,25(OH)2D3' and 55% of 
the colonies were composed of only macrophages in the 
plates containing 1O-9M 1,25(OH)2D3' Control dishes of 
normal human bone marrow GM-CFC not containing 1,25(OH)2D3 
differentiated to approximately 55% neutrophil, 10% mixed 
neutrophil-macrophage and 25% macrophage colonies. The 
1,25 (OH) 2D3 increased the absolute number of macrophage 
colonies rather than merely increasing the relative 
proportion of macrophage colonies by selectively inhibit­
ing granulocytic differentiation of GM-CFC (Table 2). 
Plates containing either 10-8 or 10-9M 1,25 (OH) 2D3 
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FIGURE 4: Effect of various concentrations of different 
analogs of vitamin D on clonal growth of HL-60 promyelo-
cytes. The analogs are: 1a,25(OH)2D3 
la, 24S25(OH)3D3; ,24S25(OH)2D3; la(OH)D3; 
24,24-F2-1a,25(OH)2D3; x, 24R25(OH)2D3; ,25(OH)D3' 
Cells were plated in soft agar with various vitamin D 
analogs and the number of colonies enumerated after 10 d 
of culture. Results are expressed as a percent of control 
cells not exposed to the vitamin D analog. Each point 
represents the mean of three experiments with triplicate 
dishes per point. 

developed approximately 90 and 65 macrophage colonies, 
respectively, per 1 x 105 cultured marrow cells. In 
contrast, 35 macrophage colonies per 1 x 105 cultured 
marrow cells developed in control plates containing no 
l,25(OH)2D3' 

The paucity of GM-CFC in the bone marrow (approxi­
mately 1 per 2 x 103 marrow cells) prevents purification 
of these cells in order to determine if they contain 
1,25 (OH) 2D3 receptors. Nevertheless, extrapolation from 
the data from the HL-60 promyelocytes suggest that 
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TABLE 2 

Effects of 1, 25(OH)203 on Differentiation and Proliferation 
of HUIIlan Myeloid Colony FOI'llting Cells 

No. of colonies Colony morphologyb 
Cell Source a (1,25(OH)2D3) (101) (% of control)a N NM 101 

Normal Volunteers (7) 100 56 :.. 8 10 !.. 1 34 :.. 4 

10- 10 102 -:. 6 58 !.. 5 6 :. 1 36 :.. 3 

10-9 120 !.. 5 29 -:. 4 5 :. 1 56 -:. 4 

10-8 101 :. 5 2 :. 1 2 :. 1 96 :. 2 

10-7 78 :. 6 100 

(%) 

Marrow cells were obtained from 7 normal volunteers and the light density. nonadherent, 
mononuclear cells were cultured in the presence of colony stimulating factor and 
various concentrations of the vitamin D metabolite 1.25(OH)2D3_ Colonies were counted 
on day 10 of culture. Normal control cultures contained a mean of 94 !.. 8 (t- SE) 
myeloid colonies. 

Colony morphology was evaluated on day 10 of culture by dual esterase and luxol fast 
blue staining. N, neutrophilic colonies: NM, neutrophil-macrophage mixed colonies: 
M, monocyte-macrophage colonies: B, blast cells colonies. 
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1,25(OH)2D3 induces macrophage differentiation of hemato­
poietic progenitor cells by binding of the active vitamin 
D metabolite to 1.25(OH)2D3 receptors which presumably 
binds to DNA and al ters transcriptional control, The 
differentiation may be regulated by 1,25(OH)2D3 itself, by 
local shifts in calcium transport mediated by 1,25(OH)2D3' 
or by induction of differentiation-inducing protein(s) by 
accessory cells in the culture plates, 

The hypothesis that l,25(OH)2D3 may be a possible 
differentiation inducer of GM-CFC to macrophages is 
appealing because of the known ability of l,25(OH)203 to 
modulate bone resorption. Osteoclasts resorb bone, 
Evidence suggests that osteoclasts may develop from 
monocyte-macrophage cells (8) and one study suggested that 
1.25(OH)2D3 may modulate the number of osteoclasts (9), 
Therefore, l,25(OH)203 might modulate bone resorption by 
inducing GM-CFC to differentiate to monocytes and macro­
phages and eventually to osteoclasts. Likewise, in vitro 
the monocytes and macrophages can directly resorb bone 
(10). 

The plasma concentration of l,25(OH)203 in man is 
approximately 7,7 x lO-llM (11). In vivo, concentra­
tions of > 1O-9M l,25(OH)2D3 induce macrophage differ-



144 

o 
~ -c:: 
o 

U 

~ 

en 
Q) 

c:: 
o 
o 

U 

100 ~===-----<D----

90 

80 

70 

60 

50 

40 

30 

20 

10 
o L...-----i~____L_---L._~---' 
o 5xlO- 1t 5xlO- IO 5xlO-9 5xlO-8 5x10-1 M 

1) 25 ( OH ) 2 D3 ( M) 

KoeffLer et al. 

F rGURE 5: Effect of various concentrations of 
la,25(OH)2D3 on clonal growth of myeloid cell lines ( 
HL-60; ,U937; ,M1 ; ,THP; ,HEL; ,HL-60 
blast; ,KG-IA; ,K562). Cells were plated in soft 
agar containing different concentrations of 1a,25(OH)203 
and the number of colonies were enumerated on day 12 of 
culture. Results are expressed as a percent of control 
cells not exposed to 1a,25(OH)203' Each point represents 
the mean of three experiments with triplicate dishes per 
point. 

entiat ion of myeloid progenitor cells in vitro. There­
fore, l,25(OH)203 may not have a physiological role in the 
induction of differentiation of human myeloid stem cells 
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TABLE 3 

Effects of la.25(OH)2D3 on Clonal Growth of Cells Freshly fro. Myeloid 
LeukeMia Lines 

Cell Line Description 

HL-60 hUllan promyelocytes 

U937 human monoblasts/histiocytes 

HEL bipotent* 

THP-I human monoblasts 

toll mouse myeloid leukemia 

HL-60 blast human early myeloblasts 

KG-IA human early lIyeloblasts 

KG-I human myeloblasts 

K562 bipotent* 

*Monoblast and erythroblast character 1st ieB. 

**Stimulation at suboptimal concentrations of CSF. 

50% Inhibi tory 
concentration 

8 x 10-10 

4 x 10-9 

2 x 10-8 

no inhibi tion 

no inhibition 

no inhibition** 

no inhibition 
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to macrophages. Likewise, patients who received super­
physiological doses of 1,25(OH)2D3 have not been reported 
to have an increased concentration of blood monocytes 
(12) . Also, patients wHh vitamin D resistant rickets 
have not been reported to have low monocyte or macrophage 
levels (13). The true hematopoietic role of vitamin D 
metaboli tes in vivo is unknown and will require careful 
experimentation. 

The effect of 1,25(OH)2D3 on both clonal prolifera­
tion and differentiation of cells from 8 myeloid leukemic 
lines is shown on Fig. 5 and Tables 3, 4 (6). The 50% 
inhibition of colony formation of the responsive lines 
occurred in the concentration range of 3 x 10-8 - 4 x 
10-10 M 1a,25(OH)2D3' These concentrations are comparable 
to the concentrations required for induction of differen­
tiation in liquid culture (1, 5, 14, 15). Cell 1 ines 
which were induced to differentiate by la, 25 (OH)2D3 were 
always inhibited in their clonal growth by 1a,25(OH)2D3' 
Differentiation was measured by their ability to reduce 
nitroblue tetrazolium (NBT), which is a measure of 
maturation. The responsive cells were relatively more 
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TABLE 4 

Effect of la,25-Dihydroxyvitamin D3 on the Ability of Cells from Leukemic Lines 
to Reduce NST 

Percentage NST-posi ti ve cells 

Cell Line HL-60 HL-60 blast KG-l KG-la U937 HEL TH?l 

Control 2 :.. 2 0 :.. 1 0 :.. 0 0 + 0 1 :.. 3 :.. 2 35 !.. 

1,25(OH)203 60 :. 7 1 :.. 1 0 :.. 0 o :.. 0 49 :.. 8 27 :.. 9 48 :.. 

5 

5 

Results represent the lIean of four separate experiments (:.5D). Cells cultured in liquid 
media containing 5 x lO-7M 10:,25 (OH) 2D3 for 5 d, washed, and tested for the ir abi Ii ty to 
reduce 01 troblue tetrazoliUlIl (NST). 

mature (HL-60, U937, THP1, HEL, M1,) than the unresponsive 
cells (KG1A, KG-1, HI.-60 blast, K562). Our experiments 
are supportive of the concept that myeloid blast cells 
have limited capabilities for replication when induced to 
differentiate. The vitamin D-responsive progenitor cells 
di fferentiated in vitro and lost their potential for 
clonal growth. The vitamin D-unresponsive leukemic cells 
did not differentiate and remained in the proliferative 
pool, giving rise to colonies of similar cells. 

We also examined the effect of 1,25(OH)2D3 on the 
clonal growth of leukemic blast cells harvested from the 
peripheral blood or bone marrow of 14 individuals with 
myeloid leukemia (Fig. 6A, Table 5). Ten of the 14 
leukemic patients had neoplastic cells that were at least 
50% inhibited in their colony formation in the presence of 
5 x 10-7M 1,25(OH)2D3 and 5 of the 14 leukemic patients 
had a 50% inhibition of leukemic colony formation at 5 x 
10-9M 1,25(OH)2D3 (Table 5). Clonal growth of acute 
myelogenous leukemia (AML) and chronic myelogenous 
leukemia cells was inhibited approximately equally by 
1,25(OH)203' However, 1,25(OH)203 stimulated the clonal 
proliferation of blast cells from an AML patient by 
greater than 400%. This 33 year old patient had very 
immature acute myeloblastic leukemia cells. The 
1,25(OH)203 had little effect on clonal growth of normal 
myeloid stem cells (GM-CFC) harvested from 12 myeloid 
leukemia patients who were in remission (Fig. 6B). The 
GM-CFC from leukemic patients in remission were not 
inhibi ted more than 30% at any concentration of the 
1,25(OH)203 (5 x 10-7 - 5 x 10-11M). 

Why 1,25(OH)203 preferentially inhibits in vitro the 
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FIGURE 6. Effect of la.25(OH)2D3 on clonal growth of 
leukemic and normal myeloid colony-forming cells. 
Leukemic cells were obtained from 14 patient with myeloirI 
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TABLE 5 

Effect of la.25-DihydroKyvltamin 03 on Clonal Growth of Myeloid 
Leukemia Cells Freshly Obtained frolR Patients 

Patient Diagnosis+ L-CFC' 1.25(OH)2D3 
ED50" 

M.F. AML 22 :. 5 2 K 1O-~ 

W.P. AML 72 :. 34 no effect 

Koeffler et al. 

W.M. AML 12 :. 4 stimulation*** 

P.O. 

C.L. 

B. T. 

K.R. 

M.L. 

W.O. 

B.A. 

H.l. 

M.D. 

C.A. 

G.S. 

AML 810 :. 91 5 x 10-11101 

AML 23 :. 4 5 x 10-7 

AML 131 :. 34 5 K 10-11 101 

AML 16 :.2 no effect 

AML 22 :. 3 4 x 1O-~ 

AML 112 :. 20 2 x 10-8101 

CML 295 :. 89 no effect 

CML 36 :. 12 4 x 1O-~ 

CML 60 :. 11 8 x 1O-~ 

CML 129 :. 3 6 x 1O-~ 

CML-BC 337 :. 45 1 x 10-7101 

CML-BC, chronic myelogenous leukemia, blast crisis; 
B. peripheral blood; N, bone lIarrow 
L-CFC, leukemic colony-forming cells per 2 x 10 5 cells 
plated in soft agar wi th maximally stimulating 
concentrations of CSF 

** EDSOI effective dose that inhibited 50% clonal growth of 
leukemic cells. 

*** Stimulation: 62 colonies forlRed in the presence of 
la,25(OH)2D3 (5 K 10-8101) 

leukemia (Fig. 6A); also marrow cells were harvested from 
12 myeloid leukemia patients in remission (Fig. 6B). The 
cells were cultured in the presence of various concentra­
tions of lex.25(OH)2D3 and 5.0% Mo-conditioned medium 
(source of colony-stimulating factor). Results are 
expressed as a percent of control cells not exposed to 
lex. 25 (OR) 2D3' Control and leukemia cultures contained a 
mean of 135 ~ 67 and 148 ~ 208 (~SD) myeloid colonies. 
respecti vely. 

proliferation of leukemic. but not normal human myeloid 
stem cells is not clear. Differences in receptor number 
or affinity. or the activation of different genes and 
metabolic pathways may account for this differential 
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effect. 

Further studies suggest that la.25(OH)2D3 can act as 
a hematopoietic cofactor that promotes clonal growth of 
certain myeloid stem cells (6). In the presence of 
submaximal concentrations of CSF. 1a.25(OH)2D3 stimulated 
the clonal growth of normal human bone marrow GM-CFC. A 
similar result was obtained with the human AML cell line 
known as KG-l which is dependent on CSF for its clonal 
growth. The la.25(OH)2D3 did not stimulate the marrow or 
KG-l cells to produce detectable CSF. The increased 
clonal growth in the presence of 1a.25(OH)2D3 and submaxi­
mal concentrations of CSF may reflect an increased 
responsiveness to CSF due to effects on the number and/or 
affinity of CSF receptors on the target cells. 

A clinical study of 1.25-dihydroxyvitamin D3 in patients 
with the myelodysplastic syndromes: 

We initiated a trial of administering 1.25(OH)2D3 to 
patients wi th myelodysplastic syndromes because of the 
ability of the vitamin D metabolite to induce differen­
tiation and to inhibit the clonal proliferation of some 
human acute myelogenous leukemia cells. Studies also 
have shown that administration of la.25(OH)2D3 signifi­
cantly prolonged the life of mice injected with the M1 
trans-plantable murine leukemia cells (16). We chose to 
study myelodysplastic patients because the tempo of their 
disease allows scrutiny of therapeutic maneuvers. 
Patients with the myelodysplastic syndrome usually have 
their leukemic clone established; they have ineffective 
hematopoiesis. almost always with anemia and frequently 
thrombocytopenia. leukopenia. and often an increased 
number of marrow blast cells. We administered at least 2 
p.g of 1.25 (OH) 2D3 to the patients orally. on a daily 
basis. Figure 7 summarizes the alteration of their 
granulocyte. red cell. platelet. blast cell and calcium 
concentrations during the study. All patients received 
weekI y escalating (0.5 p.g) doses of 1.25 (OH) 2D3 until a 
daily dose of 2 p.g was reached. The median duration of 
therapy with 1.25(OH)2D3 was 12 weeks (range 4 to > 20). 
While on therapy. the granulocyte. monocyte. and platelet 
blood concentrations increased in most patients as 
compared to their starting values; and as a patient group. 
each of the peak blood values increased significantly as 
compared to beginning and ending blood values. In 
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FIGURE 7. Effect of administration of 1,25 dihydroxy­
vitamin 03 on hematopoiesis in myelodysplastic (preleu­
kemia) patients. 
Panel A. Effect of l,25(OH)203 on peripheral blood 

granulocyte concentrations (per microliter of blood). 
Panel B. Effect of l,25(OH)203 on percent of bone marrow 

myeloblasts. 
Panel C. Effect of 1,25 (OH) 2D3 on peripheral blood 

platelet concentrations (per microliter of blood). 
Panel 0. Effect of 1,25(OH)203 on serum calcium concen­

trations (mg/dl); normal range of serum calcium is 
8.2--10.5 mg/dl. 
Start, baseline value; peak, highest value during study; 

end, value on last day of study. 

contrast, the concentration of granulocytes, monocytes, 
and platelets in the blood was not significantly different 
between the beginning and the end of the study. The 
percent of myeloblasts in the marrow rose from a beginning 
median value of 10% (range, 3% - 20%) to a significantly 
(P<0.0136) elevated ending median value of 15% (range, 4% 
- 70%). Seven patients had an improvement of either their 
absolute granulocyte, monocyte, or platelet blood concen­
trations for> 4 sequential weeks of treatment. Wilcoxian 
statistics compared values for the patients at the end of 
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the treatment period with the baseline values, and showed 
no significant improvement in any of the parameters. Of 
the 19 patients on the study, 6 of the 19 patients 
progressed to acute myelogenous leukemia by the end of the 
study. 

The preleukemic patients received at least 2 ~g/day 
of l,25(OH)203' This dose results in serum concentrations 
of l,25(OH)203 of about 2.0 x 10-1~ in normal individuals 
(17). A concentration of 2 x 10-10M l,25(OH)203 induces 
maturation of <20% of HL-60 promyelocytes in vitro (5, 6, 
18, 19). Theoretically, the obtainment of higher serum 
concentrations of l,25(OH)203 in our preleukemic patients 
would have been desired. During the study, however, nine 
of 18 patients became hypercalcemic. Three patients who 
independently increased their dose of l,25(OH)203 to 4-6 
~g/day became symptomatically hypercalcemic. Somewhat 
higher concentrations of 1,25(OH)203 could have been given 
if the patients had been placed on a low-calcium diet. In 
the future, vitamin ° analogs that induce hematopoi­
etic cell differentiation without inducing hypercalcemia 
might be medically useful compounds for selected patients 
with preleukemia and leukemia. Likewise, combinations of 
inducers of differentiation may be more effective than any 
one agent. The induction of differentiation of myeloid 
leukemic cells to functional end cells offers an appeal­
ing, but unproven, therapeutic prospect. 

Macrophages and the Synthesis of l,25-Dihydroxyvitamin D3 

Several lines of evidence suggest that cells, other 
than kidney cells, are capable of synthesis of 
1,25(OH)2D3' Normal circulating levels of 1,25(OH)203 are 
in the 30-50 pg per ml range. The serum concentrations 
marked I y decrease in nephrectomized patients; but have 
been reported to be detectable by several investigators, 
being in the 5-10 pg per ml concentrations (20). Twenty 
to 30 percent of patients with sacroidosis have hyper­
calcemia and elevated serum levels of l,25(OH)203' One 
study demonstrated increased serum 1,25(OH)203 in a 
nephrectomized patient with sarcoidosis (21). These 
studies provide support that cells, other than cells from 
the kidney, can produce l,25(OH)203' Likewise, J. Adams 
et al reported that pulmonary alveolar macrophages 
harvested from patients with sarcoidosis are capable of 
constitutively converting the substrate [3H1-25(OH)03 to 
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[38]-1,25(08)2D3 (22). 

Patients with sarcoidosis have activated T-Iymphocyt­
es which secrete large amounts of gamma interferon 
(Y-IFN). A reasonable hypothesis is that perhaps Y-IFN 
might stimulate normal human macrophages to produce 
1,25(08)2D3' We found that Y-IFN markedly enhanced the 
abi I i ty of normal human macrophages to synthesize a 
vitamin D metabolite that migrates on 8PLC in exact 
identity with authentic, chemically synthesized 
1,25(08)2D3 (Figure 8) (23). We rechromatographed the 
putative 1,25(08)203 using three other 8PLC elution 
systems. In each system the [38] -metabolite ran in 
exact identity with 1,25(08)203 (Figure 8). 

The 1,25(08)203-like material produced by the 
macrophages was purified to homogeneity and was identified 
as 1,25(OH)2D3 by 1.) its characteristic affinity for the 
chicken intestinal 1,25(08)203 receptor (25); 2.) 
comparison of its biological activity with that of 
chemically synthesized 1,25(08)2D3 in vivo (intestinal 
calcium absorption and bone calcium mobilization in 
rachitic chickens) (24); 3.) mass spectroscopy which 
showed the typical spectral pattern of 1,25(OH)203 (25). 

The examination of the abi I i ty of normal human 
pulmonary alveolar macrophages to synthesize putative 
1,25(OH)2D3 has been examined from more than 20 normal 
volunteers. Although results varied quantitatively from 
patient to patient, we found that Y-IFN was able to 
enhance the synthesis of 1,25(OH)203 between 10 and 200 
fold as compared to macrophages not exposed to the 
lymphokine. Dose-response studies showed that the ability 
of the macrophages to synthesize 1, 25(OH)2D3 increased 
with exposure of the cells to increasing concentrations of 
Y-IFN with the earliest effects being noted at 200 units 
per ml Y-IFN (Figure 9). Maximally stimulated macrophages 
synthesized about 10-50 pmol 1,25(08)203 per 106 cells. 
Time-response studies showed that maximal stimulation 
occured within 24 hours of exposure of the macrophages to 
Y-IFN (500 u/ml); stimulation of the macrophages was 
evident for at least six days (Figure 9). Inactivated 
Y-IFN did not stimulate macrophages to synthesize 
1,25(OH)2D3' These studies suggest. that Y-IFN can 
stimulate synthesis of 1,25(OH)203 by macrophages. 
Further studies by Drs. Reichel, Norman and myself (24) 
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FIGURE 8. Rechroma tography 0 f [3H] -1 , 25 (OR) 2D3 produced 
by human pulmonary macrophages treated wi th recombinant 
human Y-interferon. Human pulmonary macrophages (1 x 106 ; 
1 ml) were cultured with 500 units/lIIl of Y-interferon for 
4 days. Ten hours before harvest, 1 x 10-7M [3H]-25(­
OH)D3' 10 Ci/mmol was added to the cells in culture. Both 
the cells and conditioned media were removed and subjected 
to lipid extraction. The resulting chloroform layer was 
chromatographed successively on four HPLC systems with 
non-radioactive standards including l,25(OH)2D3' Aliquots 
of each fraction were taken for liquid scintillation 
measurements to locate the peak regions of tritium; the 
peak of putative tritiated l,25(OH)2D3 was then pooled for 
rechromatography. Panel A: Radial-Pak Porasil cartridge, 
eluted at 2 ml/min with a 4-to-60% isopropanol in hexane 
gradient. Panel B: Porasil column, eluted at 2 ml/min 
with 10% isopropanol in hexane. Panel C: Zorbax-Sil 
column, eluted at 1 ml/min with 10% isopropanol in 
dichloromethane. Panel D: Zorbax-ODS (reverse phase) 
column, eluted at 1 ml/min with 20% water in methanol. 

showed that lipopolysaccharide was also a potent stimula­
tor of the synthesis of l,25(OH)2D3 by human macrophages. 

l,25-Dihyroxyvitamin D3 and the Immune System 

Recent studies showed that low concentrations of 
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FIGURE 9. Treatment of human pulmonary macrophages with 
recombinant human Y-interferon: (Panel A): Y-IFN dose-dep­
endent production of 1,25(OH)2D3; (Panel B): Time course 
of appearance of 1, 25(OH)2D3 after treatment with Y-IFN. 
PAM in culture (1 x 106 cells ; 1 ml) were treated with 
varying amounts of Y-IFN for 4 days (panel A) or with 500 
uni ts/ml of Y-IFN for the indicated time which varied 
between 0.5-8 days (panel B). Eight hours before harvest, 
1 x lO-7M [3H]-25(OH)D3' 5 mCi/mmol, was added to the 
incubation. Cells and media were separated by 
centrifugation and either the media(O-O) or media + cells 
(0-0) were subjected to Bligh and Dyer lipid extraction 
and high pressure chromatography. Data are expressed as 
percent of the total recovered tritium comigrating with 
non-radioactive, chemically synthesized standard 
1,25(OH)2D3 ' 
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1,25(OH)203 can inhibit both the synthesis of interleukin-
2 (IL-2) by activated T-Iymphocytes (26). Concentrations 
as low as 10-11M 1,25(OH)203 have been reported to have an 
inhibitory effect on IL-2 synthesis. 

We showed that 1,25-dihydroxyvitamin 03 [1,25(OH)203] 
modulated sensitively, rapidly and specifically both the 
mRNA and protein accumulation of the multilineage growth 
factor granulocyte-macrophage colony stimulating factor 
(GM-CSF) and gamma interferon (Y-IFN) in both normal 
human mitogen-activated T lymphocytes and T lymphocytes 
from a line (S-LB1) transformed with human T lymphocyte 
leukemia virus-1 (HTLV-1) (27, 28). Concentrations 
around la-10M 1,25(OH)2D3 decreased both mRNA and protein 
levels for both of these lymphokines about 50% as compared 
to control cuI tures not exposed to the sterol. In 
contrast, a HTLV-1 transformed T lymphocyte cell line 
(Ab-VDR) established from a patient with vitamin D 
resistant rickets type II contained undetectable 
1,25 (OH) 2D3 cellular receptors and was resistant to the 
action of 1,25(OH)203. In these cells, concentrations as 
high as la-8M had no effect on levels of either GM-CSF or 
Y-IFN. Further studies showed that inhibition of GM-CSF 
and Y-IFN gene expression by 1,25(OH)2D3 occurred 
independently of interleukin-2 regulation and is probably 
mediated through cellular 1,25(OH)2D3 receptors (28, 29). 

These studies provide support for our hypothesis that 
hypercalcemia present in patients with sarcoidosis may be 
secondary to stimulation by Y-IFN of 1,25(OH)203 synthesis 
by macrophages (and granulomatous tissue) in these 
patients. Likewise, our studies are consistent with the 
hypothesis that macrophages may be a normal phys iologic 
source of 1,25(OH)2D3 causing local bone reabsorption 
through osteoclasts and enhancing proliferation and 
differentiation preferentially down the macrophage 
pathway. Likewise, synthesis of 1,25(OH)203 may playa 
significant role in communication between T-Iymphocytes 
and macrophages. 

A hypothesis of the interaction of 1,25(OH)2D3 with 
the hematopoietic system might be: Macrophages may be 
moderately activated to synthesize and release inter leu­
kin-I (IL-1) after exposure to an antigen. Both IL-1 and 
antigen-presentation by the macrophages stimulates the 
T-Iymphocytes to produce IL-2 and other lymphokines 
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including Y-IFN. Gamma interferon may enhance the 
macrophages to produce 1,25 (OH)2D3' Locally elevated 
levels of l,25(OH)2D3 might produce local bone resorption, 
preferentially induce differentiation of the myeloid stem 
cells to macrophages, and possibly augment the function of 
macrophages, including phagocytosis and killing of 
microbial organisms. As a negative feedback mechanism, 
high concentrations of l,25(OH)2D3 could diminish synthe­
sis of lymphokines by activated T-Iymphocytes. This would 
decrease Y-IFN synthesis which would diminish the activa­
tion of the macrophages causing a decrease in production 
of l,25(OH)2D3' Therefore, the macrophage and T-Iympho­
cyte might interact through positive and negative feedback 
loops using 1,25(OH)2D3 and Y-IFN. 
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Recent studies on transformation of cells has been 
elucidating the regulation and mechanism of cell prolifera­
tion and differentiation at the molecular level. Malignant 
transformation characterized by immortality and indefinite 
cell proliferation can be considered as a blockade in or a 
lack of ability to differentiate terminally. In bone mar­
row, for example, the maintenance of haematopoiesis is ob­
viously based on a balance between self-renewal and differ­
entiation of stem cells. Furthermore, the diversity of 
more mature haematopoietic cells has to be maintained and 
controlled properly. Whatever are the primary causes of 
leukemia (i.e., viruses, oncogenes, chemical carcinogens, 
etc.), the normal regulation for haematopoietic maintenance 
is apparently disrupted in leukemia. In this context, an 
understanding of regulation and mechanism of cell prolifer­
ation and differentiation is indispensable for the eluci­
ation of transformation of cells. In recent years, the 
development of human leukemia cell lines has provided 
useful models for studying cell proliferation and differ-
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entiation and has contributed to our understanding of 
growth factors, differentiation-inducing agents, intracel­
lular mediators and modulators, and gene regulation. These 
studies have revealed that some oncogene products are in­
volved in the signal transduction of growth factors, and 
that intracellular mediators or modulators play very impor­
tant roles in cell proliferation and differentiation. 
Therefore, it is likely that some leukemia cells do not 
differentiate because of alterations of specific genes or 
thei r products that are obl i gatory for differenti ati on, or 
because of a disturbed cellular mechanism that is required 
for a response to exogenous differentiative factors. 

In this article, previous work is reviewed and new 
data is presented on retinoic acid(RA)-induced differen­
tiation of HL-60 and fresh cells from patients with acute 
promyelocytic leukemia(APL). This induction is modulated by 
agents increasing the intracellular level of cyclic adeno­
sine 3':5'-monophosphate (cAMP) and/or by T-lymphocyte de­
rived lymphokines named DIA. Clinical trials of retinoids 
for treatment of malignant diseases including certain 
types of leukemia, is also reviewed. 

An extension of these studies suggest a new approach 
to the treatment of leukemia based on the principle of 
promoting leukemic cells to differentiate to a more normal 
and functional nongrowing cell type. 

THE HL-60 CELL LINE 

HL-60 was isolated from the blood of a patient with 
APL. It was the first human cell line with distinct mye­
loid features to be developed (1). HL-60 cells grow con­
tinuously in suspension culture and consist of promyelo­
cytes predominantly. HL-60 is induced to differentiate 
into cells with morphologic features of mature granulocytes 
by treatment with a variety of compounds including dimethyl 
sulfoxide (DMSO), dimethylformamide (DMF), hypoxanthine, 
actinomycin D, and RA (2,3). Moreover, these induced cells 
have many funct i ona 1 characteri st i cs of normal human peri­
pheral granulocytes including phagocytosis, lysozomal en­
zyme release, comp 1 ement receptors, chemotaxi s, hexose 
monophosphate shunt (HMPS) activity, superoxide anion 
(02) generation, and the ability to reduce nitroblue 
tetrazolium (NBT)(2,4,5). Other compounds, such as 1,25-
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dihydroxyvitamin D3' butyrate, and 12-0-tetradecanoyl­
phorbol-13-acetate (TPA), induce HL-60 to differentiate to 
cell s with the features of monocytes/ macrophages such as 
morphology, adherence, and increases in cellular activities 
of nonspecific esterase and 51 nucleotidase (9-12, Breitman 
and Keene,unpublished experiments). Because of these in­
ducible characteristics HL-60 provides a unique and useful 
model system, for studying mechanism and regulation of 
growth and differentiation of human myeloid cells ~ vitro. 

INDUCTION OF HL-60 DIFFERENTIATION BY RA 

Recently, it was found that all-trans-RA induces 
granulocytic differentiation of HL-60 (3)~ese findings 
were important for subsequent investigations of HL-60 dif­
ferentiation, because RA induces differentiation of HL-60 
at concentrations that are close to the physiological con­
centration of 30 nM (17) and because, before these findings, 
terminal differentiation of HL-60 had been known to be in­
duced only either by non-physiological compounds such as 
DMSO or by physiological compounds such as hypoxanthine at 
concentrations markedly higher than physiological. 

RA induces differentiation of HL-60 in a concentration­
dependent, time-dependent process in which there is a se­
quential appearance of mature granulocytes assessed morpho­
logically and functionally (18,19). RA-induced HL-60 cells 
undergo morphological changes corresponding to normal gran­
ulocytic maturation as well as acquire the capacities of 
NBT reduction, O2 production measured by ferricytochrome 
c reduction, and an increased activity of HMPS. These in­
duced cells also show positive reactivity for chloroacetate 
esterase staining. 

In the presence of 1 ].1M RA, the growth rate of HL-60 
decreases after two days, and growth ceases by the fourth 
day (18). These cells no longer proliferate even when re­
suspended in growth medium without RA, indicating that mor­
phologically and functionally matured HL-60 induced by RA 
has lost the capacity for further proliferation. 

RA-induced morphological differentiation of HL-60 oc­
curs at a much faster rate than does DMSO-induced differen­
tiation even though relatively immature HL-60 cells induced 
by DMSO show increases in biochemical parameters related to 
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the respiratory burst of mature granulocytes, such as O2 
production and HMPS activity (19). An analysis of the ap­
pearance of biochemical parameters as a function of morpho­
logical differentiation indicates that the acquisition of 
biochemical functions of HL-60 induced by DMSO is associat­
ed with less mature cells than those induced by RA. In the 
development of normal granulocytes, the ability to reduce 
NBT is at a low 1 eve 1 in metamye 1 ocytes and increases in 
banded and segmented granu 1 ocytes (20). Thus, RA-i nduced 
differentiation of HL-60 is more similar to the normal 
pattern than that of DMSO-induced differentiation. 

CHEMOTACTIC PEPTIDE RECEPTORS 

I n norma 1 granu 1 ocytes and other phagocyt i c ce 11 s, chemo­
tactic peptides such as N-formyl-methionine-leucine-phenyl­
a 1 ani ne (FMLP) bi nd to specifi c receptors on these cells 
and stimulate the respiratory burst (21-23). In RA-induced 
HL-60 cells there is no increase of FMLP receptors (24) and 
various concentrations of FMLP do not stimulate NBT re­
duction (25). However, in HL-60 induced by DMSO or DMF 
there is an increased concentrati on of FMLP receptors and 
dexamethasone synergistically increases the number of 
these receptors (24-26). 

PRODUCTION OF METABOLITES OF ARACHIDONIC ACID 

Metabol ites of arachi doni c aci d, such as prostagl an­
dins (PG), thromboxanes (Tx), and leukotrienes(LT), play 
important roles as chemical mediators or modulators in a 
variety of intra- and intercellular biological reactions 
and responses. We therefore examined, in collaboration 
with Dr. L. Levine, the capacity of HL-60 induced with RA 
or DMSO to produce arachidonic acid metabolites when 
stimulated with the calcium ionophore A23187. Noninduced 
cells are essentially inactive while RA- and DMSO-induced 
cells produce each of the metabolites although there is a 
marked difference in synthesis as a function of A23187 
concentration. Maximum production by DMSO-induced cells 
occurs at 0.3 ~M A23187 while maximum production by RA-
induced cells does not occur until 10 ~M A23187, the 
highest concentration studied. Calcium uptake studies 
with uninduced HL-60 cells cells indicate that after 1 hr 
incubation with concentrations of 0.1 ~M, 1 ~M, and 
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Fig. 1. The capacity of HL-60 to synthesize LT's C4, 04, 
and E4 as a function of the extent of differentiation in­
duced by 180 mM DMSO. The morphological differentiation 
index (MOl) was calculated as described in reference 33. 

10 ~M A23187 there are net increases in intracellular 
calcium (nmol/106 cells) of 0.31, 0.42, and 1.52, respec­
tively (Breitman and Keene, unpublished results). It is 
possible that RA- and DMSO-induced cells are different 
from each other and/or from noninduced cells in regards to 
calcium uptake promoted by A23187. 

The very low capacity of noninduced HL-60 to produce 
arachidonic acid metabolites prompted a study to determine 
at what stage during differentiation HL-60 cells gain this 
ability. The results shown in Fig. 1 indicate that this 
functi on is gai ned as the cell s mature from promyelocytes 
to myelocytes and before the more mature function of NBT 
reduction is expressed. The data do not allow a determi­
nation if cells that are more mature than myelocytes (meta-



164 Breitman 

myel ocytes , banded neutrophils, and segmented neutrophils) 
are even more active in synthesizing LTs. The data do in­
dicate that LT synthesis is a very early functional para­
meter associated with the differentiation of HL-60. There 
are similar time-dependent increases in both TxB2 and 
PGE2 synthesis (data not shown) indicating that both the 
cyclooxygenase and lipoxygenase pathways develop together. 
This HL-60 system is probably an excellent model system 
for studyi ng the development of these important met abo 1 i c 
pathways. 

EFFECTS OF AGENTS THAT INCREASE INTRACELLULAR cAMP 

RA-induced differentiation of HL-60 is markedly poten­
tiated by agents, such as PGE, cholera toxin, and dibutyryl 
cAMP, which increase the intracellular cAMP level (14,18, 
27). PGE acts on many types of cells by increasing the in­
tracellular level of cAMP through the activation of adenyl­
ate cyclase (28-30) and it increases the cAMP level of HL-60 
cells (14). PG1s E1,E2, Al or A2 induce HL-60 differen­
tiation alone in a dose-dependent manner (14). But, in 
comparison with RA the concentrations of PGE2 required are 
much higher. However, in combination with RA, PGE1 and 
PGE2 induce differentiation of HL-60 very effectively in a 
synergistic, and not in an additive, manner (Fig. 2). 

PGE2 is routinely found in human peripheral blood at 
1 nM (31) and can increase to 400 nM in localized areas of 
trauma, inflamation, or infection (32). Therefore, the 
conditions of the experiments in vitro, i.e., the combin­
ation of 10 nM RA and concentrations of 0.1 nM to 100 nM 
PGE2, are likely to exist in the microenvironment ~ vivo. 

PGF1 and F2, either alone or in combination with RA, 
are much less active than PGE in inducing HL-60 differen­
tiation (33). These PG1s are also much less potent than 
PGE in increasing the intracellular cAMP level of HL-60 
(Breitman and Keene, unpublished experiments). These find­
ings indicate that, for PG1s, there is a positive correla­
t i on between the extent of the increase in i nt race 11 u 1 a r 
cAMP and the potentiation of RA-induced differentiation. 

Besides PG1s, cholera toxin, which also increases 
intracellular cAMP levels of HL-60 (Breitman and Keene, un­
published experiments), synergistically potentiates RA-
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Fig. 2. Isobolograms showing synergy for induction of dif­
ferenti ati on of HL-60 by combi nati ons of PGE and RA. The 
experimental points are the concentrations of PGE and RA in 
combi nat ion i nduci ng 30%, 40%, and 50% different i at i on as 
indicated by the boxed values on each curve. The dashed 
lines connecting the values of PGE and RA alone would have 
been obtained if the two compounds in combination were add­
it i ve. 

induced differentiation of HL-60 (27). DibutyrXl cAMP, 
known to pass through the cell membrane and act llke cAMP, 
enhances HL-60 differentiation in combination with RA. 
These findings suggest that there may be some protein(s) 
in HL-60, which are phosphorylated by a cAMP-dependent 
protein kinase and which mediate the potentiation of RA-
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induced differentiation of HL-60. However, RA has no 
effect on the intracellular level of cAMP either alone or 
in combination with PGE2 (14). Furthermore, inhibitors 
of the synthesis of arachidonic acid metabolites, such as 
aspirin and indomethacin, have no inhibitory effect on 
RA-induced differentiation of HL-60 (33). Also, it has 
been shown that indomethacin does not inhibit the expres­
s i on of chemotact i c pept i de receptors and the increase of 
HMPS act i vity of HL-60 induced by DMSO (34). Thus, it 
appears unlikely that endogenously synthesized arachidonic 
acid metabolites including the prostaglandins playa role 
in the induction of differentiation of HL-60, and it is 
suggested that physiological compounds in the microenvi­
ronment, including RA and PG1s, may play important roles 
in the mechanism and regulation of myeloid cell differen­
tiation in vivo. 

DIFFERENTIATION EFFECTS OF AGENTS THAT INCREASE 
INTRACELLULAR cAMP ON HL-60 PRIMED WITH RA 

Olsson et ale (27) showed that HL-60 could be primed 
for differentiation by treatment with 10 nM RA for approxi­
mately one day followed by exposure to PGE2 or cholera 
toxi n. The reverse sequence was i neffect i vee Pri mi ng of 
HL-60 with 10 nM RA was even more effective in the presence 
of 1 ].Iglml cycloheximide, a concentration that inhibited 
growth completely and protein synthesis by 86%. Thus, 
priming of HL-60 with 10 nM RA did not depend on the normal 
rate of protein synthesis. Surprisingly, pretreatment of 
HL-60 with cycloheximide alone at 1 ].Iglml primed for the 
effect of PGE2 and cholera toxin (27). However, the con­
tinuous presence of cycloheximide inhibited RA-induced dif­
ferentiation of HL-60. 

These findings suggest that a decrease in synthesis of 
some protein(s) favors RA-induced differentiation. One pos­
sibility is that differentiation of HL-60 is inhibited by a 
polypeptide, and the inhibition of protein synthesis by cy­
cloheximide could diminish the production of this inhibitor 
and facilitate the modulating activities on differentiation 
by cAMP-inducing agents. Another possibility is that RA 
induces the production of a mRNA whose translation initia­
tes phenotypic changes characteristic of differentiated 
cells, and that cycloheximide increases the production 
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and/or the half-life of this mRNA, as has been reported for 
human fibroblast interferon mRNA (35). 

MONOCYTIC DIFFERENTIATION BY T-LYMPHOCYTE DERIVED 
LYMPHOKINES (DIA) 

It has been reported that the conditioned media of 
activated peripheral mononuclear cells induce HL-60 to 
differentiate into cells with morphological and functional 
characteristics of mature monocytes/macrophages (36-40). 
Olsson et ale (40) showed that differentiation inducing 
factor(s) (DIF) released by mitogen-stimulated human blood 
mononuclear cells are distinct from colony-stimulating­
acti vity (CSA) and that the human T -lymphocyte 1 eukemi a 
cell line HUT 102 is a constitutive producer of this 
factor(s)(27). This polypeptide has a molecular weight 
of 46,000 as determined by SDS-PAGE, an isoelectric point 
of approximately 5.2, and does not adhere to lectin­
sepharose (41). We have named the differentiation in­
ducing activity of these conditioned media "DIA" as a gen­
eral term to refer to an activity that more than one pro­
tein may have. DIA purified partially from serum-free 
conditioned media of HUT 102 was used for the experi­
ments described below. 

MONOCYTIC DIFFERENTIATION BY A COMBINATION OF RA AND DIA 

DIA alone induces HL-60 differentiation in a dose­
dependent manner to a relatively small extent. However, 
in combination with 10 nM RA, DIA induces HL-60 differen­
tiation to a remarkable extent (41). This combination of 
RA and DIA is synergistic in a manner similar to the syn­
ergy observed with combinations of RA and cAMP-inducing 
agents. However, DIA has no effect on the intracellular 
cAMP level (Breitman and Keene, unpublished experiments). 

Three biochemical and functional parameters of differ­
entiation; Fc receptors, immunophagocytosis, and NBT reduc­
tion, were studied in HL-60 induced by DIA alone and in 
combination with 10 nM RA (33). DIA alone increases the 
percentage of Fc receptor-positive cells beyond 80% at day 
4, but the extent of the increase of i mmunophagocytos is 
and NBT reduction is much less than that of Fc receptors. 
RA alone (10 nM) has a very small inductive effect on 
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Fig. 3. Increases in biochemical and functional parameters 
of HL-60 treated with rIFN- yand RA alone and in combi­
nation for 4 days. (/::",!), Fc receptors; (0 ,. ), 
immunophagocytosis; ( 0 , .), NBT reduction. Open sym-
bols , with no RA; closed symbols, with 10 nM RA. 

these three parameters, whereas 1 ~ RA induces approxi­
mately 90% cells positive for Fc receptor, immunophago­
cytosis, and NBT reduction at day 4. However, the combi­
nat i on of DIA and 10 nM RA increases phagocytos is and NBT 
reducti on to a greater extent and at a greater rate than 
each agent alone. Also, two monocyte/macrophage specific 
enzymes, 51 -nucleotidase and nonspecific esterase, are in­
creased in a manner similar to the increases in immuno­
phagocytosis and NBT reduction. 
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Results qualitatively similiar to those described 
above have been found for combinations of 10 nM RA and re­
combinant human interferons gamma (rIFN- y) or alpha 
(Fig. 3 and 42). Based on several criteria, including 
experiments with neutralizing antibody, the major DIA of 
HUT-102 conditioned medium is not IFN. 

Recently, we studied the expression of receptors spe­
cific for the chemotactic peptide, FMLP, on HL-60 treated 
with the combination of DIA and 10 nM RA (25). As men­
tioned in a previous section, HL-60 treated with RA alone 
does not express FMLP receptors, and NBT reduction of the 
ce 11 sis not st i mu 1 ated by FMLP. However, HL-60 treated 
with the combination of DIA and 10 nM RA reduces NBT in 
response to FMLP ina dose-dependent manner. A 1 so FMLP 
receptors are detected on these cells and dexamethasone 
increases both the number of FMLP receptors and the respon­
siveness to FMLP in cells induced with DIA plus 10 nM RA. 
Dexamethasone alone has no effect on HL-60 differentiation 
(10,43). In addition, HL-60 cells induced with DIA plus 
10 nM RA also have chemotactic activity in response to 
FMLP, and dexamethasone increases the chemotactic activity 
of HL-60 induced with DIA plus 10 nM RA. These findings 
indicate that the combination of DIA and 10 nM RA can in­
duce HL-60 to differenti ate to cell s that possess func­
tions and characteristics similar to normal mature mono­
cytes/macrophages, and suggest that steroid hormones may 
modulate the induction of chemotactic peptide receptors 
of normal granulocytes and monocytes/macrophages during 
differentiation in vivo. 

ONCOGENE EXPRESSION OF HL-60 INDUCED BY RA 

Recent studies have been elucidating the mechanism 
of cell proliferation promoted by oncogenes. Several onco­
gene products are related to growth factors or their recep­
tors (44-46). How the expression of oncogenes change dur­
ing the induction of differentiation by RA and how RA in­
fluences gene regulation that may induce differentiation 
are questions that remain to be fully elucidated. Many 
studies on nucleic acids synthesis in vitamin A-deficient 
animals have suggested that vitamin A may be involved in 
the regulation of RNA (47-49) and DNA synthesis (50). 

HL-60 cells carry an unrearranged, but highly ampli­
fied c-myc oncogene (51,52) and they express RNA trans-
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cripts of the myc, abl, and Harvey-ras genes (53). Westin 
et al.(53) have reported that the amplified c-myc gene in 
HL-60 is expressed at approximately a 10-fold greater level 
compared with some other cell lines and is reduced 80-90% 
by RA or DMSO during induction of differentiation. It has 
recently been reported that 1,25-dihydroxyvitamin D3 also 
suppresses the expressi on of the c-myc oncogene in HL-60, 
and that a marked decrement of the expression of the C-,{C 
gene preceded the phenotypi c changes of the induced ce s 
(54). The cellular ~ oncogene is amplified not only in 
many human tumor cell lines and fresh malignant tumors (55, 
56) but also in lectin-stimulated normal human lymphocytes 
(57), and it appears that an increased level of c-myc ex­
pression and transcription is a relevant factor in deter­
mining transformation. More recently, it was shown that 
the human c-myc protei n is predomi nantly found in the cell 
nucleus, suggesting that a DNA binding capability of the 
c-myc product may correlate with cell proliferation (58). 
Furthermore, the study on the appearance of a new nucleo­
somal protein in HL-60 suggests a rearrangement of chroma­
tin structure during RA-induced differentiation (59). 
Even though retinoids modify gene expression critical for 
the promotion of differentiation (60), more research is 
needed to reveal which genes are controlled by retinoids 
and the mechanism for this control. 

MECHANISM OF RA-INDUCED DIFFERENTIATION OF HL-60 

Cellular retinoic acid-binding protein (CRABP) and 
cellular retinolbinding protein (CRBP) have been detected 
in the cytosol of many normal tissues, and tumor cells or 
cell lines (61). While direct evidence has not been pre­
sented, many studies suggest that retinoid-binding proteins 
medi ate the bi 01 ogi ca 1 act i vi ties of ret i noi ds on growth 
and differentiation (62-64). There is a good correla­
tion between the relative biological activity of retinoids 
and their relative affinities for retinoid-binding proteins 
(61). In HL-60, however, CRABP has not been detected 
either by a sucrose dens ity gradi ent sedi mentat i on assay 
(65,66) or by a polyacrylamide gel electrophoresis techni­
que (Jetten and Breitman, unpublished data). These find­
i ngs i ndi cate that RA-i nduced differenti at i on of HL-60 
is unlikely to be mediated by retinoid-binding proteins. 

Studies of the effect of various retinoids on HL-60 
differentiation indicate that the most effective inducers 
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possess a carboxylic acid function at the C-15 terminal 
carbon (RA and 13-cis-RA). Substitutions at the C-15 
position result in essentially a complete loss of activity 
(retinal, retinol, retinyl acetate). Even with some alter­
rations in the ring as in 4-hydroxy- and 4-keto-RA 
or a-RA the activities of those retinoids having a free 
carboxyl aci d at C-15 retai ned some activity (18,67). The 
apparent critical role of the free carboxyl led to an 
hypothesis that RA is metabolized in a series of reactions 
analogous to the activation and transport of fatty acids 
(33). Thus, an acyl-CoA synthetase would catalyze the 
formati on of a thi oester bond between the carboxyl group 
of RA and the thiol group of coenzyme A: RA + ATP + CoA-SH 
~ ret i noy l-CoA + AMP + PPi. I n the next react i on an 

oxygen ester is formed between the high energy retinoyl-CoA 
and an hydroxyl group of an acceptor: Reti noyl-CoA + R-OH 
---t Retinoyl-O-R + CoA-SH. It is possible that the accep­
tor is an hydroxyl group of a macromolecule, e.g., the 
threonine, serine, or tyrosine moieties of a protein. 
This ester would be of low energy resulting in essentially 
a one-way reaction for its formation and the formation of 
a stable covalent bond. 

An extension of this hypothesis is that retinoylation 
and another modification (phosphorylation, methylation, 
acetylation, etc.) occurs at the same site. When this 
other modification dominates, the cell continues to prolif­
erate and does not differentiate. In a transformed or neo­
plastic cell, the balance is shifted even further in the 
direction of the other modification. This could be because 
of an increase in the cell IS capacity to carry out the 
other modification or because the information for this mod­
ification, carried by an oncogene or an infective virus, is 
act i vated or amp 1 ifi ed. Under these condit ions, a hi gher 
than normal dose of RA may shift the balance back towards 
an increase in retinoylation, effectively blocking the 
competing modification, and allowing the cell to differen­
tiate. With some cells, the higher than normal dose of RA 
may result in a retinoylation that competes with an essen­
tial modification, thus leading to cell death. This model, 
or one similar to it, can explain why treatment of cells 
with RA has chemoprevention, differentiation-inducing, and 
cytotoxic activities. More recently, evidence has been 
presented for a CoA mediated activation of RA (68). 



172 Breitman 

RA-INDUCED DIFFERENTIATION OF APL CELLS IN PRIMARY CULTURE 

The experimental findings that RA is a potent inducer 
of terminal differentiation of HL-60 raised a question of 
whether RA also promotes differentiation of fresh- leukemia 
cells. In an initial study with fresh cells of 21 patients 
wi th va ri ous myel oi d 1 eukemi as on ly the ce 11 s of two APL 
patients were induced by RA to differentiate (65). Since 
this initial study, 10 samples of fresh leukemia cells 
from peripheral blood and/or bone marrow of 6 APL patients 
were studied (19). The effects of PGE2' DIA and two other 
inducers of HL-60 differentiation, DMSO and a vitamin D3 
analog, were also investigated. The cells from all pa­
tients differentiated in vitro in response to RA. The 
cells of two patients Silowecravery high response even to 
10 nM RA. While PGE2 (10nM) alone had no effect on differ­
entiation, there was a small effect in combination with RA. 

In contrast to the results with PGE2' the combination 
of RA and DIA was synergistic in inducing differentiation 
of fresh APL cells. DIA alone had no effect on differen­
tiation. However, the rate and/or extent of differenti­
ation induced with a combination of RA and DIA was markedly 
greater than that induced with RA alone. Two other in­
ducers of HL-60 differentiation were tested with the cells 
of one patient. DMSO had no effect even at 180 mM, a 
concentration that induces 40 % NBT-positivity of HL-60. 
Ro 22-9343 (24,24-difluro-1,25-dihydroxyvitamin D3), which 
is approximately 10-fold more active on a molar basis than 
1,25-dihydroxyvitamin D3 in inducing HL-60 differentiation 
(Breitman and Keene, unpublished results), had essentially 
no effect, either alone or in combination with DIA, in 
inducing differentiation of this patient's cells. 

INDUCTION BY RA AND CHEMOTHERAPEUTIC AGENTS 

When it seemed possible that RA might have clinical 
utility, it became of interest to examine in vitro the 
effects of cell growth-i nhi bit i ng chemotherapeutic agents 
on RA-induced differentiation of HL-60. It was also felt 
that such studies might yield further insight into the 
mechanism of RA-induction and, more generally, into myeloid 
terminal differentiation. RA was tested in combination 
with two chemotherapeutic agents, hydroxyurea and arabi no­
sylcytosine (ara-C). Both of these agents are known to in-
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Fig. 4. RA-induced differentiation of HL-60 in the pre­
sence of ara-C. Cultures were incubated for 3 days with 
(closed symbols) and without (open symbols) 0.3 j.J M RA 
and the following concentrations of ara-C: none (0, 
0);0.1 j.JM(V,T);0.3 j.JM(tJ.,i);l j.JM(O, 
.). Mature cells were calculated by the formula: mature 

cells/ml = (% NBT-positive cells x viable cells/ml) x 
10-2• 

hibit cell growth by specifically inhibiting DNA synthesis. 
It was found (18) that neither hydroxyurea nor ara-C inter­
feres with the differentiative action of RA and that RA 
does not interfere with their growth-inhibitory activity. 
Thus, RA and other retinoids can be considered for combi-
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nation therapy in a program aimed at both inhibiting pro­
liferation and inducing terminal differentiation of pro­
myelocytic and possibly other immature leukemia cells. 

CLINICAL TREATMENT OF MALIGNANT DISEASES WITH RETINOIDS 

Si nce the observat ions that vi tami n A-defi ci ent rats 
develop premalignant epidermal lesions that are rever­
sible with repletion of retinoids (69), the physiological 
effects of retinoids on cell growth and differentiation 
have been studied with a variety of fresh malignant cells 
or cell lines. Retinoids reduce the ability of fresh 
malignant melanoma cells and cell lines to form colonies 
{70,71} and inhibit proliferation and cause morphological 
changes in breast cancer cell lines {7I}. In animal can­
cers, retinoids inhibit the growth and development of cer­
tain transplantable .tumors, including rat chondrosarcoma 
(72), murine mammary adenocarcinoma (73), and murine 
mel anoma {74}. 

Retinoids inhibit the clonal growth of blastic cells 
from patients with acute myelocytic leukemia (66). Retin­
oids also have a beneficial effect on non-malignant skin 
conditions characterized by hyperproliferation and keratin­
ization (75), and I3-cis-RA has been used for a variety of 
dermatologic problems-rT6}. 

Based on these findings, several clinical trials with 
retinoids have been reported on patients, especially those 
with malignant skin lesions. Levine et ale (77) used all­
trans-RA to treat multiple cutaneous metastasis in two 
patients with malignant melanoma. There was a complete re­
gression of the lesions in one case and a partial response 
in the other. Kessler et ale (78) showed the clinical 
effectiveness of l3-cis-RA in treatment of cutaneous T-cell 
lymphoma (Mycosis fungoides). Claudy et ale (79) found 
that treatment with an ethyl ester deri vati ve of RA (Ro-
1O-9359) improved the nodular lesions in a patient with 
cutaneous T -ce 11 lymphoma. Zachari ae et a 1. (80) reported 
complete remissions in eight of ten patients (My:osis 
fungoides) treated with the combination of retinoid and a 
3-drug chemotherapy, while no response was seen in six 
patients concurrently treated without additional retinoid. 

In the field of clinical haematology, treatment of 
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leukemia and myelodysplastic syndrome with retinoids has 
been on t ri a 1 • I t has been reported that fi ve of 15 eva 1 -
uable patients with myelodysplastic syndrome showed im­
provement of pancytopenia and decrease in the marrow blasts 
after treatment with daily oral 13-cis-RA (81). Recently, 
a complete remission of a patientWlth this disease by 
therapy with RA has been reported (82). Flynn et al. 
(83) reported a therapeutic trial of 13-cis-RA in a patient 
with APL whose leukemic cells differentiated in vitro in 
the presence of 13-cis-RA, suggesting that RA-induced matur­
ation of APL cells similar to that in vitro is also achiev­
able in vivo. As we showed previous-,y,-there is a high 
specificity of a RA effect for APL cells when RA-induced 
differentiation of fresh leukemia cells is investigated. 
There are two other more persuas i ve cases of APL pat i ents 
responding clinically to RA. In one case the patient 
responded to a combination of RA and anti-cancer drugs 
(84) and in the other case, the pati ent responded to RA 
alone (85). These reports and findings justify further 
clinical investigation of retinoids in the treatment of 
certain types of malignancy. 

CONCLUSION 

The development of human leukemia cell lines has made 
it possible to study the regulation and mechanism of cell 
proliferation and differentiation of specific haematopoi­
etic cell types. RA is a potent inducer of terminal dif­
ferentiation of the human promyelocytic leukemia cell 
line, HL-60, and the human monoblast-and monocyte-like cell 
lines, U-937 and THP-l. RA-induced differentiation of 
HL-60 is characteri zed with the morpho 1 ogi ca 1 changes and 
functional acquisitions that occur during normal granulocy­
tic maturation in vivo, and the combination of RA and 
agents that increase-rntracellular cAMP level (PGE2 and 
cholera toxin) is synergistic in inducing granulocytic 
differentiation of HL-60. Furthermore, HL-60 cells are 
induced to differentiate to monocyte/macrophage-like cells 
by the combi nat i on of RA and T -lymphocyte deri ved lympho­
kines (OIA). While it is unclear what determines granu­
locytic or monocyte/macrophage differentiation of HL-60, 
some evi dence suggests that different protei n ki nases are 
involved in the regulation of each course of differentia­
tion of HL-60. The amplified expression of the c-myc 
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oncogene in HL-60 is reduced by RA, OMSO, or 1,25-dihy­
droxyvitamin 03 during induction of differentiation. 

From the evidence that HL-60 lacks cellular RA-binding 
protein and that the carboxyl group in the terminal carbon 
of retinoids is critical for biological activity in induc­
ing differentiation of HL-60, it is speculated that RA may 
act after its activation in a reaction with CoA-SH to form 
retinoyl-CoA, and that an hydroxyl group of a macromolecule 
is an acceptor for the retinoyl moiety. This retinoylation 
may be the basis for the chemoprevention, differentiation­
inducing, and cytotoxic activities of RA. 

RA induces differentiation of fresh cells in primary 
cu ltu re of pat i ents with APL. The combi nat i on of RA and 
OIA is synergistic also in inducing fresh leukemia cells 
of APL patients as it is in inducing differentiation of 
HL-60. RA has been on cl i ni cal tri al in the treatment of 
certain types of malignancy including APL, suggesting the 
possibility of a new approach to the treatment of leukemia 
based on the promotion of differentiation to a more normal 
and functional nongrowing cell type. 

Recent studies on cell transformation have emphasized 
that the mechanisms of transformation are closely related 
to that of cell proliferation and differentiation. Thus, 
we can anticipate that further studies on retinoids may 
lead to a better understanding of the relationship between 
cell differentiation and malignancy. 
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PLASMA MEMBRANE SIGNALS LINKED TO THE RETINOIC 

ACID-INDUCED DIFFERENTIATION OF HL-60 CELLS 
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The HL-60 cell line of human acute promyelocytic leukemia 
origin, is composed of cells which express phenotypic charac­
teristics of promyelocytes (1). It can be induced to differentia­
te into cells which have acquired many morphological, cytoche­
mical and functional properties of mature granulocytes when 
cultured in the presence of retinoic acid (RA) (2). 

The mechanisms by which RA induces these changes 
are not known. However, evidence exists which suggests that 
it might act through a signal (or signals) elicited at the level 
of the plasma membrane 0). We have already shown that 
RA increases the activity of the plasma membrane enzymes 
Na+-K+-ATPase (4) and adenylate cyclase (5) while decreasing 
the capacity of the latter enzyme to be stimulated by agents 
such as histamine (6). 

In the present study we report that RA triggers an earl¥ 
increase in the intracellular concentrations of Na + and K 
and in the intracellular pH (pHi). This latter event being 
due to the activation of a Na + /H+ exchange system. Moreover, 
RA changes the pattern of phosphoproteins in HL-60 cells. 

MATERIAL AND METHODS 

HL-60 cells were grown in RPMI 1640 medium supplemented 
with 15 % heat inactivated fetal bovine serum, glutamine 
and antibiotics. Differentiation was induced by addition of 
1 IJM all-trans-retinoic acid and was assessed by the changes 
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in morphology, estimated after May-Grunwald-Giemsa staining, 
and by the NBT reduction test. Cell viability, measured by 
trypan blue exclusion, was never less than 85 %. 

The activity of S~e Na + -K+ -ATPase was measured as 
the ouabain-inhibitable RB + (a K + tracer) uptake according to 
(4). For the determination of the intracell~~r Na + a~ K+ 
content cells were incubated with either Na + or Rb + 
for 1 h at 3r. 0.2 ml aliquots were then taken, diluted in 
1 ml ice-cold medium, and centrifuged through an oil phase 
composed of a mixture of 70 % dibutylphtalate and 12. % 
dinonylphtalate (density = 1.018) as described (4). For Na + 
counts, ~ge cell lysate was homogenized in 10 ml of Instagel 
and for Rb + counts in 4 ml of distilled water. 14 

pHi measurements, using the distribution of C-benzoic 
acid or the fluorescent pr~~e bis (carboxyethyl)-5(6)carboxy­
fluorescein (BCECF), and Na + uptake were performed as 
already described (7). 

RESULTS 

The activity of t~6 Na + -K+ -ATPase was measured -f.y 
the difference between Rb + uptake with and without 10 M 
ouabain. Under physiological conditions, the activity of the 
sodium pump was found to be 1.05 fmoles K+ /cell/min in 
control HL-60 cells. As shown in F ig.l, RA induced a stimula­
tion of the pump which reached a maximum (170 % of the 
initial value) after 7-8 hours. The pump activity returned 
to normal at about 12 hours. During this period the number 
of ~a.+K+ -ATPase molecules, measured by the specific binding 
of H-ouabaine, remained constant (4). Fig. 1 shows also 
that following RA addition to HL-60 cells, there was a transient 
increase in the intracellular concentrations of Na + and K +. 

The maximum in (K+)1 coincided with the maximum obser­
ved in the sodium pump activity whereas the maximum in 
(Na +)1 preceded it. 

Ouabain, the specific inhibitor of the Na + -K + -A TPase 
was found to be without effect on the _§ifferentiation of 
HL-60 cells at concentrations below 5. 10M and cytotoxic 
at _~igher concentrations. When ouab.?}n was added, at 2.5 
.10 M, 16 hours before addition of 10 M RA (a concentration 
which by itself induces the differentiation of 30-40 % of 
the cells in 4 days) there was an acceleration and a potentialy­
zation of the effect of RA (Fig.2). We have verified that 
not only the percentage but also the absolute number of 
NBT positive cells increased concomittently. On days 3 and 
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Figure 1 + + 
Intracellular Na K contents i~6 HL-60 cells during the first 
12 hours after addition of 10M retinoic acid. Measurements 
were made2t.:s described in Materi~~ and Methods using 20 
IlCi/ml of Na + and 3 IlCi/ml of Rb + for [Na +]. (. ) 
and [K+]. ( • ) determinations respectively. Results dre expres­
sed in percentages of each time value without drug and are 
the means of 3 different experiments made in triplicate. 
The ouabain sensitive K+ uptake ( • ) during the same period 
is also reported. 
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4 700,000 and 800,000 cells were NBT + in the presence of 
the combination of ouabain and RA, as compared to 250,000 
and 500,000 with RA alone. Under these conditions, there 
was an early increase in the activity of the sodium pump 
which peaked at 145 % of the initial value after 3 hours 
(not shown). 
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Figure 2 
Percentage of NBT + cells for 4 days in the presence of drugs. 

HL-60 cells were cultured as described in Material and 
Methods. Every day, aliquots were counted and examined for 
their ability to reduce NBT. 

The percentage of cells reducing NBT were calcul~~d 
for control cells (open columns) ; cells cultured with 10 _8M 
RA (~ross-hetched columns) ; cells cultured with 2.5 X 1°_8M 
ouabain (dotted columns) ; an<!f=ells cultured with 2.5 X 10 M 
ouabain and 16 hours later 10 RA was added (dark columns). 

Columns and bars represent the means + S.D. of 4 different 
experiments made in triplicate. 
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The pHi value of undifferentiated HL-6q 4 cells was 7.00 
+ 0.03 as measured by the distribution of C-benzoic acid 
and 7.04 + 0.07 as measured by the fluorescence of BCECF. 
RA-differentiated HL-60 cells have a pHi of 7 .37 ~ 0.02 and 
7.37 + 0.1 when measured by both techniques. The time-course 
of the pHi change is presented in Fig. 3. No significant change 
could be observed during the first 3 hours of exposure to 
RA (inset). pHi values then rose to reach a maximum after 
4 days of treatment with RA. Fig. 3 shows that the increase 
in pHi preceded the ability of the cells to reduce NBT. Fig. 
4 shows that the dose-response curve for the effect of R A 
on pHi was similar to the dose-response curve for RA-induced 
differentiation of HL-60 cells. 
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Figure 3 
The time course of pHi changes during the differentiation 
of HL-60 cells 
Main. Pane! : pHi .measurements were performed using [ 14CJ 
benzoIC aCld (e). DIfferentiation of the cells into granulocytes 
was measured as the percent of cells reducing NB T (0). Retinoic 
acid was used at 1 [..1M. Each bar represents the mean + sdm 
from 9-13 experiments. -
Inset : pHi measurements of HL-60 cells during the first 3 
hours following the addition of 1 [..1M retinoic acid. 
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Dose response curve for retinoic acid action on the pHi and 
the differentiation of HL-60 cells 
Main Panel : pHi measurements were performed using [14CJ 
benzoic acid. 
Inset : Differentiation of HL-60 cells was defined as the percent 
of cells that reduce NBT. Time of exposure to retinoic acid 
was 5 days. Each bar represents the mean + sdm from 8 experi­
ments. 

The upper panel of Fig. 5 shows that exposure of HL-60 
cells to a Na + and bicarbonate-free, 5 mM K+ medium, supple­
mented with 1 j.lM nigericin produced a rapid intracellular 
acidification from pHi = 6.95 to pHi = 6.3. After ~uenching 
of nigericin with BSA, the addition of 100 mM Na to the 
external medium promoted the recovery of the pHi to its 
initial value. The lower panel shows that addition of ethylisopro­
poy lamiloride (EIP A) to acidified cells prevented the pHi 
recovery induced by Na + readdition. EIPA is a potent and 
specific inhibitor of the Na+ /H+ exchange system (9,10). 
Thus this simple experiment identified this exchange system 
as the major mechanism regulating pHi in HL-60 cells. When 
the same experiments were performed with fully differentiated 
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HL-60 cells (Fig. 6) it appeared that, in these cells, the Na + / 
H+ exchange system proceeded at a much faster rate than 

in control cells (Fig. 5). 
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Figure 5 
pHi regulating mechanisms in undifferentiated HL-60 cells 
Intracellular pH variations were monitored from the fluores­
cence of BCECF. 
Upper panel : Undifferentiated HL-60 cells were first incubated 
in a Na of- free, 5 mM K+ medium supplemented with 1 11M 
nigericin. After stabilization of the fluorescence, 5 mg.ml 
BSA was added to quench nigericin. The external solution 
was then made 100 mM Na + by the addition of a small volume 
of '+ M NaCI. After recovery of the pHi, 100 11M EIPA was 
added to the cells. 
Lower panel : HL-60 cells, equilibrated in a Na + and bicarbonate 
free, 5 mM K+ medium supplemented with nigericin, were 
added to the spectrometer's cuvette. BSA (5 mg/mJ), EIPA 
(100 11M), NaCl (100 mM) and KHC03 (25 mM) were then added 
sequentiall y. 
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Figure 6 
pHi regulating mechanisms in differentiated HL-60 cells 
Intracellular pH variations were monitored from the fluorescence 
of BCECF. Differentiated cells were studied after 5 days 
of treatment with 1 l1M retinoic acid. 
Upper panel : Same experiment as in upper panel of Figure 
5 using differentiated HL-60 cells. 
Lower panel : Differentiated cells were acidified to pHi = 6.35 
as described above and then sequentially treated with BSA 
(5 mg/ml) and EIPA (1 00 ~M). The external solution was then 
made 100 mM NaCl and 25 mM KHC03. 

Two-dimensional gel pattern of phosphoproteins revealed 
about 50 spots in undifferentiated HL-60 cells, from which 
18 were highly reproducible on 4 successive experiments. 
RA-differentiated HL-60 cells possessed a different pattern 
of phosphoproteins characterized by a decrease of the overall 
phosphorylation, the decreased labeling or even extinction 
of the spots corresponding to pp2, pp3, pp8 (42 k D a), p p 9 
and 11 (33 to 25 kDa), pp12 (25 kDa), pp13 (21 kDa), pp14 
and pp 18 (100 kDa), the appearance of a new heavily labeled 
protein pp22 (48 to 50 kDa) in the acid region of the gel. 
A clone of HL-60 cells resistant to RA-induced differentiation 
(11) presented a pattern of phosphoproteins very similar to 
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that found in undifferentiated HL-60 cells, in particular pp8 
and pp14 were still present whereas pp22 was absent. Though 
this resistant clone had been cultured continuously in the 
presence of 1 11M RA, indicating that the changes were a 
reflection of the differentiation process and not a side effect 
of RA. 

DISCUSSION 

All-trans-retinoic acid is one of the most powerful inducer 
of the granulocytic differentiation of HL-60 cells. However, 
the mode of action for eliciting the expression of the genes 
which control the differentiation process is still not known. 
Especially because in HL-60 cells a cellular binding protein 
(CRABP), which has been shown to carry RA to the cell 
nucleus in some systems (12), is apparently absent (13,14). 
Some results have suggested that the cellular signal initiating 
RA-induced HL-60 differentiation might originate at the 
plasma membrane (3). On the other hand, specific receptors 
for RA have been detected in brain membranes (15). Consistent 
with this hypothesis, the results presented in this study indicate 
that RA activates sequentially three systems located in the 
plasma membrane of HL-60 cells. The stimulation of a Na + 
transport system leads to an increase in the intracellular 
concentration of Na + and to the activation of the Na + -K+­
A TPase which, in turn, increases the intracellular concentration 
of K+. Concomitantly, RA stimulates the activity of the 
Na + /H+ exchange system leading to an alkalinization of the 
intracellular pH. On the other hand, we have previously, 
shown that RA-differentiated HL-60 cells, synthesized and 
accumulated less cyclic AMP than undifferentiated cells 
(6). Accordingly we show here that RA-induced differentiation 
of HL-60 cells is accompanied by a decrease of the overall 
protein phosphorylation. 

Our experiments have shown that the major mechanism 
by which HL-60 cells are able to recover from a cellular 
acidosis is the Na + /H+ exchanger. This system is present 
in most, if not all, animal cells including rat and human lympho­
cytes (16) and ne.t2troRhils (17,18). Its activity, measured both 
by the rate of Na 4- uptake and H+ efflux, was increased 
two fold in RA-differentiated HL-60 cells. Considering that 
a steady state value of the pHi is attained when the rate 
of acide loading of the cells (via metabolic activity and the 
influx of protons) is balanced by the rate of acid extrusion 
(19), it was not surprising that increasing the activity of 
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the Na + /H+ exchange system two fold produced an increase 
in pHi of the differentiated cells. We have recently determined 
the kinetics and pharmacological properties of the Na + /H+ 
exchange system of HL-60 cells (7) and found that it differs 
from that of other cell types in its weak affinities for N a + 
and L/. Previous studies have shown that this system is 
very sensitive to a variety of stimuly. Mitogens or phorbol 
esters elicit activations that are observed within seconds 
to minutes (20,21), whereas others such as metabolic acidosis 
(22), glucocorticoids (23) or thyroxine (24) induce responses 
that take hours or days to develop. Our results indicate that 
RA-induced activation of the Na + /H+ exchanger in HL-60 
cells belongs to the category of slow responses. One question 
is whether the early events that we have described in this 
report are causally linked to the differentiation of HL-60 
cells. The following arguments favor this hypothesis : 1) the 
stimulation of the Na + -K+ -ATPase and of the Na + /H+ exchanger 
are also detected when HL-60 cells are treated with DMSO 

(4,7), whereas Etretinate, a synthetic retinoid with no differen­
tiating activity (25), has no effect ; 2) an earlier stimulation 
of the sodium pump, by ouabain pretreatment of HL-60 cells, 
accelerates and potentiates RA -induced differentiation ; 
3) the dose-response curves for RA-induced differentiation 
and pHi increase are observed in the same concentration 
range; 4) these events precede the appearance of the differen­
tiated phenotype. 

The RA-induced differentiation of HL-60 cells is also 
accompanied by specific changes in the pattern of phospho­
proteins characterized by : a) a decrease of the overall phospho­
rylation ; b) the disappearance of ppl4 (17 kDa) ; c) the appea­
rance of a new spot, pp22 of 48-50 kDa. It is highly probable 
that the decrease in overall phosphorylation is the result 
of the decreased intracellular concentration of cAMP (6) 
since treatment of RA-differentiated cells with histamine 
restores the phosphorylation of most of these proteins (31). 
pp14 is of particular interest in many respects: a) it disappears 
in HL-60 cells differentiated into granulocytes but remains 

present in cells differentiated to monocytes (26) ; b) its phos­
phorylation is enhanced when undifferentiated HL-60 cells 
are treated by either a short pulse of phorbol myristate acetate 
(PMA), which stimulates c-kinase (27,28), or by histamine, 

which increases the intracellular level of cAMP (29) ; c) 
it is present in a number of other cellular systems where 
its phosphorylation seems to be associated with growth arrest 
(30). However our data indicate that, in HL-60 cells, its phos-
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phorylation state is rather linked to the differentiation pathway 
(26). The appearance of pp22 seems to be specific to the 
granulocytic phenotype since it was also detected in DMSO-dif­
ferentiated HL-60 cells, but not in monocytic-differentiated 
cells (26) or in RA-resistant cells. 

Taken together, the data presented in this and other 
studies (4,6,7,29) indicate that RA initiates, in HL-60 cells, 
a series of signals at the plasma membrane which seem to 
be causally related to the differentiation process. It remains 
to be seen how these signals are translated into the control 
of gene expression. 
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DOES INDUCTION OF DIFFERENTIATION HAVE A ROLE IN 
THE MAINTENANCE OF REMISSION IN ACUTE MYELOGENOUS 
LEUKEMIA IN CHILDREN? 

Sverre O. Lie 

Pediatric Research Institute 

Rikshospitalet, 0027 Oslo 1, Norway 

Acute myelogenous leukemia (AML) in 
children is considerably more resistant to che­
motherapy than acute lymphoblastic leukemia 
where the progress is well known and well docu­
mented (1,2). In recent years, however, more 
aggressive chemotherapy has resulted in an 
increasing proportion of children who obtain a 
complete remission. With intensive con­
solidation therapy, the proportion of children 
remaining in complete remission is also 
increasing, but long-term survival figures of 
more than 40% has not been reported (3-5). 

In a single institution study, we 
have obtained a high proportion of long-term 
relapse-free survivors in children using con­
ventional induction therapy, but with high-dose 
cytosine arabinoside (Ara-C) as consolidation 
(6,7), In addition, we have used high-dose 
retinoids as maintenance. This paper describes 
our observations both on the effect and toxi­
city of the chemotherapeutic program and on the 
possible effects and toxicities of high-dose 
retinyl palmitate given to children with AML in 
first remission. 
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Patient material and methods 

Nineteen consecutive children with 
AML below 15 years of age were enrolled in the 
study. Patient details and characteristics are 
depicted in table 1. Age at diagnoses varied 
from 3 months to 13 years and the patients were 
classified according to conventional FAB­
morphology, histochemistry and monoclonal anti­
bodies. 

Therapy was initiated with Ara-C i.v. 
and 6-thioguanine (6TG) p.o. in a dose of 100 
mg pr square meter q 12 hours days 1,2,3 and 4 
followed by adriamycin, 75 mg per square meter 
given as the DNA complex (8,9), on day 5. This 
induction course was repeated 3 times. Con­
solidation was given as high dose Ara-C 2 g per 
square meter q 12 hours for 3 days repeated 4 
times at approximately monthly intervals. 

Retinyl palmi tate in arachidonic oil 
was given in a dose of 50.000 IU per square 
meter p.o. daily once remission was achieved. 
The children were followed closely with regard 
to clinical signs of retinoid toxicity in addi­
tion to monthly determinations of total serum 
retinol, retinyl ester, retinol binding protein 
(RBP) vito D metabolites, lipids and liver 
enzymes. Skeletal surveys were performed in 5 
patients after 2 years of retinol therapy. 

Results 

Complete remission was obtained in 17 
of the 19 patients. One boy died two days 
after admission with a severe cerebral 
hemorrhage. Another boy died after the second 
induction course of an overwhelming fungal 
infection. 

The rest of the patients (88%) 
achieved a complete remission and could go 
through consolidation and maintenance therapy. 
The number of months in relapse-free survival 
are depicted in the table. We have seen three 
relapses at 7, 19 and 37 months from diagnoses. 
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Fourteen children (73%) remain in complete 
remission with a median follow-up of 30 months 
(range 4-58). 

Toxic i ty has been acceptable. One 
therapy-related death was observed during 
induction (see above). No significant problems 
were encountered after 68 courses of high-dose 
Ara-C given as consolidation. Details of this 
therapy are outlined elsewhere (7). 

Particular attention was given to the 
possible toxic effects of high-dose retinoids 
which have been given for more than three years 
to 8 children. No clinical signs of toxicities 
were seen. No signs of accumulation of retinyl 
ester in the blood were observed, nei ther any 
change over time in serum lipids, liver enzymes 
or D-vitamin metabolites. Bone surveys were 
done on 5 patients who had been on vitamin A 
supplementation for more than 3 years. No 
signs of hyperostosis were observed (10,11). 

Discussion 

Leukemia originates in the transfor­
mation and subsequent clonal expansion of a 
hemopoietic precursor somewhere ear ly in the 
hemopoietic hierarchy. Most evidence support 
the notion that the disease is monoclonal, i.e. 
originating from one transformed cell that has 
an abnormal proliferative capacity coupled with 
a maturation arrest (12,13). 

Common sense dictates that successful 
chemotherapy of the disease should eliminate 
all the malignant cells, allowing the proli­
feration of normal cells to a stage of complete 
remission. However, even in complete remission 
we do know that malignant clones persist in the 
patients. These clones, in spite of various 
efforts to maintain the remission, will expand 
and lead to a relapse of the disease in the 
majority of patients. 

The finding that the block in matura­
tion in leukemic cells is not complete <l3a) 
has led to the speculation that inducers of 
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differentiation may play some role in hematolo­
gical malignancies <14,15). In 1982, we 
decided to test the effects of retinoids on the 
maintenace of remission in children with AML. 
We chose to use retinol and not the synthetic 
analogs, in order to take advantage of the 
homeostatic mechanism in the body that governs 
the metabolism of this vitamin (11). The 
dosage used was close to the toxic dose. 

Of 19 consecutive children treated, 
17 went into a complete remission. Of these, 
only three have relapsed, with a median obser­
vation time of more than 30 months. This com­
pares very favourably with the best results 
published so far, and three possible explana­
tions should be considered: 

First, it should be emphasized that 
our results should not be over interpreted. The 
terror of small number - reflecting the small 
population of our country - may still be with 
us. We know that AML is many diseases and we 
should expect a heterogeneity in response. In 
a way we may have been very "lucky" with the 
types of patients we have treated. 

Secondly, the cytostatic agents used, 
and the doses used (in particular the high-dose 
Ara-C) may account for most of our results. 
However, high-dose Ara-C has been with us for a 
long time, and even though relatively few stu­
dies have used high-dose Ara-C as consolidation 
therapy in first remission, the results have 
not approached 50 per cent long term survival. 

Thirdly- high-dose daily retinol may 
have something to do with what we have 
observed. We know today that retinol exerts 
profound effects on the growth and differen­
tiation of a wide variety of cells and tissues 
(16) • Myeloid cells in particular seem to be 
targets of retinoid action. Retinol stimulates 
the growth of normal myeloid progenitors cells 
while inducing differentiation in a substantial 
number of leukemic cells <17-20). Malignant 
clones freshly isolated from patients can be 
induced to differentiate using a variety of 
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compounds such as retinoids, vitamin D metabo­
lites, phorbol esters and interferons (21). For 
example, in a recent study by Findley et al 
from the Pediatric Oncology Group in USA, 16 of 
24 children with AML had leukemic cells that 
were shown to mature in vitro upon exposure to 
retinoids (22). In pilot studies retinoids 
have been active in myelodysplastic syndromes 
and induced remission in promyelocytic leuke­
mias that have been resistant to cytostatic 
agents (23-26). However, in full blown 
malignancies they are unlikely to be effective. 

I would also like to return to my 
initial statement that agressive cytostatic 
therapy is unlikely to erradicate the last 
malignant cell. Recently, Dharmasena and 
Galton (27) have shown that with proper tech­
niques and patience, circulating blasts can 
certainly be detected in patients with acute 
myeloid leukemia in socalled remission. Con­
solini et al from Mathes group in Villejuif 
have demonstrated the presence of abnormal and 
probable leukemic clonogenic cells in ALL in 
remission (28). Very recently, exciting 
results have been published from Johns Hopkins 
Hospi tal where Fearon et al (29) have convin­
cingly demonstrated that mature functioning 
granulocytes originate from the leukemic clone 
in some patients, and that the leukemic DNA 
polymorphic pattern may persist years after 
remission was obtained. In an accompanying 
edi torial (30) it was indeed speculated that 
both cytocidal chemotherapy and cytodifferen­
tiation agents should be explored further on 
the basis of these findings. 

The fact that malignant clones per­
sist in patients in remission demonstrate that 
there are factors in the body that prevent 
these cells from entering the leukemic pathway. 
Retinoids may be one of many such factors. We 
have shown that retinyl palmitate in a dose 100 
times the recommended daily allowances can 
safely be given to children in remission for 
periods up to 3 years. This may be of impor-
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tance, especially since aggressive cytostatic 
therapy invariably results in a fat malabsorp­
tion state. A tissue deficiency may therefore 
well exi st even when serum levels are normal 
(11). 

Finally: The optimal therapy of 
cancer today may well be the best of modern, 
aggressive chemotherapy, followed by an inducer 
of differentiation as a continuous, long-term 
chemoprophylaxis. 
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ABSTRACT 

Fifty-six patients with myelodysplastic syndrome or with acute 
leukemia were treated with low-dose Ara-C, a combination 
(ID R) of a -interferon, 1,25-dihydroxyvitamin D 3 and retinoic 
acid or a combination of all drugs. Complete remissions were 
obtained only when treatment included Ara-C, but long-lasting 
and clinically stable partial remissions and significant responses 
were achieved in 7 of 16 patients treated with ID R. Bone marrow 
hypoplasia was not necessary for remission in any of the treat­
ment groups. Our data indicate that these substances exert 
their action via mechanisms different from those seen in conven­
tional chemotherapy. Possible mechanisms involve tumor-cell 
differentiation, a slow-acting cytotoxicity or a combination 
of these two mechanisms. 

INTRODUCTION 

Advances in the development of drug regimens, bone marrow 
transplantation and a better supportive care have significantly 
improved the treatment of acute leukemia during the last 
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years. However, there is still a group of hematological malignan­
cies which respond poorly to conventional chemotherapy and 
in which the patients are not suitable for bone marrow transplan­
tation. This group includes the myelodysplastic syndromes 
(MDS) (1) and some forms of acute myelogenous leukemia 
(AML). 

Differentiation of leukemic cells and cell lines have been 
observed in vitro with retinoic acid (2,3,4), vitamin D3, (4,5,6,7), 
interferons (8,9,10) and low concentrations of Ara-C (11,12). 
The optimal ligand for induction of differentiation in vitro 
varies between different cell clones and different ligands can 
sometimes drive the same cell line into different hematopoietic 
lines of differentiation (13). This strongly indicates that the 
inducers of differentiation can exert their effects via different 
metabolic pathways. This is further emphazised by reports 
of synergistic effects in vitro, when two or more agents are 
used simultaneously (14,15,16). The successful attempts to 
activate and differentiate leukemic cells from patients in 
vitro provide a possible basis for new modes of therapy. 

The recently observed capacity of IFN to induce remissions 
in hairy-cell leukemia, is possibly due to induction of differentia­
tion in the leukemic cells (17). A few clinical studies using 
retinoic acid (18,19), vitamin D3 (20) and IFN (21,22) in the 
treatment of AML and MDS have been reported. Positive effects 
have been achieved, but the frequency and magnitude of those 
clearly indicate that these agents do not provide a powerful 
therapeutic alternative when given as monotherapy. 

A considerable number of reports concerning treatment 
with low doses of cytosine arabinoside seem more promising 
(23,24,25,26). However, whether the remissions achieved with 
low-dose Ara-C are due to the induction of differentiation 
or to a direct cytotoxic activity is not clear. 

On the basis of data from synergistic effects in vitro, 
we have investigated whether a combination of drugs having 
differentiating effects in vitro could have a therapeutic effect 
on MDS and AML. 

In a pilot study eight patients with AML of unfavourable 
prognosis were treated with combinations of low doses of Ara­
C, retinoic acid, 1,25-dihydroxyvitamin D3 and a-interferon 
(27). Three complete remissions and two partial reponses were 
achieved. Marrow hypoplasia was only noted in two of the 
responders, indicating a mechanism of action different from 
that in conventional chemotherapy. 

Based on these results, a multicenter study was designed 
where consecutive patients with MDS and AML were treated 
with different combinations of the substances used in the pilot 
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study. The aim was to study systematically the tumor-cell 
response rather than comparing the efficacy between the differ­
ent treatment protocols. However, in order to avoid problems 
with selection, the patients were randomised to the different 
therapeutic alternatives. In the present paper we report interim 
results from the first 61 patients. 

PATIENTS AND METHODS 

Consecutive patients with myelodysplastic syndrome (MDS), 
acute myelogenous leukemia (AML) following MDS, acute 
leukemia in patients with age >75 years or acute leukemia 
refractory to chemotherapy were included in the study. Depend­
ing on the severity of disease patients were divided into three 
groups (Table 1) and in each group patients were randomised 
to either of two treatments (Fig. 1). The first 20 patients enter­
ing the study were grouped in a different way. Due to this 
4 patients in group 2 were treated with CIDR and two patients 
in group 3 were treated with ID R (Tables 3 and 4). 

The following treatments were used: ID R: a -interferon, 
3 million units s.c. per day (28), retinoic acid, 1 mg per kilogram 
body weight p.o. per day, 1,25-dihydroxyvitamin D3 p.o. in 
increasing doses p.o. until mild hypercalcemia started to develop • 

...k: AraC subcutaneously, starting at a dose of 15 mg per m2 
per day. CIDR: A combination of all four drugs, given stimul­
taneously. 

Treatment with Ara-C and IFN was given continuously, 
but was stopped if the bone marrow started to become hypoplast­
ic. If the cellularity increased again and the blasts were still 
in excess, the drugs were reinstated. Treatment with Ara-C 
and IFN was also withdrawn if the patient entered partial 

Table 1. Patient groups 
1. MDS 1 and 2, transfusion dependant 
2. MDS 3 and 4 
3. MDS 5 and acute leukemia 

Figure 1. Randomisation of patients 

ID R Patient group 1 No active 
therapy 

ID R Patient group 2 C 
C ID R-- Patient group 3 -- C 
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or complete remissions. In remission or partial remission, pati­
ents were examined regularly with bone marrow samples and 
with peripheral blood counts every second week. A new cycle 
of treatment was initiated if bone marrow blasts started to 
increase again or if a need for transfusion appeared. Treatment 
with retinoic acid and vitamin 03 was continued also in remis­
sion. If the disease progressed, in spite of a higher dose of 
Ara-C, therapy was withdrawn. 

Responses were divided in C R, PR and SR (Table 2). 

RESULTS 

So far 61 patients have been included in our study. Forty-five 
had a myelodysplastic syndrome (MOS) (RA 8, RAS 2, RAEB 
25, CMML 3, RAEB-t 7), 7 had acute leukemia following MOS, 
7 were elderly patients with acute leukemia and 2 had refractory 
leukemia. Secondary MOS was found in 25% of the patients. 

Nine patients were withdrawn from the analysis of tumor 
response. Five of these died within ten days from randomisation, 
two were diagnostic errors, two had major protocol violations. 

In the MOS 1 and 2 group, 1/5 patients showed a significant 
response (SR) to active therapy. Five patients were randomised 
to no treatment, three of these deteriorated and two have 
a steady course of their disease. 

In the MOS 3 and 4 group 5/9 patients improved on treat­
ment with ID R, 7/10 on treatment with Ara-C and 2/4 on treat­
ment with CIDR (Table 3). C R was achieved only when the 
treatment included Ara-C. 

Table 2. Criteria for response 

CR 

PR 

SR 

AML MOS 

BM blasts <5% 
Hb >100, pit >100 
WBC >1.5 

BM blasts < 10% 
>50% improved 
peripheral 
blood counts 

>50% decreased 
BM blasts or >25% 
improved peripheral 
blood counts 

Normal BM 
Hb >100, pit >100 
WBC >1.5 

BM blasts <5 % 
>50% improved 
peripheral 
blood counts 

>50% decreased 
BM blasts or >25% 
improved peripheral 
blood counts 
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Of all patients with MDS 5 and AML, 4/8 patients treated 
with CIDR responded favourably, 3/9 of those treated with 
Ara-C and 1/2 of patients only treated with ID R (Table 4). 

Looking at the whole material, 49% of the patients respond­
ed to therapy. In 6 patients (13%) C R, in 9 patients (19%) PR 
and in 8 patients (17%) SR was obtained. Response rates in 
the different diagnostical groups were 20% for MDS 1 and 
2, 61 % for MDS 3 and 4 and 42% for MDS 5 and AML. When 
looking separately at patients with primary and secondary 
MDS, the former responded in 54% and the latter in 27% of 
the cases. Duration of responses is shown in Table 5. 

DISCUSSION 

Patients with myelodysplastic syndromes and certain acute 
leukemias respond favourably to treatment with different 
combinations of low doses of Ara-C, a -interferon, retinoic 
acid and 1,25-dihydroxyvitamin D3. In our material, when 
looking at the subgroups, the best results were found in patients 

Table 3. Results of treatment in patient group 2 
(MDS 3 and 4) 

n CR PR SR NR Tot pos R % 
C 10 2 3 2 3 7 70 
IDR 9 0 3 2 4 5 56 
CIDR 4 1 1 0 2 2 50 

Table 4. Results of treatment in patient group 3 
(MDS 5 and AML) 

n CR PR SR NR Tot pos R % 
C 9 2 9 1 6 3 33 
IDR 2 0 0 1 1 1 50 
CIDR 8 1 2 1 4 4 50 

Table 5. Duration of reponses in months. 
+: still inresponse; -: relapse or dead 
CR : 2-,4-,6-,6-,8-,15+ 
PR 1-,1+,3-,4-,8+,12+,12+,19+,22+ 
SR : 2+,3-,3-,4-,10-,12+,16-
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with MDS 3, 4, and 5, and AML following MDS. The response 
rate of 49% may have been lowered by the high proportion 
of secondary MDS. 

The possibility of achieving positive results with low doses 
of Ara-C is well known and the response rate in our material 
of 53% (10/10 pts) corresponds well with other studies recently 
published (23,24). Bone marrow hypoplasia was observed in 
less than half of the patients responding to the drug and no 
deaths related to therapy were seen. Our results do not tell 
us whether an additive or a synergistic effect was obtained 
when Ara-C was combined with 10 R, but the combination 
of 10 R in itself had a therapeutic effect (7/16 responded favour­
ably). The mechanism of action of this combination is unclear, 
although the choice of therapy was based on the ability of 
these drugs to induce differentiation in vitro. A generally 
moderate descrease in hemoglobin, WBC and platelets was 
sometimes seen when initiating therapy, but a mild marrow 
hypoplasia was only observed in one of the patients responding 
to lOR. 

Patients were selected because of their low probability 
of responding to conventional chemotherapy. The high response 
rate in itself and the fact that bone marrow hypoplasia was 
not necessary for complete or partial remission indicate that 
the mode of action of both the combination of lOR and low­
dose Ara-C is different from that in conventional chemotherapy. 
Alternative explanations to this mechanism are differentiation, 
a slowly acting cytostatic mechanism or a combination of 
these two mechanisms. 

To address these questions further, laboratory techniques 
need to be developed. We are therefore currently comparing 
differentiation and colony growth in vitro with the clinical 
results of treatment. These in vitro studies may be helpful 
to elucidate the mechanisms of the clinical responses. If 
successful, they might also provide useful tools for the design 
of a clinical therapy in the individual case. 
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INTRODUCTION 

In the chemical, though by no means ge­
netic, monotony of nucleotide sequences in DNA, 
the function of the modified base 5-methyl­
cytosine (5-mC) poses an exciting challenge to 
the investigator. This enigmatic signal may 
affect more than one elementary mechanism in 
the molecular biology of eukaryotic cells. In 
recent years, the influence of sequence-specif­
ic promoter methylations on the regulation of 
gene transcription has been studied in con­
siderable detail. From many independent studies 
in a variety of eukaryotic systems a, sometimes 
tenuous, consensus has emerged 

- that sequence-specific promoter methylations 
are associated with and can cause gene in­
activation, 

- that the mechanisms by which the modulating 
signal, 5-mC, exerts its functions are com­
plex, and 

215 



216 Knebel et al. 

- that the core of the regulatory problem is 
camouflaged in the establishment of specific 
patterns of promoter and/or gene methylation. 
In this respect, studies on the activity and 
sequence specificity of eukaryotic DNA 
methyltransferases and of the factors that 
regulate their function, will assume an im­
portant role. 

The fascination with the subject of DNA 
methylation, its biochemistry, biology, and 
genetic significance has led to the publication 
of numerous reviews and book on these topics 
(1-6) • 

Since our laboratory has made contribu­
tions to many of these treatises, it would be 
superfluous to repeat here what has been de­
scr ibed in prev ious rev iews in books (see 
above) or in a series of review articles 
(7 -14). Instead, we shall summar ize in the 
present paper some of the results of work in 
progress or of some of the recently completed 
studies on the mechanisms by which promoter 
methylations might affect genetic activity. 

CHOICE OF SYSTEM - VIRAL PROMOTERS 

For a number of reasons, we have con­
centrated in our studies on the effect of DNA 
methylation on the activity of viral promoters. 
(i) Adenovirus and baculovirus systems have 
been investigated for many years in this labo­
ratory. (ii) The activity of viral promoters 
can be studied in different biological systems. 
These promoters can be transferred into cells 
from different species either in the context of 
intact viral genomes or sometimes in promoter 
constructs which can be generated by the 
methods of gene technology, and in which the 
activity of a viral promoter can be assessed 
under various conditions through the function 
of a suitable reporter gene. (iii) In mammalian 
cells, the function of viral promoters can be 
determined in free viral genomes or after the 
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integration of an entire viral genome or of 
fragments derived from it into the host genome. 
(iv) Inverse correlations between the extent of 
DNA methylation in viral promoters (genes) and 
the level of transcription of these genes have 
been among the first such correlations noted in 
eukaryotic systems and have already been 
studied in detail. 

In a series of exemplary investigations, 
the late promoter of the E2A gene of human 
adenovirus type 2 (Ad2) DNA, the promoter of 
the EIA region of human adenovirus type 12 
(Ad12) DNA, and of the pIa gene of the insect 
baculovirus Autographa californica nuclear 
polyhedrosis virus (AcNPV) were studied with 
respect to their sensitivities towards se­
quence-specific promoter methylations (15-19). 
The sites of in Yi~ promoter methylations 
have been selected according to the results of 
analyses on naturally occurring methylation 
patterns, notably on the E2A gene of Ad2 DNA in 
Ad2-transformed hamster cell s. In one Ad2-
transformed hamster cell line, HEI (20), which 
contains parts of the Ad2 genome in the inte­
grated state, the E2A gene is expressed. All 
fourteen 5'-CCGG-3' sequences in the E2A region 
in cell line HEI are unmethylated (21). In two 
additional Ad2-transformed hamster cell lines, 
HE2 and HE3 (20), the E2A gene is not tran­
scribed (22, 23), and all fourteen 5'-CCGG-3' 
sequences are methylated (21). It was, there­
fore, thought that the in vitro methylation of 
these sequences in the isolated E2A gene of Ad2 
DNA would constitute a sensible attempt to 
mimick functionally relevant patterns of 
methy 1 a tion in a viral promote r and to dete r­
mine the consequences of this modification on 
gene activity (15, 17, 18). Similar studies 
have also been reported with the El promoters 
of Ad12 DNA (16, 24), with the human y-globin 
promoter in mouse L cells (25, 26), with the 
genes for herpes thymidine kinase and adenosyl­
phosphoribosyl-transferase (APRTase) in mouse 
cells (27), and with the plO promoter of AcNPV 
DNA in insect cells (19). 
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SEQUENCE-SPECIFIC PROMOTER METBYLATIONS CAUSE 
EUKARYOTIC GENE INACTIVATIONS 

This notion has been amply documented in 
the reports and rev iews which have been ci ted 
above. Inactivation of the late E2A promoter of 
Ad2 DNA, e.g., by 5'-CCGG-3' methylation at the 
three sequences at positions -215, +5, and +23, 
relative to the downstream cap site, as the 
site of transcription initiation, has been 
demonstrated after microinjection into the 
nuclei of Xenopus laevis oocytes, as well as 
after transfection into mammalian cells (17, 
18). In these experiments the authentic E2A 
gene or the prokaryotic gene for chlorampheni­
col acetyl transferase (CAT) has been used as 
reporter gene. In mammalian cells, the regula­
tory effect of sequence-specific methylations 
on the activities of promoters of house-keeping 
genes has been clearly documented (27). It has 
been noted that in the gene for herpes 
thymidine kinase, sequence-specific methyla­
tions even in the 3' flanking sequences of the 
gene can cause gene inactivation (27). In the 
ElA promoter of Adl2 DNA, several restriction 
sites have been in vitro methylated, and the 
effects of these modifications on gene activi­
ties have been measured. The CAT gene has been 
used as reporter gene in these experiments in 
which the unmethylated or methylated constructs 
have been transfected into human BeLa cells 
(24). It is apparent that there are several 
sites located in different regions of the E1A 
promoter that have proved qui te sensi ti v e 
towards the introduction of 5-mC groups. Of 
course, a promoter sequence as a linear re­
presentation of genetic information must al so 
be viewed as a three-dimensional structure. 
Thus, nuc 1 eotide sequences at an appa rent 
distance from each other may, in actual fact, 
be in closer proximity in a functional promoter 
sequence that has been complexed with specific 
host factors which are required for promoter 
activity (for reviews, 28, 29). In that sense, 
there may be critical sequences in a promoter 
whose methylation is associated with the in-
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activated state of this promoter. The distribu­
tion of these methylation-sensitive sites might 
reflect the three-dimensional arrangement of 
promoter sequences rather than a linear array 
of genetic signals in a eukaryotic promoter. 
Moreover, it will have to be considered that 
sequence-specific promoter methylations may 
affect the binding of specific host protein 
factors. Even if this binding would not be 
interfered with directly, the functionality of 
host factors bound to methylated sequences 
might be altered. Lastly, sequence-specific 
promoter methylations could change the struc­
ture of the promoter, either directly, by 
causing alterations in the fine structure of 
nucleotide sequences, or indirectly, by modi­
fying complex formations with specific host 
factor s. The preponde rance of the conj unct i v e 
tense in this paragraph reflects limitations in 
our understanding of these mechanisms and sig­
nals the importance of future research. 

PROMOTER METHYLATION - SIGNAL VALUE EVEN IN 
INSECT CELLS 

As outlined above, viral systems offer the 
opportunity to test promoter activities under a 
wide gamut of experimental conditions. We have 
used the promoter of the 1 ate plO gene of AcNPV 
in conjunction with the CAT gene as activity 
indicator. The plO gene codes for a polypeptide 
of 10,000 kiloDaltons of unknown function. This 
polypeptide is abundantly synthesized in AcNPV­
infected cells. The promoter construct was 5 1 -

CCGG-3 1 methylated at one site upstream and at 
two sites downstream (3 1 ) from the cap site in 
the coding region. This methylated construct or 
its non-methylated equivalent was transfected 
into AcNPV-infected Spodoptera frugiperda 
cells, a lepidopteran insect cell line, and the 
activity of each of the constructs was measur­
ed. The methylated construct exhibited activity 
levels which were about 40 fold lower than 
those of the unmethylated DNA (19). This result 
was considered with particular interest, 
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because the DNA of Spodoptera frugiperda cells 
was apparently devoid of 5-mC as a modified 
nucleotide (Th. MUller and W. Doerfler, un­
published results). This latter finding was 
in keeping with the absence of 5-mC from the 
DNA of Drosophila melanogaster (30, 31). These 
results taken together indicate that the ge­
netic signal of a methylated 51-CCGG-3 1 promot­
er sequence can be assigned the same regulatory 
value in an insect cell system as in mammalian 
cells, even though this genetic signal does not 
seem to be ordinarily used in some insects, as 
in Drosophila or in lepidopteran cells. It 
would be interesting to investigate at what 
stage in evolution 5-mC as a promoter-inacti­
vating modification occurs for the first time, 
and at what stage in evolution this genetic 
signal can first be recognized. 

METHYLATION OF THE LATE PROMOTER OF AD2 DNA: 
MINOR EFFECTS ON HOST FACTOR BINDING TO 

SPECIFIC PROMOTER SEQUENCES 

In many of the studies on the genetic 
function of DNA methylation, that have been 
performed in our laboratory, the late E2A 
promoter of Ad2 DNA has been used as a model. 
We have, therefore, determined host factors and 
the specific promoter sequences at which these 
factors bind. Considerable evidence has been 
adduced that binding of host factors at specif­
ic promoter sites is one of the decisive pre­
conditions for the functional activation of 
eukaryotic promoters (for reviews, see 28, 29). 
It was therefore of interest to investigate 
whether the binding of host protein factors to 
the late E2A promoter was influenced by se­
quence-specific methylations at the three 5 1-
CCGG-3 1 sequences. 

Obviously, one would like to understand 
the mechanisms by which 5-mC residues are 
capable of interfering with regulatory func­
tions in the late E2A promoter of Ad2 DNA. The 
binding of these protein factors to unmethyl-
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ated or 5 1-CCGG-3 1 methylated late E2A promoter 
sequences (sites I to VI) has been compared by 
using the gel migration delay assay or DNase I 
protection (footprinting) analyses. At least 
six different promoter sequences have been 
identified by DNase I protection analyses, and 
these sites bind specifically to host proteins 
(32). Apparently, protein factor binding is 
only slightly affected by late E2A promoter 
methylations. In particular, the factor(s) 
interacting at or close to the non-canonical 
TATA sequence of the 1 ate E2A promoter, in 
protein binding site I and at or close to the 
5 1-CCGG-3 1 sequences are slightly influenced by 
promoter methylations. Even though major 
differences in host factor binding have not 
been detectable at late E2A promoter sites, it 
is conceivable that the functionality of 
promoter-bound host factors is altered when the 
three 5 '-CCGG-3 I sequences are methylated. 

The effects of sequence-sp~cific methyla­
tions in certain promoters on protein binding 
to specific sites in these promoters have been 
tested in a number of eukaryotic systems. In 
the ~-globin promoter of chicken, site-specific 
promoter methylations did not interfere with 
the binding of one of the spec if ic, highly 
purified protein factors to this promoter (G. 
Felsenfeld, personal communication cited in 
33). Protein factors specifically interact­
ing with six different sites in the late E2A 
promoter of Ad2 DNA were only slightly affected 
in their capacity to interact with these sites 
when 5-mC was experimentally introduced in 
three 5 1 -CCGG-3 1 sequences of the late E2A 
promoter. The significance of these effects is 
not yet understood. Possibly, sequence-specific 
methylations in promoter sequences can or do 
not abolish the capacity of these promoter 
sequences to associate with specific proteins. 
The functional consequences of promoter 
methylations might depend on the specific 
promoter site, on the specific protein binding 
at a certain promoter site or on both factors. 
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FACTORS THAT CAN CANCEL THE INACTIVATING 
FUNCTION OF SITE-SPECIFIC PROMOTER METHYLATIONS 

It appear s that promote r methy lations 
serve as a long-term inactivating function in 
eukaryotic systems. In what way can that tran­
scription block be permanently or temporarily 
released? One way of changing patterns of DNA 
methylation would be to inhibit specifically, 
during or after DNA replication, the activity 
of DNA methyltransferases that are responsible 
for maintaining a certain pattern of methyla­
tion in dividing cells. Another possibility is 
offered by active demethylation mechanisms. 
Evidence for enzymatic demethylation (34) or 
for a repair-like mechanism by which a 5-mC 
residue is replaced by cytidine (35) has been 
published. Either of these mechanisms, if in 
fact operative, would lead to a permanent 
change in patterns of methylation. 

However, there are alternative ways that 
can transiently override the inactivating 
capacity of 5-mC in a promoter sequence and may 
render permanent changes in methylation 
patterns less mandatory. In the present over­
view, three possible mechanisms will be dis­
cussed that have the capacity to release the 
stringency of a transcriptional block caused by 
promoter methylation: (i) Activation of al ter­
nate promoters. (ii) Reactivation of a methyla­
tion-inactivated promoter by El functions of 
adenov irus. (iii) A hemimethylated promoter is 
activated when the reading strand lacks 5-mC. 

Activation of Alternate Promoters 

Derivatives of the plasmid construct pSVO­
CAT have been used to test adenovirus promoter 
activities in the unmethylated or methylated 
state. We have shown that the late E2A promoter 
of Ad2 DNA activates the CAT gene upon trans­
fection of the pAd2E2A-CAT construct into 
mammal ian cell s, and this promoter is in­
activated by specific methylations of three 5 1 -
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CCGG-3 1 sites. Surprisingly, it has been found 
that the pSVO-CAT construct, which lacks 
eukaryotic promoter sequences, is able to ex­
press the CAT gene upon transfection into human 
or hamster cells that harbor and constitutively 
express the EI region of Ad2 or AdS DNA. In 
these cells, the expression of the unmethylated 
pAd2E2A-CAT construct is enhanced in comparison 
to non-virus transformed cells, and this ex­
pression is only partly sensitive to DNA 
methylation, possibly because DNA methylation 
is counteracted directly or indirectly by EI 
functions. The pSVO-CAT construct is also ex­
pressed in HeLa or BHK21 cells upon cotransfec­
tion with a plasmid carrying the HindIII-G 
fragment of Ad2 DNA that contains the EIA 
region and part of the EIB region. By mapping 
pSVO-CAT-specif ic RNAs, it has been demon­
strated that pSVO-CAT activity in Ad2- or AdS­
transformed cells is mediated by prokaryotic 
promoter-l ike sequences in the pBR322 section 
of the construct. These sequences are presumab­
ly trans-acti vated by functions in the EI 
region. This trans-activation of pSVO-CAT in 
adenovirus-transformed cells is partly in­
sensitive to DNA methylation. 

There is prel iminary ev idence for the 
notion that viral enhancers artificially intro­
duced into the vicinity of the methylation­
inactivated late E2A promoter of Ad2 DNA can 
lead to the reactivation of this promoter. 
Hence, it does not appear necessary to provide 
alternate promoters. An additional enhancer 
element by itself may suffice to overcome the 
methylation block in the late E2A promoter (K.­
D. Langner, R. RUger, B. Fleckenstein, and W. 
Doerfler, unpublished data). 

Reactivation of the Methylation-Inactivated 
Late E2A Promoter by EI Functions of Adenovirus 

The late E2A promoter of Ad2 DNA is in­
activated by the in vitro methylation of three 
5 1-CCGG-3 1 sequences both after microinjection 
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into Xenopus laevis oocytes (17) and after 
transfection into mammalian cells (18). In 
human 293 cells (36), in hamster BHK297-C131 
cells (37), or in hamster HE7 cells (38), which 
contain in an integrated form and constitutive­
ly express the EIA and par t of the EIB reg ions 
of Ad5 or of Ad2 DNA, the methy 1 ated 1 ate E2A 
promoter is not completely shut down but re­
tains part of its activity. However, activity 
levels are reduced in comparison to the un­
methylated construct. In 293 cells, transcrip­
tion from the methylated late E2A promoter is 
initiated from the authentic cap site that is 
used in a regular productive Ad2 infection of 
human cells, and not from promoter-like se­
quences in the plasmid part of the construct 
(39). It has been shown that the methylated E2A 
promoter remains methylated after transfection 
during the course of the experiment. Similarly, 
when hamster BHK21 cells are cotransfected with 
the cloned left terminal 7.9% fragment of Ad2 
DNA (HindIII-G fragment) which carries the EIA 
and part of the EIB regions, and the methylated 
or the unmethylated late E2A promoter con­
struct, both the methylated and the unmethyl­
ated promoters are active. The methylated 
promoter exhibits lower levels of activity. The 
prokaryotic CAT gene has served as a reporter 
gene in all of these experiments. These data 
demonstrate that El functions of adenov i ruses 
have the capacity to counteract the promoter 
inactivating effect of site-specific methyla­
tions, at least to some extent. This trans­
activation could be effected directly or by the 
mediation of cellular functions, but is not due 
to demethy 1 a tion of the inactivated promoter. 
It is unknown whether this transactivation 
involves changes in the interactions with pro­
teins or structural al terations of methylated 
promoters or a combination of both events. 

In a simi I ar system, it has been reported 
that the EIA promoter of Ad12 DNA that has been 
inactivated by 5'-CCGG-3' methylation at two 
such sequences (16) can be reactivated by 
transfection into BHK21 hamster cells that have 
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previously been infected with the frog virus 
FV3 (40). Here, it has also been demonstrated 
that transcription is reinitiated in the 5 1 -

CCGG-3 1 methylated EIA promoter. Again, the 
mechanism of this reactivation remains obscure. 

Hemimethylation of the Late E2A Promoter of Ad2 
DNA 

When DNA methylated in both strands is 
replicated, sequences will at least transiently 
be rendered hemimethylated, until DNA methyl­
transferases, which are responsible for the 
maintenance of a given methylation pattern 
remethylate the newly synthesized DNA strand. 
For a methylation-inactivated promoter, repli­
cation of DNA leads to the hemimethylated 
state. Is a promoter reactivated by this par­
tial "demethylation" of the doubly methylated 
duplex? 

We have started to investigate this 
problem and have again used the late E2A 
promoter of Ad2 DNA (K.-D. Langner, U. Lichten­
berg, B. Weisshaar, D. Renz, and W. Doerfler, 
manuscript in preparation). The two hemi­
methylated constructs of the late E2A promoter, 
with the th ree 5 '-CCGG-3 1 sequences in the 
methylated configuration in the reading strand 
or in the opposite strand, have been prepared 
and have been linked to the main part of the 
unmethylated E2A gene. These constructs carry­
ing hemimethylated late E2A promoters have been 
microinjected into Xenopus laevis oocytes, and 
promoter activities have been tested by screen­
ing for Ad2-specific RNAs and by mapping their 
origins in the late E2A promoter by Sl protec­
tion analyses, as described earlier (17, 18). 
Preliminary results indicate that the promoter 
construct is inactive when the reading strand 
is methylated, and at least partly active when 
the opposite strand is methylated. Thus, de­
pending on which of the two strands is methyl­
ated, a hemimethylated promoter may be active 
or inactive. Similar conclusions are corrobo-
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rated by the results of studies on the induc­
tion of the estradiol-inducible avian vitello­
genin II gene, in which the reading strand has 
been found demethylated upon induction (41). 

In this chapter, several mechanisms have 
been enumerated that might cause at least the 
transient reactivation of promoters that have 
been inactivated by sequence-specific methyla­
tions. Of course, it is unknown whether the 
results elaborated in the adenovirus system 
would be applicable to the situations in other 
systems. The possibility of a (transient) re­
lease from inactivation by methylation would 
al so expl ain the apparent discrepancies which 
have occasionally been reported on the presump­
tive activity of methylated promoters. Perhaps 
the situation in these instances had not been 
investigated in sufficient detail. 

CONCLUSIONS 

In a series of investigations, we have 
used viral promoter s, mainly the late E2A 
promoter of Ad2 DNA or the EIA promoter of Adl2 
DNA, to study factors that influence the 
promoter inactivating function of sequence­
specific methylations. We have also initiated 
work to evaluate conditions that afflict the 
stability of in Yi~Q preimposed patterns of 
methylation in the late E2A promoter of Ad2 DNA 
after this promoter has been fixed in the mam­
malian genome by integration. In another set of 
experiments, we have tried to assess the in­
fluence, if any, that 5'-CCGG-3' methylations 
in the late E2A promoter can exert on the se­
quence-specific binding of host protein fac­
tors. The answers emanating from these studies 
to the questions posed are complex and often 
open up new problems whose solution will re­
quire further efforts. 
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Among the most important questions with 
respect to promoter methylations and their role 
in gene inactivation are the following. 

(i) What is the biochemical mechanism of 
gene inactivation by promoter methyla­
tion? 

(ii) How is a given pattern of DNA methyl­
ation established, when and how is it 
altered? 

(iii) What is the specificity of DNA methyl­
transferases and how is their activity 
controlled? 

(iv) Which factors affect the patterns of 
methylation of foreign genes artificial­
ly integrated into the host genome? 

There are more problems, but who would not 
consider themselves fortunate to be capabable 
of broaching those listed in this summary. 
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INDUCTION OF DIFFERENTIATION OF 3T3-Ll FIBROBLASTS TO 

ADIPOCYTES BY 3-DEAZAADENOSINE AND INSULIN 

Peter K. Chiang, Nesbitt D. Brown, Felipe N. 
Padilla and Richard K. Gordon 
Department of Applied Biochemistry 
Walter Reed Army Institute of Research 
Washington, D.C. 20307-5100 
U.S.A. 

3-Deazaadenosine (dzAdo), an analog of adenosine, is 
a potent proximal inhibitor of S-adenosylmethionine­
dependent transmethylation reactions (1-3). A variety of 
transmethylation reactions have been shown to be 
inhibited by dzAdo because of its ability to act as an 
alternative substrate and also as an inhibitor of S­
adenosylhomocysteine hydrolase, which hydrolyzes S­
adenosylhomocysteine to adenosine and L-homocysteine. A 
unique feature of S-adenosylhomocysteine hydrolase is 
that it can synthesize a novel S-nucleosidylhomocysteine 
analog by condensing a nucleoside with L-homocysteine 
because the equilibrium of the reaction favors the 
synthetic direction (1-5). When dzAdo is administered to 
cells or animals, the net result is the accumulation of 
S-adenosylhomocysteine and S-3-deazaadenosylhomocysteine, 
both of which are known potent inhibitors of 
transmethylation reactions (6-11). 

Because of the current hypothesis that DNA 
hypomethylation may lead to gene expression and cellular 
differentiation (12-14), we examined the effect of 3-
deazaadenosine on the differentiation of 3T3-L1 
fibroblasts to adipocytes (fat cells). This sub line of 
fibroblasts, 3T3-L1, can undergo spontaneous 
differentiation to become adipocytes upon confluency 
(15). In addition to insulin and many other inducing 
agents, dzAdo has been found to increase the frequency of 
conversion of the 3T3-L1 fibroblasts to adipocytes (16). 
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FIG. 1. Time course in the accumulation of total 
triglycerides in 3T3-L1 cells treated with 15 pM dzAdo or 
10 pg/ml of insulin; culture media were changed every 2 
days and supplemented with either inducer. 

The culture of 3T3-L 1 fibroblasts was as described 
previously (16); 2 to 3 days after the fresh seeding of 
cells, 15 ].JM dzAdo was added. It normally required a 
duration of about 7-9 days before the adipocytes were 
expressed morphologically and biochemically, with 
noticeable rise in cellular total triglycerides (Fig. 
1). Similarly, the same time period was required for the 
appearance of adipocytes after treatment with 10 ].Jg/ml of 
insulin (Fig. 1). Although the cells treated with dzAdo 
were lower in total triglycerides than those treated with 
insulin between 7-15 days, the total triglycerides in the 
dzAdo-treated cells were about equal to those of insulin­
treated cells after 21 days. Comparable growth rates 
were observed among the control cells and the cells 
treated with dzAdo or insulin (Fig. 2). If dzAdo were 
withdrawn from the incubation medium after 10 days, the 
treated cells remained morphologically adipocytes and 
retained the same level of accumulated triglycerides 
(16). 3-Deaza-(±)aristeromycio, another inhibitor of S-
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adenosylhomocysteine hydrolase (17), was also able to 
induce the differentiation of 3T3-L 1 fibroblasts to 
adipocytes (P. K. Chiang, unpublished observation). 

Simultaneous with the differentiation to adipocytes, 
there was a down regulation of the receptors for 
epidermal growth factor (EGF) in the cells treated with 
dzAdo (Fig. i~. While there was an increase in the 
binding of [1 1lEGF to both the control cells and dzAdo­
treated cells from 0 to 8 days, there was a 90% loss in 
the capacity of [125 1lEGF binding at the time of 
adipocyte formation. Analysis b~ a Scatchard plot showed 
a reduction in the number of [ 25 1 ]EGF binding sites in 
comparison to the control cells, but there was no change 
in the binding constant (Kd ) (18). A decline in EGF 
receptors has also been shown during the differentiation 
of mouse myoblasts (19) and PC 12 pheochromocytoma cells 
(20). 

Since DNA hypomethylation could be a possible 
biochemical mode of action of dzAdo, we examined its 
effect on the status of DNA methylation in the cells 
treated with dzAdo. As shown in Fig. 4, the percent of 
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5-methylcytosine (m5Cyt) in the cells treated with dzAdo 
was the same as that of the control cells or insulin­
treated cells (3.53% as compared to 3.67 and 3.62, 
respectively). Likewise, there was no discernible 
difference in the ratio of [3H ]m5Cytl [ 14C] thymidine when 
the cells, control vs tho~e treated with dzAdo or 
1usulin, were labeled with [ H-methyl]methionine and [2-

C]thymidine (Fig. 5). However, there appeared to be an 
active methylation and demethylation process when the 
cell~ were growing, regnrdless of treatments. The ratio 
of [H]methylcytosine/[ C]thymidine increased between 2-
14 days, during which there was active cell growth. The 
ratio returned to about normal after 21 days when the 
growth of cells reach a plateau phase. 

Next, the levels of polyamines were measured in the 
cells. Coincidental with the phenotypic express ion of 
adipocytes, putrescine increased tremendously on day 7 in 
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FIG. 5. Ratio of [3H]m5Cyt/[14C]thymidine (dThd) in 3T3-
Ll cells treated with dzAdo or insulin. At the indicated 
time, the media were removed from triplicate flasks and 
replaced with fresh media with~ut methionine, containing 
dzAdo or insulin, 25 4llM [H-methyl ]methionine (200 
mCi/mmol) and 3.4 llM [2_' C]thymidine (58 mCi/mmol) for 6 
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both the cells treated with dzAdo and insulin (Fig. 6). 
There was a 5-fold increase in putrescine in the cells 
treated with dzAdo, and a 6-fold increase in the cells 

300 

250 
cu c 'u 200 

'" e _ 150 

~ 
100 

50 

<C 350 
Z 
C 300 

cu 250 
'" .5 cu::E 
.5 E 200 E ... 
(Q cu 
>- Q. , "6 CI.) 50 

c... 
"6 
E 
Q. 

100 

50 

40 

~ Insulin : . 
l \ 

/ \-dZAdO 

/ \ 
i \ 

. .4 \ 
_roo............. \ 

n 
! \ 
i \ .. 
: : 

J \ . . 
! i 

/ \ 
i ..-idzAdo 

.,.q;:::::::.........(!l.1"'" \ 

o 2 4 

cu ,. Insum 
c 30~ /\. '§ ~ 
cu I- .d- \ 
~20~ 

10 _. • 

12 

I 
",Control", 
o 2 4 8 8 10 12 

Days 

FIG. 6. Levels of cellular polyamines in 3T3-L 1 cells 
treated with dzAdo or insulin. 



Fibroblast Differentiation 237 

treated with insulin. While there were also increases in 
spermidine (7-fold) and spermine (3-fold) in the cells 
treated with insulin, no changes in the levels of these 
two polyamines could be observed in the cells treated 
with dzAdo. Moreover, when the nondifferentiating 3T3-C2 
cells were treated with dzAdo or insulin, the levels of 
polyamines remained unaltered (not shown), in contrast to 
the 3T3-L1 cells. 

It is interesting that the levels of putrescine 
increased dramatically on day 7 in the cells treated with 
dzAdo or insulin. I t has been reported that a­
difluoromethylornithine, an irreversible inhibitor of 
ornithine decarboxylase, could block the differentiation 
of the 3T3-L1 cells (20). The inhibition of 
differentiation could be overcome completely by the 
provision of exogenous putrescine, spermidine or 
spermine, and it was concluded that polyamines were 
required for diff~rentiation, although by themselves 
would not induce differentiation (20). 
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FIG. 7. Cholinesterase (ChE) activity in 3T3-L 1 cells 
treated with dzAdo or insulin. 
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Fig. 8. Effect of tunicamycin on the accumulation of 
triglycerides in 3T3-L 1 cells treated with dzAdo for 20 
days. Each point is the mean of 5 flasks. 

30). The activity of cholinesterase (ChE) in the cells 
during differentiation was followed by a radioactive 
assay (31). There was a sudden increase in the activity 
of cholinesterase in both the untreated 3T3-Ll cells and 
nondifferentiating 3T3-C2 cells on day 9, after which the 
enzyme activity returned to normal (Fig. 7). In the 
cells treated with dzAdo or insulin, the activity of 
cholinesterase was not changed on day 9 in either the 
3T3-L1 or 3T3-C2 cells. The sudden increase in the 
activity of cholinesterase on day 9 in the untreated 
cells could be a genetically programmed expression, and 
might be involved in the regulation of differentiation. 

In agreement with other observations (32-34), 
tunicamycin (an inhibitor of protein glycosylation) 
prevented the 3T3-L1 cells treated with dzAdo from 
differentiating to adipocytes (Fig. 8). Apparently, de 
novo protein glycosylation is required for the phenotypic 
expression of adipocytes. Decreases in the number of 
insulin receptors have been reported in 3T3-Ll cells 
treated with tunicamycin (32-34). 
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Our data showed that hypomethylation of DNA might 
not be involved in the differentiation of 3T3-L1 cells to 
adipocytes, whether dzAdo or insulin was used as an 
inducer. However, the hypomethylation of specific genes 
could not be ruled out at present; in this case, our 
assay methods were not sensi ti ve enough to detect the 
differences. The induction of differentiation of 3T3-Ll 
cells by dzAdo, nonetheless, points to an effect on 
cellular transmethylation. The effect observed with 
tunicamycin suggests that receptor integrity is required, 
in addition to a hypomethylation step. 
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Induction of differentiation in human leukemia 
cells by nucleoside analogues was first reported 
by Lotem and Sachs in the promyelocytic cell line 
HL-60 (1). At concentrations causing a 50 % 
inhibition of cell growth, bromodeoxyuridine 
(BrdU) changed cell morphology, and cytosine 
arabinoside (ara-C) and BrdU changed the number 
of Fc and C3 rosettes. A wider range of nucleo­
sides was tested in HL-60 cells, by means of 
morphology and nitroblue tetrazolium test (NBT) 
by Bodner, Ting and Gallo (2). 3-Deazauridine 
(c3urd), was the most potent while 5-azacytidine 
(5-aza-Cyd) (for review see ref. 3) was only 
moderately effective. Morphological criteria 
indicated that the nucleosides had effects on 
neutrophil maturation comparable to effects of 
retinoic acid at concentrations of about 20 uM. 

The nucleosides employed were selected because of 
their general ability to interfere with purine 
and pyrimidine metabolism and DNA synthesis. 
Recently these and other variables have been 
investigated in cells induced to differentiation 
by nucleoside analogues. The majority of studies 
have been conducted with HL-60 cells, comparing 
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untreated cells and cells induced to differen­
tiation with respect to a number of biochemical 
and biological variables. 

Incorporation of analogues into DNA of diffe­
rentiating HL-60 cells have been shown with BrdU 
and fluoroadenine arabinoside (F-ara-A) (4,5). 
Adenine arabinoside (ara-A), cyclopentenyl cyti­
dine (cCyd) and cyclopentenyl adenosine (neplano­
cin A) inhibit DNA synthesis (6,7,8), while cCyd 
and neplanocin A inhibit RNA synthesis (7,8). 
Pertubation of nucleic acid methylation has been 
demonstrated with a variety of compounds: reduced 
DNA methylation by 5-aza-Cyd, 5-aza-2'-deoxycyti­
dine (5-aza-CdR) and neplanocin A (9,10,8), and 
reduced RNA methylation by neplanocin A (8). 

Expression of oncogenes changes during diffe­
rentiation of HL-60 by nucleosides. cCyd, 
neplanocin A and 5-aza-Cyd reduce the expression 
of c-myc (7,8,11). On the other hand, 5-aza-Cyd 
induces c-fos-expression and causes a transient 
increase in c-ha-ras transcription (11). 

The levels of guanosine nucleotides of HL-60 
cells were decreased in maturing HL-60 cells by 
a number of nucleoside analogues (12). Sialic 
acid regeneration in membranes of HL-60 cells was 
inhibited by ara-C (13), and glycoprotein synt­
hesis of these cells was altered by tiazofurin 
and selenazofurin (14). Finally pertubation of 
cell cycl'e kinetics of HL-60 cells is observed 
with ara-C and arabinofuranosyl-5-azacytosine 
(ara-C) (15,16). 

We have investigated differentiation inducing 
effects of a number of nucleoside analogues which 
perturb transmethylation reactions (17,18,19,20, 
21,22,23). Morphology, NBT and in some studies a 
newly developed quantitative assay for Fc recep­
tors (18) were used to detect maturation of 
cells. 

The compounds neplanocin A,3-deazaneplanocin A 
(c3nep A), 3-deazaadenosine (c3Ado) and 3-deaza­
aristeromycin (c3Ari) inhibit AdoHcy hydrolase. 
It has been stated that neplanocin A does not 
inhibit the hydrolase of HL-60 cells (8). We have 
shown (19) that neplanocin A inhibits the enzyme 
of these cells with a Ki of 1nM (fig.1). 
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Inhibition of the enzyme causes a change in the 
cellular levels of nucleosidyl methionine and 
nucleosidylhomocysteine. Since homocysteine and 
nucleosidylhomocysteine are potent inhibitors of 
transmethylation reactions (for review, see 24), 
the methylation of different cellular consti­
tuents are inhibited: DNA-methylation, RNA methy­
lation, protein and phospholipid methylation. 
These results make it tempting to put forward the 
hypothesis that the induction of differentiation 
by these compounds is causally related to pertub­
ation of transmethylation reactions. 

However, extensive work with c 3Ado by Zimmerman 
and coworkers have demonstrated biological 
effects in additon to its effect on transmethyl­
ation reactions (25). We have therefore extended 
our investigations of c3Ado and c3Ari in diffe­
rentiating HL-60 cells. 
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The continuous presence of 1 to 5 uM of c3Ari 
for four days was slightly cytostatic, while 10 
uM was cytostatic and also cytotoxic after 3 days 
exposure to HL-60 cells (21). When the drug was 
removed normal growth rate was recovered after 24 
and 48 hours exposure. Similar experiments with 
c3Ado showed that growth was inhibited even after 
removal of the drug. 

The difference between the two drugs in growth 
characteristics after removal of the drug from 
the medium suggested that commitment to diffe­
rentiation could also be different. High concen­
trations of c3Ari for 24 hours did not commit HL-
60 cells. Exposure to c3Ado for 24 and 6, but not 
3 hours, committed the cells to differentiation 
at concentrations between 10 and 100 uM. 

We next questioned whether the difference be­
tween c3Ari and c3Ado with respect to commitment 
mirrored a difference in action on DNA-synthesis. 
Fig.2 shows results with incorporation of [3Hl­
thymidine in isolated nuclei of HL-60 cells. 
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Fig. 2: Incorporation of [3Hl-thymidine into 
isolated nuclei of HL-60 cells. 
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Cells were exposed for 6 hours to the drugs and 
concomitantly exposed to [3Hl-thymidine. Only a 
slight decrease (about 10 %) in [3Hl-thymidine 
incorporation was noted with c3Ari, and a very 
marked (90 %) reduction was found with c3Ado. 
The steep shape of the dose response curve 
between 10 and 100 uM seen for most effects of 
c 3Ado was found also for this effect. The results 
may be indicative of a significant action of 
c3Ado on DNA-synthesis while a slight effect was 
present for c3Ari. 

Similar experiments were performed with 
incorporation [14Cl-methyl from labelled [3Hl­
methyl-methionine (fig.3). The shape of the dose 
respons curves were very similar to that of the 
curves for the thymidine incorporation. The 
extent of [14C]-methylation of nuclear material 
with c3Ado was dramatically decreased in compari­
son with controls and those treated with c3Ari. 
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Fig.3: Incorporation of [14CJ-methyl-methionine 
into isolated nuclei of HL-60 cells. 
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Next we investigated whether the observed effects 
were dependent upon the presence of c 3Ado. After 
6 hours incubation with c 3Ado, and reincubation 
in drug-free medium, followed by a six hour 
period of incubation with [3HJ-thymidine and 
[14Cl-methionine, a similar decrease in both 
variables, compared to controls, was observed 
(fig.4). Thus, 6 hours of incubation with c 3Ado 
causes a sustained decrease in [3HJ-thymidine 
incorpor-ation and methylation of nuclear 
material. 
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Fig. 4: Incorporation of [14Cl-methyl-methionine 
and [3Hl-Thymidine into isolated nuclei of HL-60 
cells. Cells were pre incubated with c 3Ado for 6 
hours. Following washout and reincubation in drug 
free medium cells were exposed to radiolabelled 
compounds for 6 hours. 
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We have demonstrated additional important diffe­
rences between the transmethylation inhibitors 
c 3Ado and c 3Ari. Only c 3Ado commits HL-60 cells 
to differentiation after short time exposure, and 
c 3Ado has a much more pronounced effect on [3Hl­
Thymidine and [14Cl-methyl incorporation into 
nuclei. Furthermore, the inhibition of incorpor­
ation by c 3 Ado was not dependent on the 
continuous presence of the drug. The results 
obtained in differentiation of HL-60 cells fit 
into a larger picture of the effects of c 3Ado and 
c 3Ari. For instance, c 3Ado changes cyclic AMP­
levels in PGE1 stimulated mouse lymphocytes (26) 
and it interferes reversibly with microfilaments 
in macrophages (27). The fact that the compound 
is phosporylated, albeit to a very limited extent 
(26), makes it a candidate for incorporation into 
DNA. On the other hand, c 3Ari does not change 
cyclic AMP-levels in PGE1 stimulated platelets 
(28), it is not phosphorylated by L1210 cells 
(29) and it does not influence macrophage 
microfilaments (27). 

To summarize, c 3Ado and c3Ari have been exten­
sively characterized for the purpose of using 
them as "non-pure" and "pure" transmethylation 
inhibitors in the study of transmethylation 
reactions in tumor cell differentiation. 

REFERENCES 

1. Lotem, J. and Sachs, L. (1980) Int. J. Cancer 
25, 561-564. 

2. Bodner, A.J., Ting, R.C. and Gallo, R.C. 
(1981) J. Natn. Cancer Inst. 67, 
1025-1030. 

3. Jones, P.A. (1985) Pharmac. Ther. 28, 17-27. 
4. Koeffler, H.P., Yen, J. and Carlson, J. 

(1983) J. Cell. Physiol. 116, 111-117. 
5. Spriggs, D., Robins, G., Mitchell, T. and 

Kufe, D. (1986) Biochem. Pharmacol. 35, 
247-252. 



248 Aarbakke et al. 

6. Munroe, D., Sugiura, M, Griffin, J. and Kufe, 
D. (1984) Leukemia Res. 8, 355-361. 

7. Glazer, R.I., Cohen, M.B., Hartman, K.D., 
Knode, M.C., Lim, M.-I. and Marquez, V.E. 
(1986) Biochem. Pharmac. 35, 1841-1848. 

8.Linevsky, J., Cohen, M, Hartman, K.D., Knode, 
M.C.and Glazer, R.I. (1985) Mol. 
Pharmacol., 28, 45-50. 

9. Christman, J.K., Mendelsohn, N., Herzog, D. 
and Schneiderman N. (1983) Cancer Res. 43, 
763-769. 

10. Momparler, R.L., Bouchard, J. and Samson J. 
(1985) Leukemia Res. 9, 1361-1366. 

11. Brelvi, Z.S. and Studzinski, G.P. (1986) J. 
Cell. BioI. 102, 2234-2243. 

12. Lucas, D.L., Webster, H.K. and Wright D.G. 
(1984) J. Clin. Invest. 72, 1889-1900. 

13. Hindenburg, A.A., Taub, R.N., Grant, S., 
Chang, G. and Baker, M.A. (1985) Cancer 
Res. 45, 3048-3052. 

14. Sokoloski, J.A., Blair, O.C. and Sartorelli, 
A.C (1986) Cancer Res., 46, 2314-2319. 

15. Ross, D.W. (1985) Cancer Res. 45, 1308-1313. 
16. Dalal, M., Plowman, J., Breitman, T.R., 

Schuller, H.M., del Campo, A.A., Vistica, 
D.T., Driscoll, J.S., Cooney, D.A. and 
Johns, D.G. (1986) Cancer Res. 46, 
831-838. 

17. Chiang, P.K., Lucas, D.L. and Wright, D.G. 
(1984) N.Y. Acad. Sci. 435, 126-128 

18. Aarbakke, J., Finbloom, D.S., Miura, G.A., 
Nacy, C.A. and Chiang, P.K. (1984). 
International Union of Pharmacology Ninth 
International Congress of Pharmacology, 
London. Abstr. 598. 

19. Aarbakke, J., Gordon, R.K., Cross, A.S., 
Miura, G.A. and Chiang, P.K. (1985) Fed. 
Proc. 44, 313. 

20. Aarbakke, J., Miura, G.A., Prytz, P.S., 
Bessesen, A. and Chiang, P.K. (1985) Eur. 
Paediatr. Haematol Oncol. 2, 189-192. 

21. Aarbakke, J., Miura, G.A., Prytz, P.S., 
Bessesen, A., Sl0rdal, L, Gordon R.K. and 
Chiang, P.K. (1986) Cancer Res. 46, 
5469-5472. 



Differentiation of Leukemia Cells by Nucleosides 249 

22. Glazer, R.I., Hartman, K.D., Knode, M.C., 
Richard, M.M., Chiang, P.K., Tseng, C.K.H. 
and Marquez, V.E. (1986) Biochem. Biophy 
Res. Comma 135, 688-694. 

23. Miura, G.A., Gordon, R.K., Montgomery, J.A. 
and Chiang, P.K. (1986) in Purine and 
Pyrimidine Metabolism in Man, Part B 
(Nyhan, W.L., Thompson, L.F. and Watts, 
R.W.E., eds.) pp 667-672, Plenum 
Publishing Corp. 

24. Ueland, P.M. (1982). Pharmacol. Rev. 34, 
223-253. 

25. Zimmerman, T.P., Iannone, M. and Wolberg, G. 
(1984) J. Biol. Chern. 259, 1122-1126. 

26. Zimmerman, T.P., Wolberg, G., Stopford, C.R., 
Prus, K.L. and Iannone, M.A. (1986) in 
Biological Methylation and Drug Design. 
Experimental and Clinical Roles of 
S-Adenosylmethionine (Borchardt, R.T., 
Creveling, C.R. and Ueland, P.M. eds.) pp 
417-426, Humana Press, Clifton, NJ. 

27. Stopford, C.R., Wolerg, G., Prus, K.L., 
Reynolds-Vaughn, R. and Zimmerman, T.P. 
(1985) Proc. Natl. Acad. Sci. USA 82, 
4060-4064. 

28. Shattil,S.J., Montgomery, J.A. and Chiang, 
P.K. (1982) Blood 59, 906-912. 

29. Montgomery, J.A., Clayton, S.J., 
Thomas, R.J., Shannon, W.E., Arnett, G., 
Bodner, A.I., Kion, I-K., Cantoni, G.L. 
and Chiang, P.K. (1982), J. Med. Chern. 25, 
626-629. 



EFFECTS OF PURINE NUCLEOSIDES ON DIFFERENTIATION IN 

LYMPHOHEMATOPOIETIC STEM CELL LEUKEMIA 

Michael S. Hershfield, Joanne Kurtzberg, 
Sara Chaffee, Michael L. Greenberg, 
and Barton F. Haynes 

Duke University Medical Center 
Durham, North Carolina USA 27710 

It is generally assumed that the antineoplastic effects 
of nucleoside analogues result from cytotoxicity that these 
agents or their metabolites exert through interference with 
various steps in nucleotide or nucleic acid metabolism. 
Nucleosides may also alter cellular differentiation, though 
the basis for this type of action remains to be established. 
Other papers will address the in vitro effects of purine 
nucleoside analogues on the maturation of myeloid leukemia 
cell lines and suggest some mechanisms that may be involved. 
I will review in vivo and in vitro evidence that abnormal 
concentrations of --natural1y~ occuring purine nucleosides, as 
well as their analogues, may affect the differentiation of 
leukemic stem cells. 

Some indication that purine nucleosides might influence 
stem cell differentiation comes from the fact that certain 
inborn errors of purine nucleoside metabolism are associated 
with selective absence of lymphoid lineages. Inherited 
deficiency of adenosine deaminase (ADA) results in failure 
of both T and B cell development, causing severe combined 
immunodeficiency disease (SCID) (1), while absence of purine 
nucleoside phosphorylase (PNP) is associated with selective 
T lymphopenia and impaired cell mediated immunity (2). 
Selective toxicity of nucleosides to lymphocytes could 
account for lymphopenia in ADA and PNP deficiencies, but on 
a formal basis so could selective interference by 
nucleosides with a step specifically required for lymphoid 
differentiation. 
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Impaired stem cell differentiation has always been 
considered a potential cause of inherited immunodeficiency 
diseases of unknown etiology. but in the case of ADA and PNP 
deficiencies this possibility has received less attention 
than nucleoside toxicity. largely for two reasons. First. 
no compelling clinical observation has pointed directly 
towards interference with stem cell differentiation. as 
opposed to cytotoxicity. as the cause of lymphopenia. 
Second. the ADA and PNP substrates adenosine (Ado). 
2'-deoxyadensoine (dAdo). guanosine (Guo) and 
2'-deoxyguanosine (dGuo) are toxic to mature and immature 
cultured lymphoid cells and cell lines (3). While toxicity 
is easily investigated in vitro. there has been no cell 
model for systematicallY-examining the effects of 
nucleosides on lymphoid vs. nonlymphoid differentiation. 
The near absence of lymphoid tissues in affected children is 
a major obstacle to direct experimental studies of ADA or 
PNP deficient lymphocytes or lymphocyte progenitors. 

Around 1980 clinical oncologists began to investigate 
the use of a potent. tight binding inhibitor of ADA. 
2'-deoxycoformycin (dGF) in the treatment of acute T 
lymphoblastic leukemia. This provided a unique opportunity 
to examine in vivo the biochemical consequences of 
pharmacologically induced ADA deficiency in large numbers of 
clonally related malignant lymphoid cells arrested at 
several stages of differentiation. Since malignant 
transformation may occur at the level of primitive stem 
cells. these studies also offered the possibility of 
acquiring specific insight into the effects of ADA 
deficiency on stem cells as well as immature. but committed 
lymphoid progenitors. 

The biochemical changes observed in circulating T 
lymphoblasts associated with dGF treatment corresponded to 
the effects of Ado and dAdo that had been observed in red 
cells of ADA deficient patients or in vitro in studies with 
cultured. ADA-inhibited T cell lineS: These effects 
included accumulation of dATP derived from dAdo (4-7) and 
accumulation of S-adenosylhomocysteine (AdoHcy) (7-10). a 
potent competitive inhibitor of S-adenosylmethionine 
(AdoMet) dependent transmethylation. caused by inhibition by 
Ado (8. 9) and inactivation by dAdo (10) of AdoHcy 
hydrolase. In some patients these changes were small and no 
clinical response resulted; in others systemic toxicity 
occurred. In the majority. the metabolic effects of induced 
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ADA deficiency were significant and were accompanied by a 
selective. striking decline in circulating T lymphoblasts 
over a period of a few days. In contrast to this typical 
lymphocytotoxic response. in two patients a distinctly 
different phenomenon was observed. namely. an abrupt change 
in 'the leukemic phenotype from T lymphoblastoid to myeloid 
(11. 12). Each of these patients had originally been 
diagnosed as having acute T cell leukemia and the 
characteristics of their leukemic cells had been unaltered 
by prior cytotoxic therapy. However. the sudden change in 
lineage immediately following treatment with dCF led to the 
conclusion that malignant transformation had occurred in a 
pluripotent stem cell capable of both lymphoid and myeloid 
differentiation. 

In one case. a decline in circulating T lymphoblasts 
several days prior to the appearance of myeloid leukemia 
suggested selective lymphocytotoxicity followed by outgrowh 
of a dCF-resistant myeloid clone (11). In the other 
patient. who was studied in considerably more detail. both 
before and on a daily basis during the 7 day period of dCF 
treatment and phenotypic conversion. evidence strongly 
indicated a direct effect of ADA inhibition on 
differentiation (12). Among other findings supporting this 
interpretation. the total number of circulating leukemic 
cells remained in the 60.000-80.000 range during the change 
in phenotype. suggesting a precursor-product relationship 
between the lymphoblastoid and myeloid cell populations. 
The same abnormal karyotype was present in T lymphoblasts 
obtained before treatment and in promyelocytic cells 
examined after conversion. proof that the two populations 
arose from the same malignant clone. Subsequent studies 
with a cell line derived from the patient's leukemic cells. 
called DU.528. supported the conclusion regarding the stem 
cell nature of the leukemia and have permitted direct 
studies of the effects of nucleosides on its differentiation 
(13). 

We established DU.528 from leukemic cells that were 
cryopreserved at the time of diagnosis. prior to treatment. 
DU.528 and clones derived from it by limiting dilution had 
the same karyotype as the patient's circulating T 
lymphoblasts and promyelocytes. When first placed in 
culture. the cells had an undifferentiated lymphoblastoid 
morphology and expressed the 3A1 (now CD-7) surface antigen. 
a pan T cell marker that is expressed on prothymocytes in 
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the embryonic thymus (14. 15). Other T cell markers and 
markers of nonlymphoid hematopoietic cells were initially 
not expressed. Over the next two months. the cells 
spontaneously underwent a gradual transformation to a 
population of predominantly myeloid cells at various stages 
of maturation. During this transformation cells were 
observed to express simultaneously CD-7 (3Al) and 
myeloid-specific markers. but eventually fully mature 
neutrophils and monocytes appeared. which lacked lymphoid 
markers. Following terminal myeloid differentiation. 
undifferentiated T lymphoblasts expressing only CD-7 (3Al) 
reemerged as the dominant cell population. 

Over a 2 year period in continuous culture the DU.528 
cell line (and clones derived from it) maintained the 
undifferentiated T lymphoblastoid phenotype. but continued 
to give rise spontaneously to mature cells of at least three 
cell lineages. T lymphoid. granulocytic/monocytic. and 
erythroid. Initially. 'waves' of differentiation affecting 
most cells in a culture occurred. but this capacity for 
multilineage differentiation gradually declined. By 24-30 
months in culture. spontaneous differentiation ceased and 
the line remained T lymphoblastoid. During the period when 
spontaneous differentiation was occurring we also observed 
that myeloid differentiation could be induced by treatment 
with a number of agents. including dibutyryl cyclic AMP. 
phorbol esters. 5-azacytidine. and of most interest to us. 
by Ado and dAdo at concentrations that mimicked the effects 
produced by dCF treatment. As the capacity for spontaneous 
differentiation declined. so did sensitivity to induction of 
differentiation by nucleosides and non-nucleosides (13). 

EFFECTS OF NUCLEOSIDES ON DIFFERENTIATION OF DU.528 

Inhibition of ADA alone did not alter growth or 
phenotype of DU.528. but dCF potentiated the effects of Ado 
and dAdo. The lowest concentrations of Ado and dAdo that 
altered phenotype (2-20 uM) also inhibited growth of DU.528. 
However. since the absolute numbers of cells expressing 
myeloid surface antigens or other markers of mature myeloid 
maturation increased by up to 5 fold over untreated control 
cultures. the change in phenotype represented a real effect 
on differentiation. and not simply selective killing of a 
sensitive lymphoblastoid cell subpopulation (13). Uridine 
and deoxycytidine. which diminish the formation or block the 
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cytotoxic effects of nucleotides derived from low 
concentrations of Ado and dAdo (reviewed in reference 3). 
also diminished effects of 2-20 uM Ado and dAdo on 
differentiation of DU.528. Thus. growth inhibition caused 
by Ado and dAdo nucleotide formation appeared to be 
necessary for induction of differentiation. However. since 
DU.528 remained sensititve to the cytotoxicity of Ado and 
dAdo after loss of its capacity to differentiate. 
cytotoxicity alone was not sufficient to induce 
differentiation. 

During dCF treatment of the patient from whom the 
DU.528 cell line was derived. a marked accumulation of 
AdoHcy. as well as of dATP. occurred in malignant cells 
immediately prior to the onset of phenotypic conversion 
(12). The ratio of AdoMet to AdoHcy. an index of the 
ability to transmethy1ate. fell by 10 fold in leukemic 
cells. To selectively evaluate the in vitro effects of 
AdoHcy accumulation on differentiation of DU.528. we carried 
out some experiments using analogues of Ado that are neither 
phosphorylated nor deaminated. but which cause potent 
inhibition of AdoHcy hydrolase (16). 3-Deazaadenosine 
(c3Ado) is a substrate for the enzyme and causes 
accumulation in cells of 3-deazaadenosylhomocysteine as well 
as AdoHcy; the carbocyclic analogue of c3Ado. 
3-deazaaristeromycin (c3Ari). inhibits but is not a 
substrate for AdoHcy hydrolase. During a 3 hour incubation. 
5 uM c3Ari increased the concentration of AdoHc~ in DU.528 
cells by almost 10 fold. from 2.7 to 26 nmol/10 cells. 
decreasing the ratio of AdoMet to AdoHcy from 12 to 1.6. 
Incubation for 3 hours with 5 uM c3Ado increased AdoHcy by 
<2 fold~ but 3-deazaadenosylhomocysteine accumulated to 12 
nmo1/10 cells. 

The experiment summarized in Table 1 shows the effects 
of a 3 day exposure to 1 uM concentrations of these 
analogues (which caused <50% growth inhibition) on the 
differentiation of DU.528.37. a subline in culture for less 
than a year. which was still undergoing periodic spontaneous 
differentiation. and on DU.528.101. a sub1ine in culture for 
over 3 years. which no longer showed spontaneous 
differentiation. The effects of c3Ari and c3Ado are 
compared with 2 kinds of positive controls. a) with cells 
treated with 50 uM dibutyryl cAMP. and b) with the 
combination of 5 uM dCF. 10 uM dAdo. 5 uM Ado and 20 uM 
uridine. The effects of this combination are primarily due 
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TABLE 1. INDUCTION OF DIFFERENTIATION BY PURINES 

Morphology Function Antigen expression 

DU.528.37 Blasts Myeloid NBT 3A1 HL60·3 My1 0 

Control 83 16 1 85 10 2 
C3Ari 1 uM 33 57 23 42 81 72 

C3Ado 1 uM 29 60 15 58 74 21 
dCF,dAdo,Ado· 16 64 42 45 86 15 

DBcAMP 50 uM 22 48 40 48 89 12 

DU.528.101 
Control 100 0 3 92 2 0 
C3Ari 1 uM 100 0 4 94 1 0 

C3Ado 1 uM 100 0 3 94 0 0 
dCF,dAdo,Ado· 100 0 11 94 1 0 
DBcAMP 50 uM 100 0 3 92 2 0 
Values are percentages of cells positive after 3 days 
NBT =nitroblue tetrazolium reduction 
*5 uM dCF, 10 uM dAdo, 5 uM Ado, 20 uM Uri 

to accumulation of dATP. but we had found that the addition 
of Ado with uridine (without effect by themselves) 
potentiated the effects of dAdo on differentiation while 
diminsihing its cytotoxicity (13). With DU.528.37. all 4 
inducers caused a decrease in the percentage of 3A1 (CD-7) 
positive. undifferentiated lymphoblastoid cells and an 
increase in the percentage of myeloid cells that reduced NBT 
and expressed the HL60-3 (17) myeloid surface antigen. 
c3Ari caused a strong induction of the My10 antigen. which 
is characteristic of myeloid progenitors (18). None of the 
4 inducers altered the phenotype of the DU.528.101 subline. 
These results suggest that accumulation of AdoHcy (or an 
AdoHcy analogue) is able to induce differentiation of 
DU.528. and this effect may not necessarily involve 
inhibition of growth. As with nucleotide-dependent 
induction of differentiation. accumulation of AdoHcy alone 
is not sufficient to cause differentiation since the 
response is lost with loss of the capacity for spontaneous 
differentiation. 
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The fact that a differentiative response to dCF 
treatment has occurred in only two patients. as well as the 
fact that most leukemic T cell lines exhibit only a 
cytotoxic response to Ado and dAdo in vitro. suggest that 
the differentiative response that we-have observed probably 
represents a unique property of a very primitive stem cell. 
This cell would appear to have some characteristics of an 
immature T lymphoblast (expression of CD-7). but unlike most 
leukemic T lymphoblasts. it has not become irreversibly 
committed to the T lineage. Ongoing efforts are aimed at 
identifying and characterizing other patients with CD-7 
positive stem cell leukemia. and at isolating the normal 
counterpart of this cell. Ultimately. understanding the 
mechanisms that underly the effects of purine nucleosides 
and their analogues on differentiation of this stem cell may 
provide new approaches to the treatment of the earliest 
stage at which malignant transformation occurs in leukemia. 
and may provide a better understanding of the basis for 
selective lymphopenia in ADA and PNP deficiency. 
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Cells of the promyelocytic leukemia line, HL-60, 
differentiate into a macrophage-like cell in response to 
phorbol-12-myristate-13-acetate (phorbol ester). The 
discrete changes include adherence to surfaces, motility 
and acquisition of macrophage-like characteristics, 
including synthesis of discrete proteins (1-3). Of 
particular interest has been the observation that the 
methylation inhibitor, 3-deazaadenosine, blocked the 
phorbol ester induction of the differentiation functions, 
adherence and motility (3). Specifically, 
3-deazaadenosine arrested the induction of a specific 
differentiation protein but had no effect on the early or 
late phosphorylation events initiated by phorbol esters 
(3,4). 

The role that methylation reactions play in 
differentiation of cells remains unclear. Methylation of 
phospholipids or carboxyl groups of proteins has been 
implicated in the regulation of numerous cellular 
processes including leukocyte chemotaxis (5), cellular 
secretion (6,7), ion transport (8), signal transduction 
(9) and cellular differentiation (10,11). Specific 
relationships between phospholipid methylation and (or) 
protein carboxyl methylation and cellular differentiation 
also have been established through the use of the 
methylation inhibitor, 3-deazaadenosine (12-14). Indeed, 
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one of the most sensitive targets for 3-deazaadenosine 
appears to be the methylation of phospholipids (15,16). 
This inhibition is brought about by increases in 
intracellular S-adenosylhomocysteine, and the formation 
of 3-deazaadenosylhomocysteine, both of which act as a 
potent blocker of S-adenosylhomocysteine hydrolase (17). 
Under conditions were the methylation of phospholipids is 
markedly inhibited, the total amount of phospholipid 
synthesized in 3-deazaadenosine treated cells remained 
unchanged. Hence, blockage of phospholipid methylation 
appears to be compensated for by increased synthesis of 
phospholipids through the COP-choline pathway (15,16). 
Consequently, changes brought about by 3-deazaadenosine 
need not be directed solely at phospholipids. Numerous 
other methylation reactions could be perturbed by this 
compound; i.e. methylation of nucleic acids or proteins. 
Montgomery et al. (18), suggest that the antiviral 
properties of 3-Deazaadenosine and its carboxcyclic 
analogs may be due to inhibit methylation of 51 cap of 
viral mRNA. Inhibition of the methylation of mRNA would 
lead to a cascade of effects. Indeed, inhibition of the 
synthesis of various proteins has been observed in the 
presence of 3-deazaadenosine (3,14,17). Conversely, no 
such effects were observed when the purine analog, 
3-deaza-{±)aristeromycin, was used as a methylation 
blocker (19). To gain further insight into the role that 
methylation plays in differentiation, we examined the 
effects that various purine analogs had on the growth, 
protein synthesis, and the methylation of DNA. proteins 
and phospholipids in HL-60 cells during phorbol ester 
induced differentiation. 

RESULTS 

Effect of purine analogs on protein synthesis and 
phospholipid methylation. 

The purine analogs, 3-deazaadenosine, 3-deaza-{±)­
aristeromycin and neplanocin A markedly inhibited the 
transfer of methyl groups from L-[methyl-3H]methionine to 
phosphatidylethanolamine (Table 1). Of all the drugs 
tested, 3-deaza-(±)aristeromycin appeared to be the most 
specific. At a concentration of 20 ~M, this drug 
completely inhibited the methylation of phospholipids 
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with only marginal effects on the rate of growth and 
protein synthesis (Table 2). Apparently the COP-choline 
pathway can supply sufficient phosphatidylcholine to 
fulfill the requirements of the cell. When the 
concentration of 3-deaza-(±)aristeromycin was held at 10 
~M the incorporation of [1 ,2-14C]choline into phospho­
tidylcholine was stimulated. The cells responded 
similarly when 0.5 ~M neplanocin A or 40 ~M 
3-deazaadenosine was added. However, when these two 
drugs were added at concentrations sufficient to 
completely inhibit phospholipid methylation, cytotoxic 
effects were observed. This was most apparent when 
3-deazaadenosine was used as a methylation blocker. To 
completely block phospholipid methylation, this drug must 
be added at concentration greater than 100 ~M. However, 
under such conditions growth is completely arrested, and 
within 3 h protein synthesis was only 42% of the control 
values (Table 2). After 6 h, the cells round up and cell 
death became apparent as measured by trypan blue 
exclusion test. 

In both control and phorbol ester treated cells 
[3H]methyl groups from L-[methyl-3H]methionine were 
effectively transferred to phosphatidylethanolamine in a 
linear manner with respect to time. However, 48 h after 
adding phorbol ester the rate was only 15% of that of the 
control cells (Table 1). Under similar conditions, the 
rate of incorporation of L-[methyl-3H]methionine into 
proteins was essentially the same as the untreated cells 
(Table 2). There was a 5-6-fold increase in the rate of 
incorporation of [1 ,2_14C]choline into phosphatidyl­
choline in the phorbol ester treated cells (Table 1). 
Although the majority of the [14C]choline was 
incorporated into phosphatidylcholine, measurable amounts 
also were incorporated into lysophosphatidylcholine in 
the control cells (60 DPM/107 cells). No radioactive 
lysophosphatidylcholine was observed in the phorbol ester 
treated cells, nor were any [3H]methyl groups detected in 
phosphatidylmonoethanolamine or phosphatidyldimethyl­
ethanolamine in these cells. In the control cells, 
detectable amounts of [3H]methyl groups were incorporated 
into phosphatidylmonoethanolamine and ehosphatidyl­
dimethylethanolamine. Little or no [1 C]choline was 
incorporated into sphingomyelin in the control or phorbol 
ester treated cells. 
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Effect of purine analogs on phorbol ester induced 
differentiation. 

Duerre et al. 

When the cells were cultured in the presence of the 
various purine analogs for 24 h prior to inducing 
differentiation, the results were quite surprising. 
3-Deazaadenosine (40 ~M), 3-deaza-(±)aristeromycin (20 
~M) and neplanocin A (2 ~M) completely blocked 
phospholipid methylation (Table 3). However, 90-95% of 
the cells adhered to surface and acquired the 
characteristics of macrophages. One of the most 
characteristic features of monocytes is the high level of 
nonspecific esterases (21). When a-naphthal acetate was 
used as a substrate, no significant difference was 
observed between the level of nonspecific esterase 
activity in cells pretreated with 3-deaza-(±)­
aristeromycin and those without. The level of these 
enzymes appeared to be enhanced when the cells had been 
pretreated with neplanocin A or 3-deazaadenosine. 
However, more specific assays for the levels of the 
various lysosomal enzymes will have to be performed to 
confirm these results. 

If the cells were pretreated with the purine analogs 
for 48 h prior to inducing differentiation with phorbol 
ester, the results were quite similar. However, 
increasing the time of exposure to these compounds for up 
to 3-4 days resulted in increased cytotoxicity and cell 
death as measured by the trypan blue exclusion test. 
Cell death and subsequent lysis resulted in release of 
autolytic enzymes which prevented attachment of the cell 
to the surface. However, many of the cells formed 
aggregates and acquired macrophage-like characteristics 
including a positive test for nonspecific esterases. 

CONCLUSIONS 

In conclusion, it is quite evident that the 
inhibition of phospholipid methylation has little or no 
effect on the growth and (or) phorbol ester induced 
differentiation of promyelocytic leukemia cells to 
macrophage-like cells. Of all the methylation blockers 
tested, 3-deaza-(±)aristeromycin appeared to be the most 
specific. This compound, at 20 ~M, can be used to 
completely block phospholipid methylation without 
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effecting the rate of growth, as measured by cell count, 
protein or DNA synthesis. Contrarywise, 
3-deazaadenosine, which has been extensively employed as 
a methylation blocker, markedly depressed the rate of 
growth of HL-60 cells. Unlike the mouse macrophage cell 
line, where only the synthesis of a few specific proteins 
are inhibited (19), total protein synthesis is markedly 
inhibited in HL-60. It may well be that methylation of 
mRNA is adversely effected by 3-deazaadenosine with the 
subsequent shut down of protein synthesis. 

When the methylation inhibitors were added to HL-60 
cells in culture there was a shift in synthesis of 
phosphatidylcholine from the methylation pathway to the 
COP-choline pathway. Apparently the COP-choline pathway 
can compensate for the lack of synthesis of phosphatidyl­
choline via the methylation pathway. 

When promyelocytic cells were exposed to phorbol 
ester they adhere to the surface within 24 hand 
demonstrate characteristics of macrophages including 
elevated levels of nonspecific esterases. In agreement 
with the data of Cassileth et al. (22) the synthesis of 
phosphatidylcholine is shifted from the methylation 
pathway to the COP-choline pathway. Furthermore, if the 
methylation pathway was completely blocked prior to 
addition of phorbol ester, the differentiation process 
was unaffected or even enhanced. Apparently the 
COP-choline pathway can supply all the cellular 
requirements for phosphatidylcholine. Thus, lipid 
methylation appears to play no role in signal 
transduction in phorbo1 ester induced differentiation of 
HL-60 cell s. 
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INTRODUCTION 

Homocysteine, a sulfur amino acid, was discovered over 50 years 
ago by Du Vigneaud as the product of demethylation of methionine 
This discovery was followed by reports that homocysteine could 
support growth of animals fed diets deficient in either cysteine, 
methionine or choline (1). 

The possible involvement of homocysteine in human disease has 
stimulated the interest in this amino acid. 

In 1962 homocystine was detected in urine from two mentally 
retarded children (2). Since then, homocystinuria has been defined as 
an inherited disorder of homocysteine metabolism. Children afflicted 
with this disease suffer from premature arteriosclerosis (for review, 
see ref. 3). This discovery was followed by research into the possible 
role of homocysteine in the development of arteriosclerotic lesions 
(4). Recent clinical studies in man strongly indicate a relation between 
elevated plasma homocysteine and artenosclerotic disease (5). 

During the last 10 years there have been numerous reports that 
malignant cells cannot use homocysteine instead of methionine to fully 
support growth. Non-transformed cells thrive under these conditions 
(6). The biochemical basis of the so-called methionine dependence of 
cancer cells is not understood, and this concept has been questioned by 
some workers (7). Nevertheless, the possible role of homocysteine in 
malignant growth is currently a subject of interest. 

The possible centrality of homocysteine in pathological processes 
like arteriosclerosis and malignant growth, points to the possibility 
that pharmacological interference with homocysteine metabolism may 
have important implications. There are examples of pharmacological 
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agents that either block homocysteine production or perturb the meta­
bolism of this amino acid. This article reviews some recent data on 
this topic. Some central features of homocysteine metabolism and 
recent advances in methods for quantitation of homocysteine in 
biological material, are also reviewed. 

METABOLISM AND DISPOSITION OF HOMOCYSTEINE 

S-Adenosylmethionine functions as a methyldonor in numerous 
transmethylation reactions. All these reactions produce stoichio­
metric amounts of S-adenosylhomocysteine (AdoHcy). This product 
of transmethylation functions as a negative feed-back inhibitor of this 
class of reactions. The inhibition is relieved upon metabolic 
degradation of AdoHcy to homocysteine and adenosine. This reaction 
is catalyzed by the ubiquitous enzyme, AdoHcy hydrolase (EC 
3.3.1.1.) (8). 

The structural formulae of homocysteine and related compounds 
are shown in figure 1. 

NH2 

t~N) -N)LN 
H2N, ,CI:!1 ,5, i O~ 

"=/'" '", 'w 
OH OH 

S-Adenosylhomocysteine 

,/ 

H2N, CH2 5H 
CH' CH; 

HOOC"'-

Homocysteine 

Methionine 

Fla. 1. Structural formulae of homocysteine and related 
compounds. 

The AdoHcy hydrolase reaction, the only known source of 
homocysteine in vertebrates, is reversible and the equilibrium lies in 
the direction of synthesis of AdoHcy. The metabolic flux in vivo is in 
the hydrolytic direction because both adenosine and homocysteine are 
continuously removed from the intracellular compartment (8). 

Intracellular homocysteine is either methylated to methionine or 
is condensed with serine to form the thioether, cystathionine. The 
salvage to methionine is catalyzed by two separate enzymes. One, 
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betaine-homocysteine methyltransferase (EC 2.1.1.5.), requires 
betaine as methyl donor and this enzyme is confined to liver and 
kidney. The other enzyme, 5-methyltetrahydrofolate-homocysteine 
methyltransferase (EC 2.1.1.13., known as methionine synthase) uses 
5-methyltetrahydrofolate, and is widely distributed in tissues of 
vertebrates. Notably, this enzyme is one of the two enzymes dependent 
on cobalamin, and homocysteine is thus linked both to the metabolism 
of reduced folates and vitamin B 12 (3) 

The methionine synthase reaction is the only known metabolic 
pathway common to folate, vitamin B 12 and methionine. Based on 
both experimental and clinical evidence, Noronha and Silverman (9) 
and Herbert and Zalusky (10) advanced the so-called "methyl trap" 
hypothesis, which states that the consequences of vitamin B12 
deficiency stem from reduced activity of the vitamin B12 dependent 
conversion of 5-methyltetrahydrofolate to tetrahydrofolate. Under 
these conditions, reduced folates are trapped as 5-methyltetra­
hydrofolate, thereby causing slowdown in thymidylate and purine 
bIosynthesis. Homocysteine is the methyl acceptor in this reaction, and 
this implies that the availability of mtracellular homocysteine is 
critical for the quantitative relation between 5-methyltetrahydrofolate 
and other reduced folates. 

Conversion of homocysteine to cystathionine represents the 
alternative pathway to methylation. This reaction, which IS essentially 
irreversible, is catalyzed by cystathionine B-synthase (EC 4.2.1.22). 
The bulk of this enzyme resides in the liver but human brain is also 
rich in cystathionine B-synthase. The reaction is an important step in 
the conversion of methionine to cysteine, i.e. the so-caned 
transsulfuration pathway (3) 

The homocysteine content in tissues is low under physiological 
conditions (1-5 nmol/g, ), and a significant amount is associated with 
proteins (11,12). Similarly, low concentrations can be detected in 
Isolated or cultured cells (12-15). However, cells export large 
amounts into the extracellular medium (12-17) and the homocysteine 
egress seems related to the metabolic flux through homocysteine (12). 

Homocysteine egress from cultured cells was proportional to the 
growth rate (16). This should be related to the finding that 
5-methyltetrahydrofolate content in human breast cancer cells 
increased markedly during growth, whereas the levels of other 
reduced folates remained stable (18). 

The efficient export of homocysteine is in accordance with the 
relatively high concentration of homocysteine in extracellular media 
like plasma and urine (19). Thus, urinary or plasma homocysteine 
may be a measure of altered homocysteine metabolism. 

In conclusion, homocysteine can be metabolized by different 
routes (Fig. 2). The quantitative relations between these competing 
pathways have recently been evaluated by Finkelstein and Martin. 
(20). Homocysteine is a branch-point metabolite, with relations to the 
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FIG. 2. Metabolism of homocysteine and related com­
pounds and the metabolic targets of various drugs. Ado, 
adenosine; AdoRey, S-adenosylhomocysteine; AdoMet, S-adenosylmethionine; 
Met, methionine; THF, tetrahydrofolate; DHF, dihydrofolate. 

metabolic fates of several other compounds. This points to homo­
cysteine metabolism as an important target for drug action 

METHODS 

Investigations into the biological roles of homocysteine have been 
hampered by lack of sensitive methods for the determination of the 
small amounts of this compound in biological material. 

The homocysteine-cysteine mixed disulfide has been detected in 
plasma deproteinized by acid using modern amino acid analyzers (21). 
Homocysteine in plasma has also been determined with HPLC and 
electrochemical detector (22). For the detection of protein-bound 
homocysteine in plasma, laborious sample processing is often 
required (23). 

We have recently developed a sensitive radioenzymic assay for the 
determination of homocysteine in tissues (11,12) and plasma (19). 
This assay is based on the enzymic conversion of homocysteine to 
radioactive AdoHcy, and can be carried out in solutions containing 
native proteins, and therefore allows the determination of both free 
(acid soluble) and protein-bound homocysteine in biological extracts 
and plasma. 
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The radioenzymic assay has been adapted for urine analysis (19). 
In addition, urinary homocysteine has also been determined with 
HPLC and electrochemical detector equipped with a mercury 
electrode (24). 

Accurate determination requires rapid processing of tissue or 
plasma. We have recently observed that rapidly prepared plasma 
contains somewhat less homocysteine (free plus bound) than serum. 
This can be explained by a release of homocysteine from blood cells in 
whole blood left at room temperature. In contrast, when whole blood 
is kept on ice, there is no change in either free or protein-bound 
homocysteine within 0.5 hours, and total homocysteine remains stable 
for 12 hours under these conditions. 

There is a redistribution between free and protein-bound 
homocysteine in plasma at room temperature. Total homocysteine 
remains constant whereas free homocysteine declines. Repeated 
freezing and thawing have similar effect. 

AGENTS AFFECTING HOMOCYSTEINE METABOLISM 
AND DISPOSITION 

Nucleoside Analogues. 

Numerous adenosine analogues function as inhibitors of AdoHcy 
hydrolase (25). Since this enzyme is the only known source of 
homocysteine, one might expect that these agents induce depletion of 
intracellular homocysteine. 

This possibility was first investigated in whole mice injected with 
the drug combination 9-B-D-arabinofuranosyladenine plus 2'-deoxy­
coformycin. Although AdoHcy catabolism was profoundly inhibited, 
depletion of homocysteine in tIssues was not observed (11). The effect 
on homocysteine in extracellular media like plasma and urine was not 
investigated. 

Studies with isolated and cultured cells have enlightened this 
enigma. Cells in suspension export large amounts of homocysteine, 
and the homocysteine egress is profoundly inhibited by 3-deaza­
adenosine or 3-deazaaristeromycm in proportion to their inhibitory 
effect on AdoHcy catabolism(13,14). Homocysteine associated with 
the cells is either decreased, as in fibroblasts, or is even increased, as 
in liver cells, under these conditions. It is conceivable that 
homocysteine egress may be important as a cellular adjustment to 
imbalance in homocysteine supply relative to the metabolic need. Such 
a mechanism may be important for some cell types, but may be of less 
importance in liver cells where the turnover of AdoMet and related 
compounds is high (3) . 
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Cantoni et al. (26) pointea out some metabolic consequences of 
severe depression of the activity of AdoHcy hydrolase. They 
suggested that compounds inhibiting this enzyme, like 9-B-D-arabino­
furanosyladenine, may inhibit the regeneration of tetrahydrofolate 
from 5-methy'ltetrahydrofolate because of lack of homocysteine. In 
addition, inhIbition of de novo methionine synthesis, which supple­
ments dietary methionine, may cause methiorune deficiency. 

Boss and Pilz (27) have provided some data in favour of these 
suggestions. They recently demonstrated that the methionine synthesis 
was inhibited in T-lymphoblasts and to a lesser extent in B-lympho­
blasts in the presence of 2'-deoxyadenosine, 9-B-D-arabinofurano­
syladenine or 2'-deoxyguanosine, and the inhibition was reversed by 
homocysteine (27). The pronounced inhibition of methionine 
synthesis in T-lymphoblasts correlates with the cytotoxic effects of 
these nucleosides on these cells. The authors conclude that purine 
nucleoside toxicity may partly be mediated through inhibitIOn of 
methionine synthesis, and by trapping reduced folates as 5'-methyl­
tetrahydrofolate. The latter possibility gains support from the 
observation that some adenosine deaminase and nucleoside 
phosphorylase deficient patients have megaloblastic anemia (27). 

Two reports provide direct evidence that lack of homocysteine 
plays a role in the cytostatic action of nucleoside analogues inhibiting 
AdoHcy catabolism. Kim et al. (28) have shown that addition of 
homocysteine counteracts the cytostatic effect of 3-deaza­
aristeromycin in mouse macrophages. Likewise, Wolfson et al. (29) 
have reported that the cytostatic action of neplanocin A was inhibited 
by homocysteine in rat pituitary cells. These observations contrast to 
no effect of homocysteine on the cytostatic action of 3-deaza­
aristeromycin in HL-60 cells (Aarbakke, J., personal commun­
ication). 

Methotrexate 

The primary target for methotrexate is the enzyme dihydrofolate 
reductase, the enzyme responsible for the regeneration of 
tetrahydrofolate from dihydrofolate (30). Inhibition of this enzyme is 
expected to cause cellulru depletion of reduced folates, including 
5-methyltetrahydrofolate. Since quantitation of intracellular folates has 
met with technical obstacles, the effect of methotrexate on the cellular 
folate pools has not been evaluated until recently. In the spring of 1986 
two papers were published which describe the differential effect of 
methotrexate on reduced folates in various cell types in culture, 
including human breast cancer cells. Notably, both reports 
independently show that, among the reduced folates, 5-methyl­
tetranydrofolate is particularly sensitive towards the inhibitory effects of 
methotrexate. The cellular content of this particular folate was 
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profoundly reduced within minutes under conditions where the 
amount of other reduced folates was slightly (18) or not affected 
(31). Similar results were obtained with cells grown i.p. in mice 
injected with methotrexate (31). These findings are important in 
relation to the possible effects of methotrexate on homocysteine 
metabolism. 

We have recently demonstrated that methotrexate increases 
homocysteine export several-fold in chemically transformed murine 
fibroblasts. Larger concentrations were required for the enhancement 
of homocysteine egress from the non-transformed counterpart, which 
was essentially methotrexate resistant. The increase in homocysteine 
egress may be explained by lack of 5-methyltetrahydrofolate relative 
to the metabolic demand (15). 

The results with cells in culture prompted us to investigate the 
effect of high-dose methotrexate on homocysteine in plasma and urine 
from cancer patients. There was a marked increase in plasma 
homocysteine and urinary excretion of homocysteine within 12 hours 
after drug infusion (32). The homocysteine response was extinguished 
after a few infusions. The acute resI?onse is in accordance with the in 
vitro data (15), whereas the mechamsm behind the gradual appearance 
of a refractory state remains an enigma. 

In psoriatics receiving low dose (10-25 mg) methotrexate 
treatment once a week, we observed an acute increase in plasma 
homocysteine, which subsided within 2-3 days. The homocysteine 
response regularly appeared, and no refractory state developed in 
patIents receiving low-dose methotrexate (Refsum, H., Helland, S., 
and Ueland, P.M., unpublished results). Notably, Brattstnllm et al. 
(33) have recently reported that folic acid therapy resulted in 
substantial reduction in plasma homocysteine in normal men and 
women. These data suggest that plasma homocysteine may be a 
sensitive measure of intracellular folate status 

Some cancer patients and most patients with extensive psoriatic 
lesions have remarkable high plasma homocysteine levels. Plasma 
homocysteine decreased a few days after hIgh-dose methotrexate 
treatment, but not in psoriatics receiving low-dose treatment (Refsum, 
H., Helland, S., and Ueland, P.M., unpublished results). One may 
speculate whether homocysteine in plasma and urine may, partly at 
least, originate from rapidly proliferating cells, including cancer cells 
or basal cells in psoriasis. Exposure to cytostatic concentrations of 
methotrexate may reduce the number of proliferating cells, which in 
turn may account for reduction in plasma homocysteine. The possi­
bility that homocysteine egress may be dependent on the proliferation 
rate is supported by in vitro experiments (16), cited in a preceding 
paragraph. 

The clinical consequences of altered homocysteine metabolism 
during methotrexate therapy have not been settled. Long-term 
treatment of psoriatics with methotrexate induces liver cirrhosis and 
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fibrosis in 20-25 % of the patients (34). Based on experimental 
evidence, Barak et al. (35) have suggested that liver hepatotoxicity is 
caused by inhibition of the 5-methyltetrahydrofolate dependent 
synthesis of methionine from homocysteine, which in turn impose 
hpotrope deficiency. The possible consequences of altered plasma 
homocysteine, a possible risk factor for arteriosclerotic disease, is an 
open but intriguing question. 

Nitrous Oxide 

The anaesthetic agent, nitrous oxide, once considered to be 
chemically inert, reacts with transition metal complexes in solution, 
including the cobalt-containing vitamin B12. Oxidation of cobalamin 
in the enzyme, 5-methyltetrahydrofolate-homocysteine methyltrans­
ferase, irreversibly inactivates this enzyme (36). The enzyme is 
rapidly inactivated in rodents, but biopsi data suggest that the onset of 
inhibition is slower in man. Plasma methionine is decreased in rat and 
in man during prolonged (>12 hours) nitrous oxide exposure whereas 
short exposure does not affect plasma methionine in man (37 and 
references herein). It is conceivable that plasma homocysteine is a 
more responsive biochemical parameter during nitrous oxide 
exposure, but to our knowledge, thIS has not been evaluated to date. 

The data cited above show that methotrexate and nitrous oxide has 
a common biochemical target, namely the enzymatic conversion of 
homocysteine to methionine (Fig. 2). In addition, nitrous oxide may 
affect the cellular content of reduced folates according to the methyl 
tra!? mechanism. The clinical data on homocysteine in plasma of 
patlents treated with methotrexate (32) show that this drug in clinical 
use affects homocysteine metabolism. Therefore, it is conceivable that 
the drug combination of nitrous oxide plus methotrexate, which is 
used in some pediatric oncology units, may have some unforeseen 
clinical effects (38). This possibility is supported by experimental data 
showing that nitrous oxide enhances the antileukemic effect of metho­
trexate m rats (39) 

Steroids 

An experimental study has recently been initiated by Thomson et 
al. to investigate whether constituents of the oral contraceptives may 
affect urinary homocysteine excretion (24, 40, 41). Such a study is 
motivated by the fact that oral contraceptives increase the incidence of 
thromboembolic disease. In addition, it has been reported that pre­
menopausal women have a more efficient methionine metabolism than 
men and postmenopausal women (42). 
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These authors found that injection of the synthetic estrogen, ethynyl 
estradiol (40) as well as ethynyl estradiol disulfate (41), increased the 
urinary homocysteine excretion several fold. Progesteron was 
without effect. 

Further experimental and clinical studies of the possible effect of 
natural and synthetic estrogens and drugs affecting estrogen 
metabolism on homocysteine metabolism, are warranted. 
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ABSTRACT 

It was recently demonstrated that bromination or 
thiolation of guanosine at the C-8 position endowed it 
with potent biological activities, including the capacity 
to induce blast transformation of murine B lymphocytes 
and to enhance the secretion of specific antibody when 
administered with antigen. The guanosine, which is itself 
inhibitory to murine B cells, can also be converted to an 
immunostimulatory molecule after substitution at its C-8 
position with methoxy or hydroxy groups. The present 
paper demonstrates that 8-hydroxyguanosine and 
8-methoxyguanosine can also act as potent in vitro 
immunoadjuvants and the bromo or thio group is not 
essential for conferring biological activity to this 
nucleoside. Substitution of guanosine at C-8 position 
with -NH2, -OH and -OCH i groups has differential effects 
in influencing B-cell ac~ivation and differentiation. 

In vitro responses of B lymphocytes or spleen cells 
from neonatal mice and from xid immune defective (CBA/N x 
DBA/2) F 1 male mice to TNP-Ficoll were investigated. B 
cells from these mice are immunologically immature and 
unresponsive to antigen challenge with polysaccharide 
antigens including haptenated Ficoll. In the presence of 
8-mercaptoguanosine, TNP-Ficoll induced TNP-specific 
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responses in xid B cells and neonatal B cells equal in 
magnitude to those generated in cells from control 
mice. It is suggested that c-8 substituted guanosine 
analogues may function as differentiating factors for B 
lymphocytes. The use of these analogues should prove to 
be powerful probes for investigating the triggering 
mechanisms underlying the proliferation and 
differentiation pathways of B lymphocyte at the molecular 
level. 

INTRODUCTION 

Bromination or thiolation of guanosine at the c-8 
position endowed it with potent in vitro immunoadjuvant 
activity (Fig 1). These analogues enhance the secretion 
of specific antibody when administered with antigen 
(1-3). 

N 

~)-R 
N 

OH OH 
FIG. 1. Molecular structure of C-B-substituted guanosine 
analogs: guanosine, R = H; B-mercaptoguanosine, R = SH; 
B-hydroxyguanosine, R = OHj B-aminoguanosine, R = NH ; 
B-bromoguanosine, R = Br; B-methoxyguanosinej R = -OEH3. 
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This study investigated, the ability of C-8-substituted 
guanosine analogues to enhance primary antibody response 
in vitro. ---

CBA/N mice carry an x-linked immune defect which 
precludes them from responding to polysaccharide antigens 
(4) . In this regard they resemble the immune system of 
newborn mice which are also hyporesponsive to this group 
of antigens. To test whether 8sGuo could correct a "non­
responder" cell into a "responder" cell, cells from CBA/N 
mice and neonatal mice were cultured with TNP-Ficoll and 
8sGuo. The results presented in this report indicate 
that C-8 substituted guanosine analogue, 8sGuo can 
restore the anti-TNP-Ficoll responses in B cells from 
these mice to a level which was comparable to that seen 
in control B cells from responder mice. 

MATERIALS & METHODS 

Mice. CBA/N mice and (CBA/N X DBA/2) F 1 male or 
female mice 8 to 12 week of age were obtained from the 
Division of Research Services, National Institutes of 
Health; all F 1 male mice resulting from a cross with 
CBA/N (xid/xid) females carry the xid gene and are 
phenotypically immune defective. 

B cell purification. Splenocytes were teased and 
were washed in Hank's balanced salt solution. T cells 
were removed by treatment with a mixture of monoclonal 
antibodies at 4°c for 45 min (5). The mixture of 
monoclonal antibodies was comprised of a monoclonal rat 
anti-Thy 1.2 antibody and HO 13-4.9, a noncytotoxic 
monoclonal rat anti-Lyt-1 combined with a cytotoxic 
monoclonal mouse anti-rat k-chain antibody (MAR 
18.5)(American Type Culture Collection; ATCC, Rockville, 
MD). Cells were then washed one time in medium and were 
resuspended in baby rabbit complement (Pel-Freeze 
Biologicals) at a 1/10 dilution. 

Antigen. TNP-AECM-Ficoll was prepared as described 
(6) and used at a concentration of 1.0 to 10.0 ng/ml. 
8sGuo (Sigma) was dissolved in a small volume of 0.1 N 
NaOH, then was brought to pH 7.0 with 1.0 N HCl, and was 
finally diluted in Mishell Dutton medium. 

Cell cultures. B cells were cultured in modified 
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Mishell-Dutton medium containin~ 10% endotoxin free fetal 
calf serum (FCS) and 5 x 10- M 2-mercaptoethanol in 
flat-bottom microtiter plates (No. 3040; Falcon Plastics, 
Oxnard, CA) at 0.2 ml medium per well. Plates were 
incubated ina humidified 6% CO2-94% air atmosphere at 
37°C. 

Assay of plague forming cells (PFC). Cells were 
collected after culture, and the number of PFC that 
secreted antibodies against TNP were evaluated by using a 
modification of the hemolytic plaque assay of Jerne and 
Nordin(7) . 

RESULTS AND DISCUSSION 

To investigate the efficacy of c-8 substituted 
analogues to enhance antibody response in vitro, purified 
B cells from DBA/2 mice were cultured together with 
antigen and adjuvant. B lymphocytes were incubated with 
0.25 or 1.0 mM concentrations of guanosine analogues in 
the presence or absence of the type 2 antigenTNP-Ficoll, 
and after 3 days the cells were processed, collected, and 
evaluated for number of antibody forming cells. The 
results of these studies demonstrate that 8sGuo, 8-0HGuo, 
8-BrGuo, and 8-0MeGuo could stimulate polyclonal 
immunoglobulin secretion (Table I) and in the presence of 
antigen enhance the magnitude of the anti-TNP plaque­
forming-cell antibody response to TNP-Ficoll. Maximum 
stimulation of anti-TNP antibody secretion was achieved 
by the 8-substituted guanosine at 1.0 mM concentrations 
and their relative potencies in enhancing antibody 
secretion was in the following order: 

8sGuo > 8-0HGuo > 8-BrGuo > 8-0MeGuo. 

Addition of 8-aminoguanosine at all concentrations 
was suppressive to in vitro antibody formation, probably 
by its inhibition of purine nucleoside phosphorylase (8). 

8sGuo Restores the Ability of (CBA/N x DBA/2)F 1 Male 
Splenic B Cells to Respond to TNP-Ficoll. -

Spleen cells from immune defective (CBA/N X DBA/2)F 1 
male mice were cultured in vitro with TNP-Ficoll in the 
presence or absence of 8sGuo (Table 2). In all of the 
experiments, 8sGuo stimulated a significant increase in 
the number of "background" anti-TNP PFC in cultures of 
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TABLE 1 

Derivatization of Guanosine at c-8 Position 
Enhances antibody responses of B lymphocytes. 

Antigens: Anti-TNP 
PFC/culture 
Guanosine analog 
added (molarity) 

Medium TNP-Fico11 

1. Medium (0.0) 14 (1 ) 8 (2.4) 

2. Guo (0.25) 5 (1.22)* 8 (1. 07) 
Guo (1.0) 1 6 (1) 

3. 8-0MeGuo (0.25) 16 (1. 65) 28 (1. 95) * 
8-0MeGuo (1.0) 41 (1.19)* 85 (1.15)** 

4. 8-0HGuo (0.25) 40 (1.25)* 130 (1.13)* 
8-0HGuo (1. 0) 118 (1.47)** 200 (1.25) ** 

5. 8-BrGuo (0.25) 37 (1.16)* 120 (1.16)** 
8-BrGuo (1.0 ) 78 (1.03)** 198 (1. 07)** 

6. 8sGuo (0.25) 42 (1.25)* 134 (1.18)** 
8sGuo (1.0) 80 (1.09)** 296 (1.03)** 

7. 8-NH2Guo (0.25) 0 0 
8-NH2Guo (1. 0) 0 0 

Note: B Cells were prepared as described under Materials 
and Methods, and cultured in flat-bottom microtiter 
culture dishes at 5 x 10 5/well in modified Mishell­
Dutton medium containing 10% FCS. C-8-substituted 
guanosine analogs were added at a final concentration of 
0.25 or 1.0 mH. Anti-TNP PFC were enumerated on Day 3 of 
culture. TNP-Ficoll was used at 10 ng/ml and was added 
to cultures on day zero. The results for anti-TNP PFC 
represent geometric mean (log of SE) of triplicate 
cultures. Significance compared to control was 
calculated by Student's t test. 

* P<0.05 
** P<O.Ol 
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TABLE 2 

Restoration of in vitro responsiveness of 
spleen cells from mice with the xid defective 

mice to TNP-Ficoll with 8sGuoa 

Medium 
TNP-Ficoll 
8sGuo 

TNP-Ficoll + 8sGuo 

Anti-TNP PFC response to 
(Anti-TNP PFC/Culture) 

o 
o 

31 (1. 60) 

200 (1. 06) 

aSpleen cells f~m (CBA/N x DBA/2)F, male mice were 
cultered at 1 X 10 cells/well, in modified Mishell­
Dutton medium. The concentration of 8sGuo used was '.0 
mHo TNP-Ficoll was used at 2.5 ng/ml. After 3 days, 
cells were harvested and anti-TNP PFC were determined. 
The results represent geometric mean (X/fSE) of 
triplicate cultures. 

cultures of xid cells as might be expected of such a 
potent polyclonal B cell activator. Addition of TNP­
Ficoll, which by itself was unable to stimulate anti-TNP 
responses in xid spleen cells, induced a significant 
increase in the number of anti-TNP PFC in the presence of 
8sGuo. 

To determine whether the observed enhancement 
induced by 8sGuo in responses to TNP-Ficoll reflected a 
direct stimulatory effect on B cells, xid or normal cells 
were cultured with TNP-Ficoll in the presence or absence 
of the adjuvant (Table 3). It is known that in vitro 
responses to TNP-Ficoll are T cell dependent, and thus 
purified populations of normal B cells are unable to 
respond to this antigen. However, in the presence of 
8sGuo, TNP-Ficoll stimulated equivalent increases in the 
number of anti-TNP PFC in both xid (F 1 male) and normal 
(F 1 female) B cells. 
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Restoration of in vitro responsiveness of B cells 
from xid mice to TNP-Ficoll with 8sGuoa 

Source of Anti-TNP PFC Response to 
B Cells (Anti-TNP-PFC/Culture) 

TNP-Ficoll 
Medium TNP-Ficoll (8sGuo) +8sGuo 

(CBA/N X 0 0 91 (1.16) 181 (1. 38) 
DBA/2)F 1 
male 

(CBA/N X 0 3 (1.7) 83 (1.32) 222 (1.17) 
DBA12)F 1 

female 

aB cells fr~ F1 male and F1 female mice w~e cultured at 
1.5 X 10 cells/well and 1 x 10 cells/well, 
respectively, for evaluation of in vitro anti-TNP PFe 
responses to TNP-Ficoll, and were harvested 3 days 
later. The concentration of 8sGuo used was 0.25 nM. The 
concentration of TNP-Ficoll used was 2.5 ng/ml. The 
results for anti-TNP PFe represent geometric mean 
eXit SE}. 

8sGuo is an Effective Adjuvant for Neonatal B 
Lymphocytes. 

Spleen cells from 3, 6 and 11 day old mice were 
cultured with TNP-Ficoll and 8sGuo (Table 4) and anti-TNP 
plaque forming cell responses enumerated 3 days later. B 
cells from these young mice are unresponsive to this 
antigen in the absence of 8sGuo and they are responsive 
in its presence. Thus it appears that TNP-Ficoll could 
initiate the early steps of B cell activation even in the 
immature B cells of neonatal mice and 8sGuo could exert 
its immuno-stimulatory effects on these activated B 
cells. 
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Age 

3 
6 

11 

TABLE 4 

8sGuoa Restores In Vitro Responsiveness 
of Neonatal Spleen Cells To TNP-Ficoll 

TNP-
of Mice 8sGuo TNP-Ficoll Ficoll + 8sGuo 

days 30 (1.58) 3 (1.80) 114 (1. 32) 
days 76 (1.38) 0 222 (1. 14) 
days 73 (1.43) 3 (1. 25) 190 (1. 15) 

Ahmad 

aSpleen cells from CBA/J mice were cultured at 1 X 
106 cells/well in modified Mishell-Dutton medium. The 
concentration of 8sGuo used was 1.0 mH. TNP-Ficoll was 
used at 2.5 ng/ml. After 3 days, cells were harvested 
and anti-TNP PFC were determined. The results represent 
geometric mean (X/fSE) of triplicate cultures. 

CONCLUSIONS 

1. Differences do exist in the structural 
requirements needed for C-8-substituted guanosine 
analogues to activate B lymphocytes and more specifically 
that substitution of the thio and bromo group at the C-8 
position of guanosine is not absolutely critical for 
enhancing B-cell immune responses, since 8-0HGuo and 
8-0MeGuo exhibited immunostimulatory activity. 

2. The mechanism whereby the substituted guanosine 

analogues exert their adjuvant effect is unclear at the 
present time. Their stimulatory activity is exerted 
rather rapidly after culture with B cells and within 3 hr 
after in vitro incubation with B cells they induce a 
significant increase in expression of B-cell surface 
I-region-associated antigens (Data not shown). 

3. The ability of 8sGuo to induce responsiveness of 
xid B cells to TNP-Ficoll may result from its ability to 
enhance clonal expansion of TNP-Ficoll-specific precursor 
B cells, or from its ability to function as a 
differentiation factor. 
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4. The use of these new immunostimulants should 
prove to be powerful probes for investigating the 
triggering mechanisms underlying the proliferation and 
differentiation pathways of B lymphocyte at the molecular 
level. 
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INTRODUCTION 
The notion that aberrant cell differentiation is a consistent 

and important characteristic of malignant cells has been a 
popular theme in cancer research for many years. Theories 
concerning phenomena such as dedifferentiation, misprogramming 
of differentiated lineages, and inappropriate or ectopic expression 
of genes associated with embryonic development have often been 
linked to the progression of malignancy (1,2). 

This regulation of differentiation has been documented in a 
number of experimental systems, and includes situations where 
malignant cells appear to be frozen in maturation arrest at some 
point in a given lineage. This is particularly the case with hema­
topoetic malignancies, and there are also documented cases of 
being able to reinstitute the program of terminal differentiation 
in malignant leukemia cells by treatment with appropriate drugs 
(3,4). These phenomena have been referred to as "blocked 
ontogeny," (5) and neoplasms have also been referred to as carica­
tures of tissue renewal (6). 

The technique of somatic cell hybridization has been 
extremely useful in studies of gene mapping and control of 
expression of differentiated functions (7,8). This technique has 
also been applied to the study of the genetic analysis of 
malignancy (9). It is now well established that when malignant 
cells are fused with normal diploid cells of the same species the 
resulting hybrid cells retain their transformed phenotype in 
culture, but are completely suppressed with respect to their 
tumorigenic behavior. Rare tumorigenic variants arise which 
have fully regained their tumorigenic potential. Extensive 
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analyses of these hybrid populations have revealed that they 
express many of the phenotypic traits of the malignant parent in 
culture; however, most of the differentiated functions of the 
normal parental cell are extinguished (10,11). However, when the 
nontumorigenic hybrid cells are inoculated into immune-deficient 
animals, they fail to form tumors and the reason that they fail to 
do so is because the hybrid cells are induced to terminally differ­
entiate in the host animal (12,13). The following article is a brief 
discussion of these phenomena and how they may be used to 
investigate the differentiation process and control of malignancy 
in human cells. Because of the limited space of this article, I will 
confine my remarks to those dealing with intraspecies human cell 
hybrids; although the reader should be aware that a great deal of 
work has also been undertaken with rodent cell hybrids and inter­
species rodent cell hybrids (for reviews see references 9 and 14). 

A BRIEF OVERVIEW OF HUMAN CELL HYBRIDS 
The early studies with intraspecies human cell hybrids were 

undertaken using HeLa as the tumorigenic parental cell and 
diploid fibroblasts as the normal parental cell (15). HeLa was 
fused with a number of different fibroblast cell strains. In all 
cases, the hybrid cells behaved as transformed cells in culture and 
shared many phenotypic properties in common with the HeLa 
parental cells. However, these same cells failed to ~orm tumors 
in nude athymic mice, even wheg as many as 1 x 10 cells were 
inoculated (approximately 1 x 10 HeLa cells under similar condi­
tions will give 100% tumor incidence). Rare tumorigenic segre­
gants were obtained from the nontumorigenic hybrid population, 
often after only prolonged periods of time in culture (11). Similar 
results were found when hybrids were generated from the fusion 
of HeLa with human foreskin keratinocytes (12). 

The availability of paired combinations of hybrid cells (one 
transformed but nontumorigenic; the other transformed and 
tumorigenic) prompted the comparative analysis of their 
phenotypic characteristics in culture. Comparative studies of 
such hybrid cells quickly identified that many so-called markers 
of malignancy that had been claimed in a variety of other studies 
were phenotypes expressed by both nontumorigenic and tumori­
genic segregant cell hybrids. Surprisingly, this also included the 
trait of anchorage independence, a phenotype that has been 
repeatedly claimed as a correlate of tumorigenicity. In this 
human hybrid cell system, both nontumorigenic and tumorigenic 
segregant hybrid cells grow equally as well in suspension in soft 
agar or methyl cellulose (16). These results clearly demonstrated 
that the transformed and tumorigenic phenotypes are under 
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separate genetic control, a finding which has been shown by other 
investigators in other hybrid cell systems (9,14). 

In addition to comparing phenotypic characteristics of the 
nontumorigenic hybrid cells and their tumorigenic segregants, it 
was also possible to do comparative cytogenetic analyses to 
determine if specific chromosome loss is associated with re­
expression of tumorigenicity. These studies were carried out by 
Klinger's group and also our own. Stanbridge and colleagues 
described loss of one copy each of two chromosomes, 11 and 14, 
associated with re-expression of tumor-forming ability in HeLa x 
fibroblast hybrids (17). Klinger and associates, in a similar exten­
sive study, also provided evidence supporting a role for human 
chromosome 11 in suppression of the tumorigenic phenotype. In 
their case, however, they also indicated that other human chro­
mosomes, namely 2, 13, 17 and 20 may contain genetic 
information capable of suppressing the tumorigenic phenotype 
(18). The cytogenetic analyses performed on the intraspecies 
human hybrid cells COUld, however, be only described as 
tentative. Owing to the lack of morphologic markers identified 
by chromosome banding techniques, it is impossible to determine 
the parental origin of those specific chromosomes that are absent 
in the tumorigenic segregants. The availability of chromosome­
specific restriction fragment length polymorphism (RFLP) probes 
has now made it possible to identify specific chromosomes from 
different individuals, and thereby to ascertain the presence or 
absence of such chromosomes in somatic cell hybrids. When this 
analysis was applied to the HeLa x fibroblast human hybrid cells 
using RFLP probes specific for chromosome 11, the loss of a 
single copy of normal chromosome 11 from the hybrids was 
confirmed (19,20). However, no such correlation with loss of 
normal chromosome 14 was found (19). 

Further confirmation of the role of chromosome 11 in 
control of tumorigenic expression in HeLa cells was obtained by 
the technique of microcell transfer. In this technique single 
chromosomes are transferred from donor to recipient cell in 
interphase micronuclei via cell fusion (21,22). This method has 
the distinct advantage that the transferred chromosome is 
retained in the recipient cell in a heritable fashion, and maintains 
its chromosome structural integrity. It has now been shown that 
if a normal human chromosome 11 is transferred into tumorigenic 
segregant HeLa x fibroblast hybrids, complete suppression of the 
tumorigenic phenotype results (23). It is as yet unknown whether 
other single human chromosomes are capable of effecting sup­
pression of the tumorigenic phenotype. 
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DIFFERENTIATION AS A MECHANISM OF SUPPRESSION OF 
TUMORIGENICITY 

One of the general features of nontumorigenic malignant x 
normal hybrid cell populations is that they behave as transformed 
cells in culture (10,11,24). An important question, therefore, is 
why the nontumorigenic hybrids fail to form tumors in immuno­
suppressed mice when the growth behavior in culture is almost 
identical with that seen with the tumorigenic segregant hybrid 
populations. Answers to this question were obtained by examining 
the growth behavior of the hybrid cells in the intact animal (24). 
When nontumorigenic HeLa x fibroblast hybrid cells were 
inoculated subcutaneously into athymic mice the cells initially 
proliferated as if they would form tumors. However, approxi­
mately four days post-inoculation there was a dramatic decrease 
in mitotic activity. By day seven virtually all mitotic activity 
had ceased and the cells underwent a morphological alteration to 
a more fibroblastoid morphology. There was no evidence of 
lymphoid cell infiltration and the tissue nodules remained well 
vascularized. The histopathology of the nodules also indicated 
that the HeLa x fibroblast hybrids may have undergone differen­
tiation into fibroblastoid tissue. Further evidence for differentia­
tion came when nontumorigenic HeLa x keratinocyte hybrids were 
examined (12). Once again, the cells initially proliferated and 
then gradual cessation of mitosis occurred. In the case of these 
hybrid cells, however, a very dramatic histological Change was 
seen. The cells were rather rapidly induced to terminally differ­
entiate and, most interestingly, the nature of this terminal dif­
ferentiation was that of keratinizing epithelium. Considerable 
evidence has now accumulated to suggest that the non tumorigenic 
hybrid cells are induced to differentiate terminally in the athymic 
mouse and that the hybrid cell takes on the phenotypic 
"signature" of the normal parental cell regardless of the origin of 
the malignant parental cell. For example, HeLa x keratinocyte 
hybrids differentiate into keratinizing tissue, and HeLa x fibro­
blast differentiate into fibroblastoid tissue in the intact animal. 
In all cases the tumorigenic segregants of these hybrids form 
tumors that are undifferentiated anaplastic carcinomas, indistin­
guishable from those formed by the parental HeLa cells. A 
similar induction of differentiation has been noted by Harris in 
intraspecies rodent cell hybrids (13). 

GENERATION OF MONOCLONAL ANTIBODIES AGAINST 
DIFFERENTIATION-SPECIFIC ANTIGENS 

Given the fact that the nontumorigenic phenotype of the 
hybrid cells appears to be intrinsically linked to the process of 
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differentiation it obviously becomes of interest to determine 
whether the induction of the differentiated phenotype follows the 
normal program of differentiation or whether some aberrant 
program is activated. It should be noted at this juncture that 
when normal hUman diploid fibroblasts or keratinocytes are 
inoculated into nude athymic mice they are induced to terminally 
differentiate extremely rapidly, and features of terminal differ­
entiation are seen within 24 hours post-implantation. During our 
comparative analysis of the nontumorigenic and tumorigenic 
segregant hybrid cells we initiated a program of study to deter­
mine whether antigenic differences between the two cell types 
could be identified. To accomplish this antisera were raised in 
rabbits to the two hybrid cell types using live cells as 
immunogens. These initial studies were undertaken with HeLa x 
fibroblast hybrids. As expected, when the antisera were tested 
against a panel of cells consisting of parental HeLa and fibroblast 
cell lines and the paired nontumorigenic and tumorigenic 
segregant hybrid populations, both antisera reacted against all 
four cell types. Each antiserum was then extensively cross­
absorbed with the other cell type; that is, antiserum against the 
nontumorigenic hybrid cell population was absorbed with tumori­
genic segregant cells and vice versa. When these absorbed 
antisera were then tested against the same panel of cells several 
interesting results were noted (see Table I). The antiserum 
against the tumorigenic segregant (TS) HeLa x fibroblast hybrid 
cells, which had been absorbed extensively against the nontumori­
genic (NT) hybrid cells, reacted only against the TS hybrid cells 
and parental HeLa. Further analysis of this absorbed antiserum 
showed that it reacted with a single 75 kD polypeptide that is a 
membrane glycophosphoprotein and a candidate tumor-associated 
antigen (25,26). 

The absorbed anti-NT antiserum had an even more 
interesting pattern of reactivity. When the absorbed antiserum 
was tested by immunofluorescence against the NT hybrid cells 
(the immunogen), no reactivity was seen. This result indicated 
that the TS cells had absorbed out all of the antibodies directed 
against the NT cells, and suggested that all antigenic 
determinants (as recognized by the rabbit) expressed by NT cells 
are also expressed by TS cells. The absorbed anti-NT antiserum, 
as expected, also failed to react with the TS or parental HeLa 
cells (Table I). However, when this absorbed antiserum was 
tested against parental fibroblasts, strong positive staining was 
seen. This result seems somewhat paradoxical because the 
absorbed anti-NT antiserum did not react with the NT cells, 
which were the immunogen, but did react with hUman fibroblasts 
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to which the rabbit had never been exposed. Furthermore, even 
when the anti-NT antiserum was extensively absorbed with NT 
cells, the reactivity toward the human fibroblasts persisted. 

The key to this paradox lies in the nature of the 
immunogen. Viable NT hybrid cells were used in the 
immunization protocol. It is our contention that these live cells 
were induced to differentiate rapidly in the rabbit-in a fashion 
analogous to that seen in the nude mouse-and that certain dif­
ferentiation-specific (DS) products were rapidly expressed before 
the rabbit mounted its immune response against the foreign NT 
antigens. Antibodies were then synthesized against the spectrum 
of NT antigens, including the DS products. Because these DS 
products are not expressed by the NT hybrid cells in culture, 
extensive absorption of the anti-NT antiserum with NT cells did 
not remove antibodies directed against the DS products. It was 
shown by immunoprecipitation of solubilized, metabolically 
labeled fibroblast cell antigens with the absorbed anti-NT 
antiserum that several fibroblast DS antigens were recognized by 
this absorbed antiserum (27). 

Advantage was taken of this property of differentiation 
induction in the host animal to develop a general method to 
produce monoclonal antibodies (MAbs) against differentiation­
specific antigens. Viable nontumorigenic hybrid cells were used 
as the immunogen to immunize conventional mice. At the end of 
the im munization regimen spleens were removed and then hybrid­
omas produced by fusion of the splenocytes with a nonproducing 
mouse myeloma cell line. Growth medium supernatants from 
wells containing hybridoma cells were then screened by ELISA or 
immunofluorescence for reactivity against a restricted panel of 
parental and hybrid cells. The novel feature of this approach is to 
use as immunogens viable nontumorigenic hybrid cells that are 
undifferentiated in culture but which terminally differentiate in 
the host animal. The desired reactivity is the hybridoma superna­
tant that fails to react with the cultured hybrid cells that consti­
tute the immunogen, but which do react against the normal 
parental cells in culture which are expected to express certain 
differentiated functions. A test to investigate the validity of this 
hypothesis was done using nontumorigenic He La x keratinocyte 
hybrid cells as immunogen (28). As illustrated in Table II, a 
variety of patterns of reactivity were seen as would be expected, 
but most importantly, the predicted pattern of reactivity against 
only the normal keratinocyte parental cell was seen with 5 of 
approximately 90 hybridoma supernatants tested. Further 
evidence that these reactivities were indeed against DS antigens 
was obtained by testing the MAbs against frozen sections of 
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human skin. The MAbs reacted with a number of epidermal 
antigens, including basement membrane and stratum corneum, 
thereby proving the validity of the experimental system (28). 
These MAbs and others which have been generated against fibro­
blast DS antigens (27) and human breast epithelial antigens (Casey 
and Stanbridge, unpublished observations) will provide extremely 
useful reagents to begin to probe the nature of the process of 
differentiation of the nontumorigenic hybrids in nude athymic 
mice. 

IS DIFFERENTIATION-INDUCTION THE SOLE CONTROLLING 
MECHANISM OF TUMORIGENIC EXPRESSION OF HUMAN 
HYBRID CELLS? 

The studies described above clearly implicate the induction 
of differentiation as a mechanism to control the tumorigenic 
expression of the human hybrid cells. Indeed, there has been no 
exception to this induction of differentiation when hybrid cells 
derived from whole cell fusions have been examined; however, it 
is important to appreciate that the fusion of a malignant cell with 
a normal cell means that an entire genome of a normal cell is 
introduced into the cancer cell. The pattern of differentiation in 
vivo is that of the normal parental cell, and therefore it would 
seem reasonable to assume that the genes which are activated 
during this differentiation process are those of the normal 
parental cell. A schematic consideration of this is shown in 
Figure 1, where we assume that HeLa arose from a progenitor 
stem cell, which if it had undergone its orderly lineage of differ­
entiation, would have terminated as an ectocervical epithelial 
cell. This hypothetical situation is based upon the original reports 
which identified the probable source of HeLa as a cervical 
carcinoma (29). The malignant HeLa, again using hypothetical 
license in this example, is assumed to have arisen as a 
consequence of a block in this normal differentiation lineage, also 
probably accompanied by other genetic changes. Now, when the 
HeLa cell is fused with a fibroblast the resulting nontumorigenic 
hybrid population differentiates into fibroblastoid tissue in the 
nude mouse. If fused with a keratinocyte, the nontumorigenic 
hybrid differentiates into keratinizing tissue in the nude mouse. 
In both cases, one must assume that the program of 
differentiation is driven by activation of the genes of the normal 
parental cell, which in some fashion override the neoplastic 
behavior of the cancerous HeLa cells. 

As described above, however, we are now able to 
accomplish suppression of the tumorigenic phenotype by transfer 
of a single normal human chromosome. This has been 
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accomplished in two experimental systems where the same 
normal human chromosome 11 when transferred either into HeLa 
cells or Wilms tumor cells results in complete suppression of the 
tumorigenic phenotype (23,30). 

Epithelial stem cell + + Hela / / + + Ectocervical Epthelial Cell 

HeLa x fibroblast hybrid in vivo + fibroblast 
environment 

HeLa x keratinocyte hybrid i.n vivo + keratinocyte 
enVIronment 

Figure 1. Schematic representation of induction of differentia­
tion in whole cell hybrids. In the upper line is the hypothetical 
lineage of differentiation that the progenitor of HeLa would have 
undergone. Blockage of this lineage and other genetic changes 
result in the neoplastic He La cell. The lower two lines indicate 
that HeLa x normal cell hybrids express the differentiated pheno­
type of the normal parental cell in the in vivo environment of the 
nude mouse. See text for further explanatory details. 

Continuing with the HeLa paradigm, possible reasons for the 
suppression of tumorigenicity in HeLa following the introduction 
of a normal human chromosome 11 derived from a fibroblast cell 
line are outlined in Figure 2. One possibility is that HeLa cells 
containing the fibroblast chromosome 11 differentiate into 
fibroblastoid tissue in the nude mouse. This would indicate the 
switch-on of the entire program of fibroblast differentiation in 
these cells. It is of course ridiculous to assume that the genes 
responsible for the program of fibroblast differentiation all reside 
on chromosome 11; therefore one would have to postulate that 
some genetic information on the fibroblast chromosome 11 in 
some way activates HeLa genes which then participate in the 
fibroblast differentiation process. This would be somewhat akin 
to a master genetic switch capable of activating genes which 
presumably have never been switched on, even during HeLa's 
early pre-neoplastic history when its ancestral cell was 
committed to the differentiated lineage of ectocervical 
epithelium. An alternative possibility could be that the fibroblast 
chromosome 11 provides genetic information which allows the 
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HeLa cell in some way to overcome the original hypothetical 
block in the differentiation process of its progenitor cell and, 
thereby, in some fashion allow the HeLa cell to now once again 
proceed down the pathway to the differentiated state of 
ectocervical epithelium. This would be somewhat akin to the 
switching-on of normal developmental programs that have been 
seen in certain myeloid leukemia cell lines, most notably that of 
HL-60, where treatment of the leukemia cells with a variety of 
compounds (for example, dimethylsulfoxide) leads to their 
differentiation into macrophages and granulocytes (2,4). 

(1) HeLa + fibroblast chromosome 11 ----+ Fibroblast cell 

(2) HeLa + fibroblast chromosome 11 ---+- Ectocervical epithelial 
cell 

(3) HeLa + fibroblast chromosome 11 ---+- Inhibition of 
proliferation 

No differentiation 

Figure 2. Theoretical consequences of the introduction of a 
normal fibroblast chromosome (Fe) 11 into HeLa via microcell 
transfer. Three possible states exist following implantation of 
the cells into nude mice. In (1) a master gene switch on Fe 11 
activates genes of the HeLa genome to produce a differentiated 
fibroblast. In (2) gene(s) on Fe 11 provide the means for HeLa to 
overcome the block in its original lineage pathway resulting in 
completion of development into an ectocervical epithelial cell. In 
(3) failure to form a tumor occurs because of an inhibition of 
proliferation of the He La cell without induction of 
differentiation. 

Finally, it is possible that the suppression of tumorigenicity 
effected by the introduction of the normal chromosome 11 occurs 
by some mechanism other than induction of differentiation, for 
example, merely by inhibiting proliferation. This result would 
effectively dissociate the induction of differentiation from the 
control of tumorigenic behavior. We are currently investigating 
these possibilities. 
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CONCLUSIONS AND PROSPECTS FOR FUTURE STUDY 
Somatic cell hybrids have provided a valuable means of 

investigating the genetic control of transformation and tumori­
genicity in human cells. Conclusions that have been obtained 
from these studies include the fact that the transformed and 
tumorigenic phenotypes are under separate genetic control; that 
specific chromosomes are implicated in the control of malignant 
expression; and that, at least with whole cell hybrids, the induc­
tion of differentiation appears to be an important mechanism in 
controlling tumorigenicity. The hybrid cells have also allowed us 
to generate valuable reagents such as monoclonal antibodies 
against differentiation-specific antigens that will allow 
researchers to probe more specifically into the program of differ­
entiation. These studies, particularly those dealing with the 
transfer of single chromosomes, will now make the cloning and 
characterization of tumor-suppressor genes a feasible goal. It is 
also hoped that when the tumor-suppressor genes are finally 
isolated and functional studies are able to be undertaken, that it 
will then be possible to determine whether neoplasia is indeed a 
disease of cell differentiation (1). 
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INTERACTION BETWEEN BRAIN TISSUE AND MALIGNANT GLIOMA CELLS 

IN ORGAN CULTURE 

O.D. LAERUM, R. BJERKVIG AND S.K. STEINSVAG 
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UNIVERSITY OF BERGEN, N-5016 HAUKELAND HOSPITAL, NORWAY 

The direct spread of malignant cells from a primary tumour 
into the surrounding tissues is considered as one of the 
most important properties that govern malignant behaviour. 
At the same time such invasiveness is a necessary condition 
for the occurrence of metastases. Despite intensive research 
the general knowledge of this process is still limited. One 
of the reasons for this is the complexity of cellular 
reactions that take place in the borderzone between a 
malignant tumour and the surrounding normal tissue (Fig. 1). 

ASCULAR REACTION 

(NECROSIS) NORMAL 
TISSUE 

INFLAMMATORV REACTION 

Fig. 1. Schematic diagram of tissue reactions near a 
malignant tumour. 
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lNVP!SlVENESS: 

TISSUE 

1. CELLS OCCUPY ANOTHER TISSUE 

2. PROGRESSIVE PROCESS, 
i.e will continue and increase with time 

3. DESTRUCTION OF NORMAL TISSUE 

Fig. 2. Definition of invasiveness. 

On this basis there has been a need for model systems where 
the direct interaction between malignant and normal cells 
can be studied without interfering elements of other types 
of tissue reactions. It would then be reasonable to study 
such interactions in cell culture. It is generally known 
that invasion does not take place when normal and malignant 
cells are confronted in monolayer cultures (for review 
see 1). In order to study the invasive process outside the 
body it is,therefore,necessary to use either perfused 
organs or ordinary organ culture. It is also important to 
state that invasiveness is a complex property which rests 
on several cellular functions. The strict definition is as 
shown in (Fig. 2). 

MALIGNANT DEVELOPMENT IN THE NERVOUS SYSTEM 

From a clinical point of view it is generally known that 
malignant brain tumours may exhibit a rather short time 
period from the onset of clinical symptoms until the 
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terminal phase. At the same time the preclinical stages of 
these neoplasms may go over several years. From animal 
systems it is known that even after the administration of 
a strong, specific neurocarcinogenic agent, it may take a 
great part of the lifespan of the animal before a tumour 
is evident (see e.g. 2). 

When a tumour is evident in the nervous system, it is often 
outside the reach of surgically intervention, due to the 
local spread into the surrounding brain tissue. It has, 
therefore, been a need for research in this area, both 
applying to how malignancy develops and how the malignant 
cells may infiltrate. On this background our research group 
has for several years been studying malignant transforma­
tion in the nervous system by transplacental administration 
of the alkylating carcinogen ethylnitrosourea to l8-day-old 
rat fetuses (3,4). This process could also be studied out­
side the body by explanting cells from the treated brains 
shortly afterwards to longterm cell culture. Under these 
conditions, malignant transformation would take place in a 
similar way as in the intact brains in vivo, and during the 
same time period, i.e. 7 months (3). Thus, the different 
stages of malignant transformation could be observed 
directly. It was found that the transformation occurred as 
a stepwise process, where the cells acquired one and one 
property characteristic of malignant cells. The sequence 
was as follows: Growth of hyperplastic nodules/microtumours~ 
rapid proliferation of morphologically altered cells~loss 
of anchorage dependence~tumourigenicity by reimplantation 
into isogeneic host animals. 

However, it could not be established at what period the 
cells acquired invasive properties. On this background a 
collaboration project with the University of Gent was 
initiated, where several organ culture systems were em­
ployed in order to study directly the interactions between 
malignant and normal cells. The final goal was to obtain a 
system where the glioma cells could use their natural 
target tissue in organ culture, i.e. rat brain tissue (5). 

EXPLANTS OF SOLID BRAIN TISSUE AS TARGET 

A system has been especially developed for this purpose, 
where pieces of hemisphere tissue from the brains of 
l8-day-old BD-IX rat fetuses were explanted to microwell 
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dishes where the bottom had been covered with an agar base 
on beforehand. By this procedure the tissue would not 
attach to the substratum and remained free in suspension 
in the medium. Within a few days the explants would round 
up and form spheroids with preservation of the organoid 
structures. At the same time, a cell proliferation and 
migration mimicking the layer formation and differentiation 
process taking place in the intact brains was observed (6). 
When these explants were confronted with aggregates of 
malignant rat glioma cells, the tumour cells first migrated 
around the explant to varying extents. Then tumour cell 
invasion and replacement of one and one layer of the brain 
tissue was observed (7). The tumour cell invasion occurred 
as a massive replacement process ending with a small central 
core of remaining brain tissue surrounded by a large mass 
of malignant cells. 

INVASION INTO REAGGREGATING BRAIN CELL CULTURES 

The experiments described above were hampered by the great 
difference between the loose tumour cell aggregate, 
enabling more or less free movement of the malignant cells, 
and the solid matrix and limited possibilities for movement 
of the normal cells. It could, therefore, not be excluded 
that some of the phenomena were due to this difference. 
Tb test this possibility, another system was developed, 
where cell suspensions were made by mechanical dispersion 
of 18-day fetal rat brains which were transferred to 
culture dishes coated with an agar base. After a few days 
the cells would reaggregate and form organoid nodules in a 
similar way as has been known from other systems. However, 
the main difference from other types of reaggregating brain 
cell cultures was that this was done in a stationary 
system in order to avoid interference due to mechanical 
forces when cultures were shaken continuously(8,9). 

Also in this system, malignant glioma cells would surround 
and thereafter invade the normal brain tlssue that had 
formed. Depending on the cell lines studied, tumour cell 
invasion was characterized by a massive solid cell replace­
ment, or single cell invasion was observed (8-10). 

Firstly, two normal brain cell aggregates were placed 
together. Within a few days they fused and made one large 
aggregate. When two glioma cell aggregates were placed 
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together, they also fused rapidly and formed one single 
aggregate. However, when one normal brain cell aggregate 
was confronted with a glioma cell aggregate or to glioma 
cells in suspension, the malignant cells progressively 
invaded the brain tissue (10; Fig. 3 and 4). 

309 

In both these confrontation systems it was possible to 
identify single malignant cells within the brain tissue 
with several methods. One was to prelabel the glioma cells 
with 3 H-thymidine and perform autoradiography (7). The 
other was to study differentiation markers such as glial 
fibrillary acidic protein, S-IOO protein and neuron 
specific enolase. For these three markers fetal brain 
tissue and glioma cells had different patterns depending 
on the stage of brain development in culture and on the 
type of glioma line (8). 

Fig. 3. After 144 hrs of confrontation, the tumour cells 
have partly penetrated and replaced the normal brain tissue. 
Semi thin toluidine stained section. Magnification x 380. 
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Fig. 4. Scanning electron micrograph after 24 hrs of con­
frontation between a tumour spheroid (T) and a normal brain 
aggregate (N). Magnification x 1150. 

FETAL HEART SYSTEM 

The brain is known as a rather soft tissue, where the 
entrance of malignant cells might be far easier than in 
more solid tissues. In order to exclude that this was a 
contributing factor, it was necessary to test other organs 
as well. This was done by confronting precultured fragments 
of 9-day-old chick hearts to glioma cell aggregates. This 
was in fact the study that initiated this research pro­
gramme in collaboration with Dr. Leo De Ridder in Gent (11). 
In a series of studies, we could show that the malignant 
cells surrounded the chick heart fragments, splitted the 
heart cell junctions and invaded the tissue. The pattern of 
invasion was dependent onthe type of glioma line, and glioma 
and neurinoma lines had different histological appearence 
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(12). By electron microscopy it was also observed that 
cytoplasmic processes of the malignant cells were extended 
into the heart tissue between muscle cells and thereafter 
splitting their junctions at a short distance (13). It was 
also found a high endo/exocytotic activity both on the 
surface of the malignant and the normal cells. 

An important finding was that the acquisition of invasive­
ness was a rather late phenomenon during the carcinogenic 
process. With the chick heart system, we found that in­
vasiveness occurred at the same culture passage as when 
carcinogen treated brain cells had become tumourigenic (11). 
We could also show that a revertant cell line that was no 
longer tumourigenic was also no longer invasive. This 
could indicate that the acquisition of invasiveness is a 
rather late event during the process of carcinogenesis, 
although it can not be excluded that the culture system 
can interfere. 

PROPERTIES RELATED TO INVASIVENESS 

As documented in the presented data and in accordance with 
earlier investigations/several cell properties are 
associated with tumour cell invasion (Fig. 5). It has been 
shown that cell locomotion is a necessary condition for 
the occurrence of invasion (1). In the brain-glioma co­
culture system this appears as a directional migration of 
the malignant cells after they have extended cytoplasmic 
processes towards the surface of the normal tissue (14). 
Thereafter, cytoplasmic extensions are extruded between 
normal cells, a phenomenon that is also observed in the 
chick heart system (13). 

Surprisingly, cell proliferation does not appear to be a 
necessary condition for invasive behaviour (15). 

The importance of phagocytic properties of the invasive 
cells has been debated for a long time (see e.g. 15). 
Using a new flow cytometric method for automated quantita­
tion of phagocytic activity in malignant cells, we could 
show that the phagocytic capacity of some invasive cell 
lines was of the same magnitude as in normal fetal brain 
cells, i.e. about 30-40% of the cells would take up foreign 
particles such as bacteria, zymosan particles, erythrocytes 
and fluorescent cell debris (16). However, when divided 
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Fig. 5. Some phenomena associated with invasiveness. 

into glioma cell lines with high and low phagocytic 
capacity, respectively, it turned out that those with high 
activity also had a strong lytic effect on the normal brain 
tissue. This could even occur at some distance from the 
invaded cells (16). At present it can not be established 
whether this is a direct relation or indirect, e.g. that 
cells with a high endocytic activity also have a high 
exocytic activity with excretion of lysosomal enzymes and 
toxic cell products. We are now investigating the excretion 
of different types of proteases from these cell lines in 
order to identify the active lytic agents (17). 

It has often been claimed that highly differentiated tumours 
are less malignant than those with a low differentiation. 
However, we could not establish a direct relationship 
between differentiation pattern and the pattern of invasion. 
When looking at the presence of brain specific proteins, 
such as glial fibrillary acidic protein (GFAP), S-lOO 
protein, neuron specific enolase and the nCAM adhesion 
protein (18), both positive and negative cell lines were 
invasive (11). To what extent subpopulations within the 



Brain Tissue and Glioma Cell Interaction 313 

~ame cell lines have different invasive properties accord­
lng to the differentiation pattern has not yet been 
established. 

It should also be noted that there do not seem to be 
species differences according to invasiveness i organ 
culture, since also human glioma cells invade in the same 
way as rat gliomas (19). 

GENERAL COMMENTS AND CONCLUSIONS 

~rom ~he presented,data it is evident that the property of 
~nvaslveness by glloma cells can now be selectively studied 
In organ culture, using their natural target organ outside 
the body. The histological pattern of invasion turned out 
to be identical in vitro and after intracranial transplan­
tation in vivo (10). Hence, the presented co-culture 
systems may be used for further elucidating one~6f~the~rnGst 
critical properties for biological malignancy. It should 
also be noted that the co-culture system allows the study 
of both malignant and normal cells under exactly the same 
conditions, including properties as cell proliferation, 
cell attachment and migration, invasion and tissue destruc­
tion. At the same time the direct interactions between 
normal and malignant cells of the same tissue origin can be 
studied at the membrane level and with high magnification 
(see e.g. 20; Fig. 4 and 5). 

According to observations with malignant brain tumours in 
CNS, one could postulate that invasion is partly the result 
of lack of space following uncontrolled and progressive 
cell proliferation in a tumour. However, this occurs not 
to be the case, since there is certainly no lack of space 
in the co-culture system. 

Since the invasion process also can be quantitated and 
followed in time, the dynamics of this process can also be 
elucidated. Apart from the generally known phenomenon of 
lysosomal enzyme secretion, phagocytic properties seem to 
be related to the lytic effects of tumour cells, while 
differentiation protein markers did not show such 
correlation (16). 
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We conclude that invasiveness is one of the most important 
biological properties for malignancy in the nervous system. 
This property can now be studied specifically outside the 
body using organ co-culture systems which enable selective 
investigations of different cell functions related to this 
property. Our systems are now available for large scale 
use in the search for alternative cancer treatment 
modalities as well as for the study of mechanisms under­
lying invasive behaviour. 
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AND COMMUNICATION:THE PHORBOL ESTER - ONCOGENE CONNECTION 
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INTRODUCTION 

Proto-oncogenes, when expressed inappropriately or in 
altered form have the potential to cause cancer. Cancer is 
usually accompanied by a loss of cellular differentiation 
and by enhanced proliferation. As the normal function of 
proto-oncogenes appears to include control of cell differ­
entiation and proliferation, aberrant function of these 
oncogenes is probably involved in the various molecular 
events that contribute to the development of malignancy. 

The tumor promoter phorbol esters which can enhance 
the transformed phenotype in vitro and the appearance of 
tumors in experimental animal systems, also have the capac­
ity to modulate cell differentiation and proliferation. The 
biological effects of tumor promoters on differentiation 
are worthy of analysis because the transformed cell pheno­
type is usually associated with loss of differentiation­
associated characteristics such as disappearance of bio­
chemical markers and specific cell functions. Since proto­
oncogenes can be involved in the development of neoplasia 
when they are deflected from their proposed normal role of 
controlling differentiation processes, there is a theoret­
ical basis for the hypothesis that tumor promoters affect 
differentiation and encourage malignant growth by pertur­
bing some members of this set of control switches: the cel­
lular oncogenes. 

317 
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At the cellular level cell-cell interaction appears to 
play an important role in the control of differentiation 
and proliferation. Cells in almost all tissues, with the 
exception of blood cells, acquire specific structures 
through which they communicate by direct exchange of physi­
ological molecules and ions. This specific communication 
pathway, gap-junctional intercellular communication, is 
considered to be of fundamental importance in the mainte­
nance of tissue homeostasis. Phorbol ester tumor promoters 
were the first class of chemical agents shown to inhibit 
junctional intercellular communication. It is postulated 
that phorbol ester-mediated inhibition of cell communi­
cation may lead to modulation of cell differentiation. 

Phorbol ester tumor promoters may exert many, if not 
all of their effects by activating protein kinase C. Re­
cent studies from different laboratories suggested to us 
that the "phosphatidyl inositol cycle - protein kinase C" 
pathway may be one of the key signal traducing systems for 
many growth factors. 

It is the aim of this article to discuss cellular and 
molecular mechanisms of phorbol ester-mediated modulation 
of cell differentiation and intercellular communication 
with special emphasis on the relationship between phorbol 
ester tumor promoters, protooncogene expression and protein 
kinase C. 

PHORBOL ESTER-INDUCED MODULATION OF CELL DIFFERENTIATION 
IN VITRO IS ACCOMPANIED BY ALTERATIONS IN PROTO-ONCOGENE 

EXPRESSION (Table I and references therein) 

Tumor promoting phorbol esters modulate cell differen­
tiation in a variety of cell types, and the nature of this 
effect depends on the cell system (1): both inhibition and 
stimulation of differentiation can occur. For example, 
treatment of mouse Friend erythroleukemic cells (FELC), 
neuroblastoma cells, and epidermoid cultures with TPA 
blocks the appearance of the differentiated phenotypes; 
this same compound induces terminal differentiation of hu­
man medullary thyroid carcinoma TT cells, promyelocytic 
HL60 cells, and U937 human monocytes. While at first glance 
such contradictory effects might appear to lead to unneces­
sary complications, it is clear that these experimental 
systems can be extremely useful tools for studying the 
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parameters involved in cell differentiation and growth con­
trol: with each of these classic model systems and their 
TPA resistant variants, it should be possible to separate 
association and causation, and to select among the pleio­
tropic effects of TPA those biochemical events specifically 
linked to induction, or prevention as the case may be, of 
the differentiated phenotype. 

Exposure to TPA ultimately results in the appearance 
or disappearance of a wide variety of gene products (depen­
ding on the cell type), some of which serve as markers 
characteristic of differentiation, such as beta-globin in 
Friend erythroleukemia cells (FE~C). This phenomenon argues 
for a mechanism involving some ubiquitous and fundamental 
gene regulation control system, triggerred by external cel­
lular signals (e.g., TPA) and the particular internal envi­
ronment (determined by the cell type), that governs stage­
tissue-specific patterns of gene expression. 

As is the case for TPA, the products of certain proto­
oncogenes apparently are able to induce, and some are able 
to block cellular differentiation (2); it is likely that 
the normal function of certain proto-oncogenes is the 
proper control of cell differentiation. As expression of 
this family of genes is programmed developmentally and 
modulates tissue differentiation, there is a strong argu­
ment for the supposition that aberrant proto-oncogene 
function causes aberrations in differentiation programmes 
and consequently, neoplastic-like phenotypic changes. From 
the aspect of cancer as cell proliferation gone out of 
balance, it is also relevant to note that a) certain 
proto-oncogene products appear to be tightly linked to 
control of cell division processes (e.g., fos, myc)j b) 
some proto-oncogene products are growth factors/receptors 
(erbB, sis, fms) , and c) certain programs of cell differ­
entiation may be induced by specific oncogene products 
(e.g., src and neuronal differentiation). In addition, 
viral oncogenes, which can be viewed as modified proto­
oncogenes, malignantly transform cells. Since both phorbol 
ester tumor promoters and proto-oncogenes affect cell 
growth, differentiation, and malignant transformation, it 
is tempting to suggest that these entirely separate enti­
ties, i.e., an external chemical stimulus (TPA), and cel­
lular proto-oncogene products, either interact at some 
level or affect the same biochemical pathway at some point. 
Evidence that there is at least an indirect interplay 
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between proto-oncogenes and tumor promoters is provided by 
the numerous examples showing that expression of certain 
proto-oncogenes can undergo dramatic shifts when cells are 
exposed to TPA (Table I). 

Since, phorbol ester exposure may elicit differentia­
tion, block differentiation, or have no apparent phenotypic 
effect depending on the cell system, several hypotheses can 
be tested as to which proto-oncogene expression alterations 
are particularly relevant to differentiation control, and 
how, at a molecular level, tumor promoters may be affecting 
a cell's malignant potentiaL For example, experiments 
with the U937 and HL60 leukemia cell lines have shown that 
a rapid increase in c-fos mRNA occurs following phorbol 
ester stimulation of terminal differentiation into macro­
phages; however, DMSO induced HL60 differentiation to 
granulocytes is not accompanied by an increase in c-fos 
mRNA, suggesting either that c-fos induction during dif­
ferentiation is lineage-dependent and/or that TPA might 
elicit c-fos mRNA independent of whether differentiation 
ensues, and is thus an indiscriminate c-fos mRNA inducer. 
This second interpretation is supported by the observation 
that TPA induces fos expression in a wide variety of other 
cells, e.g., erythroleukemia cells, bladder epithelial 
cells, pheochromocytoma cells and fibroblasts (Table I), in 
some instances independent of whether differentiation-like 
phenotypic changes follow exposure to the tumor promoter. 
In addition, two chemical stimuli can elicit enhanced c-fos 
expression in pheochromacytoma cells (3), yet only one of 
the two treatments induces these cells to differentiate. 
At present, these results are consistent with the interpre­
tation that a burst in c-fos mRNA, though perhaps a neces­
sary component in the pathway to differentiation of some 
lineages, is not a universal requirement of cell differen­
tiation, and when necessary, is nevertheless insufficient. 

A powerful approach to determine precisely the role of 
proto-oncogene expression alterations essential in 
differentiation control is the use of cell systems in which 
a given oncogene is constitutively expressed. With this 
approach it has been shown that Friend erythroleukemia 
cells transfected with a c-myc containing plasmid and 
constitutively expressing c-myc mRNA are unable to 
differentiate (4, 5, 6). In this way, it is possible to 
distinguish between whether chemical induction of a 
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proto-oncogene has a functional role in differentiation 
control, or whether the chemical simply induces the 
alterations without evident phenotypic consequences. 
Clarification of this sort is also feasible with the use of 
tumor promoter-resistant variants. For example, the use of 
a H~60 cell variant resistant to TPA-induced differentia­
tion (7) has permitted the tentative conclusion that TPA is 
not a general inducer of c-fms expression unlike the 
situation for c-fos, and that increased c-fms mRNA in HL60 
cells sensitive to TPA-induced differentiation has a 
function in the differentiation process. Murine erythro­
leukemic cells offer a particularly interesting model 
system for this type of approach since variants with all 
possible differentiation responses to TPA are available and 
expression of certain proto-oncogenes has been studied in 
detail. 

We have isolated TPA-resistant variants of murine 
Friend erythroleukemic cells (8) which we use to analyse 
TPA-induced proto-oncogene expression alterations in 
erythrocyte differentiation. This system is attractive 
from the point of view of tumor promoter mechanisms because 
in the prototypic FE~C TS 19-101 cell line TPA blocks 
rather than stimulates differentiation, and thus serves as 
a model of the in vivo observation that tumor promoters 
cause phenotypic effects consistent with a loss of dif­
ferentiated functions in cell tissues. The proto-onco­
genes, c-fos, intensively studied in HL60 cell system (2), 
c-abl, the viral analog of which induces embryonic beta­
globin production (9), and myc, constitutive expression of 
which blocks FE~C differentiation (see above), are of 
particular interest. Using this cell line and its variant 
we have shown that in FELC TPA appears to be a general 
inducer of c-fos, which is consistent with findings in 
other in vitro model systems, and that increased c-fos 
expression does not necessarily result in differentiation 
(10). Since expression of some gene families is influenced 
by the degree of cytosine methylation at certain sequences, 
and since TPA exposure, as well as FELC differentiation, 
affect methylation of FELC cell DNA, we also examined the 
methylation pattern of c-fos sequences in these variants 
using HpaII, the CCGG methylation sensitive restriction 
enzyme isoschizomer of MspI. We found that the methylation 
of c-fos sequences is different in these variants, and has 
remained stable over time (1 year continuous culture). We 
have seen no alteration in c-fos methylation after 48 hours 
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differentiation induction, and c-fos methylation does not 
appear to correlate with TPA I S induction of c-fos mRNA. 
Since overall methylation of DNA in the TPA resistant cell 
variant is considerably greater than the parent TS 19-101 
TPA-sensitive cell line (as seen by ethidium bromide 
staining following gel electrophoresis of total HpaII 
digested DNA), we are continuing to test the possibility 
that the TPA-resistant phenotype may be in part a conse­
quence of methylated sequences, indicating a silenced gene, 
perhaps a proto-oncogene. 

From an empirical basis, TPA effects on proto-oncogene 
expression and cell differentiation permit the following 
tentative generalisations: 1) TPA affects expression of a 
wide variety of proto-oncogenes, 2) this alteration in 
proto-oncogene expression is frequently associated with 
changes in differentiation and growth, and 3) changes in 
proto-oncogene mRNA levels following TPA exposure often 
parallel those elicited by growth factors, some of which 
are products (or ligands) of proto-oncogene proteins. 

TPA-INDUCED AND ONCOGENE-INDUCED CHANGES IN INTERCE~~ULAR 

COMMUNICATION AND CELLULAR TRANSFORMATION: SIMILARITIES 

Homeostasis of an organ appears to be assured in vivo 
by communication of cells with each other, permitting 
signal transduction, and thereby perhaps controlling 
metabolism and cell proliferation. Various facets of 
cell-cell contact may be important: interaction of CAM 
proteins, gap junction structures, and other surface 
structures may function in this type of communication. 
Numerous reports demonstrate that a perturbation of 
intercellular communication is linked to re-stimulation of 
the potential for cellular multiplication. Also, it is 
well known that partial hepatectomy results in a sharp 
decrease in the number of gap junctions and simultaneously, 
stimulation of hepatocyte proliferation. In vitro cell 
communication studies using the techniques of electric 
coupling, metabolic cooperation, and microinjection of 
fluorescent dye suggest that growth control is associated 
with the capacity of cells to communicate with each other. 
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Phorbol Esters Block Intercellular Communication and 
Promote Expression of the Transformed Phenotype 

(Table II and references therein) 

One can consider carcinogenesis as a process involving 
several stages that fall into two fairly distinct phases: 
an initiation phase in which the carcinogen damages the DNA 
by a mutation, and a promotion phase, in which there is a 
clonal expansion of initiated cells which proliferate more 
rapidly than neighboring normal cells, and form a tumor 
under conditions favorable to neoplastic growth. Although 
this model of initiation and promotion stems primarily from 
animal experiments, in particular mouse skin carcinogenesis 
experiments (11), it is likely that a similar process can 
occur in human cancers (12). Tumor promoting chemicals 
such as phorbol esters which act at this second phase of 
the carcinogenesis process presumably have the capacity to 
stimulate clonal outgrowth of altered cells, but the 
mechanisms by which this effect is elicited have not been 
defined. 

In the last several years, the interesting observation 
was made that phorbol esters could inhibit the intercellu­
lar communication typically present among normal cells, and 
this phenomenon has been confirmed by several different 
methods and in numerous cell systems (Table II). The 
mechanism by which TPA could promote tumor growth may be 
this metabolic isolation of aberrant cells from normal 
cells, permitting clonal growth of initiated cells. 

The precise action of phorbol esters at the intra­
cellular level is not yet well understood, but it is known 
that the most potent of this class of chemicals, TPA, is 
not only a tumor promoter as discussed above, but also, an 
activator of the calcium and phospholipid dependent enzyme 
protein kinase C (13). The relevant feature of TPA exposure 
and oncogene induced transformation as modulators of inter­
cellular communication could be phosphorylation of a speci­
fic target protein involved in the communication machinery 
at the cell membrane, since protein kinase phosphorylation 
is the common event at the molecular level of TPA exposure 
and the presence of active proto-oncogene protein kinases. 
Al though the action of oncogenes on communication has not 
been the topic yet of many studies, it would be interesting 
to compare the effect of various oncogene products with 
that of phorbol esters on intercellular communication. 
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Cellular Transformation by Oncogenes Causes 
Intercellular Communication Block 

329 

Viewing cellular transformation in part as a 
perturbation of growth control, several research groups 
have shown that cellular transformation is accompanied by a 
block in intercellular communication (14,15,16). BAI..:B/c 
313 cells, frequently used in transformation experiments, 
form foci upon treatment with carcinogens, e.g., MCA, or 
following pEJras oncogene transfection. These transformed 
cells are incapable of communicating with surrounding 
normal cells (17, figure 1). Communication inhibition, 
leading to increased cell growth, would then be one 
mechanism in the multi-step process ultimately permitting 
the appearance of foci, or clonal outgrowth of initiated 
cells. The relevance of this phenotypic change is 
supported by the observations discussed above showing that 
tumor promoting phorbol esters are potent inhibitors of 
intercellular communication (18). This, in conjunction 
with the finding that rat kidney cells infected with a 
temperature sensitive mutant of the oncogenic avian sarcoma 
virus become less permeable (19) make reasonable the 
supposition that reduced communication capacity allows 
expression of the transformed phenotype which otherwise 
would be blocked by the presence of surrounding cells. To 
analyse the temporal and mechanistic requirements of 
cell-cell contact effects on transformation, one can 
compare the effect of oncogene transfection with that of 
TPA exposure upon expression of transformation. For 
example, in cultures of 3T3 cells immortalised by pIT, EIA 
or myc transfection in which no foci appear ordinarily, 
foci are induced by TPA treatment. Thus, here TPA acts in 
a manner analogous to pEJras which, when co-transfected 
with these so-called "immortalising" genes also results in 
the appearance of transformed foci (20). Rat embryo 
fibroblasts (21) and C3HIOTl/2 (22) transfected with pEJras 
alone also form foci only if also exposed to TPA, and the 
presence of untransformed cells apparently has no effect on 
this stimulation of initiated cells (21). The capacity of 
TPA treatment to increase the appearance of foci in 
carcinogen or oncogene treated cultures may be quite 
specific for cell type. Intercellular communication 
studies in these cultures will indicate whether and when 
cell interaction is linked to TPA development of foci. 
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Figure 1. Intercellular communication block between normal 
BALB/c 3T3 cells and cells transformed by pEJras 
oncogene DNA transfection. A, pEJras transformed 
cell at the periphery of a transfonned focus was 
microinjected with fluorescent dye. Upper panel: 
phase contrast micrograph; lower panel: fluores­
cent micrograph of the same area. 
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RELATIONSHIPS BETWEEN TUMOR PROMOTING PHORBOL ESTERS, 
PROTO-ONCOGENES AND PROTEIN KINASE C 

(Table III and references therein) 

331 

From a theoretical standpoint, a mechanistic link 
between oncogenes and TPA is provided by the demonstration 
that protein kinase C is the specific binding receptor of 
TPA and that many oncogenes code for protein kinases. Since 
tumor promoting phorbol esters directly activate protein 
kinase C (13) and since diacylglycerols also activate this 
enzyme, it is probable that most if not all pleiotropic 
effects of TPA, including its effects on cell differentia­
tion and oncogene expression, occur through protein kinase 
C activation, subsequent modulation of cellular protein 
phosphorylation events, and the consequences of this phos­
phorylation. In evaluating this deduction, it would be 
useful to know 1) whether TPA treatment results in phospho­
rylation of oncogene products; 2) whether protein kinase C 
activation by diacylglycerol affects oncogene expression in 
the same way that TPA exposure does; 3) whether oncogene 
kinases and protein kinase C have substrates in common, or 
4) whether cell variants resistant to the phenotypic 
effects of TPA have either some alterations in protein 
kinase C activity or localisation, or some functional 
change in a target protein phosphorylated by protein kinase 
C. In this way, one can probe for the biochemical inter­
sections of protein kinase C activation and proto-oncogene 
activity. 

Theoretically, one may envisage several possibilities 
including the hypotheses a) that among the protein kinase C 
substrates, there is a key protein kinase C phosphorylation 
of a proto-oncogene product, which then alters the proto­
oncogene IS capac it y to function; b) that protein kinase C 
and proto- oncogene tyrosine kinases share a common 
substrate that in turn controls expression of other 
oncogenes governing cell growth, proliferation or diffe­
rentiation (candidates for this class of substrate could 
include transcription regulatory factors controlling 
expression of oncogenes that are implicated, for example, 
in cell division control); or c) that protein kinase C 
activity and oncogene-ligand binding, by separate pathways, 
cause the accumulation of common intracellular messengers, 
e.g., products of the arachidonic acid cascade, and these 
messengers have essential effects on gene transcription 
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control, transformation and differentiation. Experiments 
providing examples of each of these possibilities are cited 
in Table III: TPA phosphorylates the EGF receptor (encoded 
by the proto-oncogene erbB) (23) which may affect receptor 
ligand bindinJt affinity (24,25). Protein kinase C phospho­
rylates pp60 c (26), and cell exposure to TPA enhances 
tyrosine kinase activity (27). Various inducers of fos 
transcr iption other than TPA, such as EGF, PDGF and NGF, 
can activate protein kinase C. Several proteins that bind 
to the actin cytoskeleton, for example calpactin, may be 
phosphorylated via either protein kinase C activation or 
the src oncogene product (28,29). Which phosphorylation 
events if any are essential features in expression of 
malignant phenotypes is the subject of intensive study. To 
determine which protein kinase C substrates are particular­
ly relevant in the context of cell transformation, overlap 
can be sought between the transforming protein pp60src and 
protein kinase C substrates (26,30); there is evidence that 
alteration in phospholipid metabolism is an important 
consequence of activity of these two kinases (29). 

There are also several reports suggesting that protein 
kinase C is closely linked to control of c-myc expression: 
TPA and DAG cause a decrease in c-myc prior to FELC dif­
ferentiation (31) and PDGF effects on c-myc mRNA in 
fibroblasts, which are similar to those of TPA exposure 
(32), are accompanied by an increase in protein kinase C 
activity (33). Whether protein kinase C binding to c-myc 
upstream enhancer sequences (28), phosphorylation of some 
trans-acting regulatory protein, or indirect control of 
regulatory molecules through other intermediates generated 
by protein kinase C activity is responsible for reported 
effects on c-myc expression is unclear. 

CONCLUSIONS 

In the past several years evidence has accumulated 
showing that molecular mechanisms by which phorbol esters 
enhance tumor formation include modulation of oncogene 
function, thereby de-regulating "healthy" differentiation 
and proliferation control. This link has been established 
by three avenues of inquiry. 

1) Exposure to phorbol esters in various cell systems 
can affect cell differentiation. These changes in 
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differentiation are tightly linked to changes in proto­
oncogene expression. Secondly, many growth factors (some 
are oncogene products or oncogene product ligands) mimic 
the pattern of proto-oncogene expression alterations 
induced by phorbol ester treatment. 

2) Phorbol esters and transfected oncogenes can have 
similar or co-ordinating effects on transforming or 
differentiating cells in culture. Examples have been shown 
in which either an oncogene or phorbol esters can inhibit 
(or in some cell systems, induce) the differentiated 
phenotype. Oncogene transfection1 viral transformation and 
phorbol ester treatment, have been shown to affect inter­
cellular communication, a proposed control factor in co­
-ordinate cell growth, clonal outgrowth of initiated cells, 
and foci formation. 

3) Protein kinase C is the membrane acceptor for 
phorbol esters, and ligand binding activates this enzyme. 
In the biochemical pathways of the cell, there are numerous 
points of intersection with regard to oncogenes, growth 
factors, and protein kinase C activation by phorbol esters. 

Taken together, these observations support the working 
hypothesis that phorbol esters exert their tumor promoting 
effects by activating protein kinase C and that it is this 
acti vation, perhaps through a ser ies of steps or signal 
intermediates, which has an important effect on oncogene 
functions, causing the appearance of transformed cell 
characteristics. One model of this "phorbol ester-protein 
kinase C activation-oncogene ll connection would be one in 
which both protein kinase C activation, activation of 
oncogene kinases and growth factor ligand binding share a 
common biochemical consequence. This could be either 
phosphorylation of a shared substrate or the triggering of 
a second (later) messenger which alters cell metabolism and 
gene control. Another model of this connection would be 
one in which protein kinase C, perhaps indirectly, affects 
the expression of pivotal proto-oncogenes. It is also 
feasible that protein kinase C when altered in structure, 
function, or localisation would be capable of transforming 
cells, and would then itself fall into a functional 
definition of a proto-oncogene. 
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