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A. Introduction 

Haemopoietic stem cells are derived early 
in embryogenesis, are relatively few in 
number, but persist throughout adult life 
by virtue of their ability to undergo self-re­
newal. This ability to undergo self-renewal 
is a characteristic and essential property of 
stem cells: in the absence of self-renewal 
the haemopoietic system would rapidly de­
cline, while excessive and persistent self-re­
newal (in the absence of death or differen­
tiation) would lead to a dramatic reduction 
in the production of mature cells and an in­
crease in primitive cells, i.e. a leukaemia 
[24, 35]. It follows, then, that an investi­
gation of self-renewal and differentiation is 
an over-riding problem in the understand­
ing of growth control in normal tissues as 
well as the lack of growth control which oc­
curs during tumourigenesis. In this context, 
the role of tissue and cell lineage-restricted 
growth factors and of oncogenes (and their 
products) is assuming more and more im­
portance [16, 48]. In this communication, 
the role of one such growth factor (haemo­
poietic cell growth factor), the stromal cell 
milieu, and the src oncogene are discussed 
in relation to self-renewal and differen­
tiation ofhaemopoietic cells. 
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B. The Role of the Marrow Stroma 
in Haemopoiesis 

Haemopoietic cell development in the 
adult occurs mainly in the bone marrow, 
where the developing blood cells are found 
in intimate association with a stromal cell 
network [26, 49]. Evidence indicates that 
the stromal cells supply the extracellular 
matrix and cell-cell interactions necessary 
for the proliferation of stem cells [40J as 
well as their differentiation and devel­
opment into the various myeloid lineages. 
For example, the stromal cells present in 
long-term marrow cultures produce factors 
which specifically (and reversibly) stimu­
late or inhibit DNA synthesis in CFU-S [46, 
53, 54]: thus, changes in the respective con­
centrations of these opposing activities act 
to modulate proliferative activity of the 
stem cells. However, within the long-term 
cultures (and in marrow in vivo), the popu­
lation size of stem cells is strictly controlled, 
such that in normal steady state conditions 
the number of CFU-S remains fairly con­
stant [45]. This control can operate at two 
levels. First, at the level of stem cell pro­
liferation where an increased demand for 
CFU-S (following partial ablation with 
cytotoxic chemicals) is met by increased 
proliferative activity [19, 52] (associated 
with increased production of the CFU-S 
"stimulator" alluded to earlier). Second, at 
the level of stem cell differentiation, a pro­
cess which is an enigma at present, but 
which generates a series of lineage-restrict­
ed progenitor cells such as granulocyte/ 
macrophage colony-forming cells (GM­
CFC), erythroid colony forming cells 

363 



(BFU-E) and so on. Most, ifnot all, of these 
committed progenitor cells can be recog­
nised by their ability to undergo clonal ex­
pansion in soft gel systems to produce 
colonies containing mature cells of the ap­
propriate cell lineages [13, 28]. The devel­
opment of the cells within these soft gel sys­
tems requires the continuous presence of 
appropriate growth factors such as granulo­
cyte/macrophage colony-stimulating factor 
(GM-CSF), burst-promoting activity 
(BPA), etc. However, the development of 
the progenitor cells in long-term marrow 
cultures occurs in association with the mar­
row stromal cells and does not require the 
presence of added stimulatory molecules 
[12,50]. 

Indeed, it is difficult to detect the pres­
ence of molecules such as GM-CSF or BPA 
in medium conditioned by the growth of 
marrow stromal cells in vitro, and for this 
reason we believe that such molecules are 
normally produced by the stromal cells and 
stimulate progenitor cells locally, where an 
effective concentration of the growth factor 
can be maintained [14, 18, 37, 51]. In other 
words, the haemopoietic system may be 
best viewed as consisting of a series of 
stromal cell niches facilitating stem cell 
proliferation/differentiation or promoting 
progenitor cell development. This view is 
supported by our observation that specific 
stromal cell-haemopoietic cell interactions 
occur during erythroid cell development 
and that similar but different stromal 
cell-haemopoietic cell interactions occur 
during granulocyte development [1, 2, 11]. 
The net result of these complex interactions 
is the maintenance of homeostasis such that 
for everyone CFU-S there are about ten 
progenitor cells and for every one GM­
CFC, there are between 500 and 1000 ma­
ture cells being produced. These ratios are 
highly consistent and are found both in 
marrow in vivo and in long-term cultures 
in vitro. Obviously, an increase or a de­
crease in the self-renewal probability of the 
stem cells may have a profound effect upon 
the production of mature cells - leading 
either to an aplasia or a hyperplasia. 
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c. The Role of Growth Factors 
in Self-Renewal 

Several haemopoietic growth factors have 
now been purified to homogeneity, partial 
amino acid sequence determined and, in at 
least two cases, molecularly cloned [8, 10, 
20, 29, 33, 42, 55] and A. W. Burgess, per­
sonal communication). One of these growth 
factors is GM-CSF, purified from mouse 
lung cell-conditioned medium. This factor 
stimulates the development of GM-CFC to 
produce colonies in vitro containing neu­
trophils and macrophages [8]. In this case, 
however, little or no self-renewal occurs: 
after several days' growth, the GM-CFC 
give rise to colonies containing only mature 
cells [4, 7, 30]. Because of this, it was once 
thought that GM-CSF was a lineage-re­
stricted regulatory molecule. Recently, 
however, it has been shown that multi­
potential stem cells can also respond to this 
molecule, which acts as a proliferative sig­
nal as well as facilitating differentiation of 
the multipotential cells to lineage-restricted 
progenitor cells [31]. Thus, GM-CSF may 
have a wider range of "target" cells than 
initially thought. Despite this, there is no 
evidence that GM-CSF is acting as a self­
renewal stimulus for multipotential cells or 
GM-CFC; rather, it appears to be involved 
in facilitating development of the stem and 
progenitor cells in the absence of self-re­
newal. A similar role can also be ascribed 
to the molecule which selectively stimulates 
granulocyte development from the GM­
CFC [29, 33] (so-called granulocyte colony­
stimulating factor, or G-CSF) and to the 
molecule which preferentially stimulates 
macrophage development from the GM­
CFC [42] (macrophage colony- stimulating 
factor, M-CSF or CSF-l). Similarly, the 
hormone erythropoietin (which acts on the 
terminal stages of erythropoiesis) has so far 
not been shown to act as a self-renewal-in­
ducing molecule (E. Spooncer, unpublished 
work). Consequently, the role oflineage-re­
stricted regulatory molecules seems to be 
one of facilitating development rather than 
self-renewal. 

In contrast to this is the action of the 
molecule which we have recently purified 
to homogeneity from WEHI-3 cell-con­
ditioned medium. This molecule, which we 



term haemopoietic cell growth factor [4] (or 
HCGF) is a glycoprotein of r-.J 25 kilo­
daltons with a polypeptide core of 15 kilo­
daltons, and is almost certainly the same 
molecule as that known as IL-3, BPA, PSF, 
mast cell growth factor or multi-CSF [9, 22, 
23, 32, 36, 56]. 

The widespread interest in this molecule 
arises from the observation that it can "im­
mortalise" granulocyte precursor cells and 
mast cells, i.e. it will allow such cells to self­
renew continuously in vitro [IS, 21, 44]. It 
will also promote proliferation and self-re­
newal of CFU-S in short-term liquid cul­
ture [27, 47] and L. Dorssers, personal 
communication), as well as proliferation 
and development of multipotential stem 
cells and the various types of myeloid com­
mitted progenitor cells [4]. In other words, 
HCGF appears to be a "master control" 
molecule influencing the earliest stages of 
haemopoiesis. This does not mean that the 
lineage-restricted molecules (such as CSF-I 
and erythropoietin) do not have a role to 
play in haemopoietic cell development. 
Rather, they may best be seen as the "fine 
tuners" in the system, modulating cell pro­
duction to meet the demand existing at any 
one time. 

Of major interest is that, unlike the mol­
ecules such as GM-CSF, M-CSF, G-CSF 
and erythropoietin, HCGF cannot be de­
tected in the serum of mice, although it is 
readily produced in vitro from lectin-stimu­
lated T cells [9]. Our proposition is that the 
in vivo production of this molecule is prob­
ably very stringently controlled, being nor­
mally produced only in areas where self-re­
newal is required. Obviously, excessive or 
systemic production of HCGF may be ex­
pected to have a dramatic effect on haemo­
poiesis. Indeed, it could be that the WEHI-
3 leukaemic cells (a potent source of 
HCGp) are leukaemic by virtue of their 
ability to produce HCGF and are thus 
"autostimulated" for self-renewal. 

D. Enhanced Self-Renewal in Response 
to the src Oncogene 

From the previous discussion, it is clear 
that the maintenance of homeostasis re­
quires a delicate balance between cell-cell 

interactions and diffusible regulatory mol­
ecules (growth factors). The products of 
certain oncogenes, i.e. the oncogenes as­
sociated with leukaemic transformation 
such as abl, myc, myb, erb, presumably alter 
this balance in such a way that increased 
self-renewal occurs at the expense of differ­
entiation [6]. How they do this is unclear, 
although the evolutionary conservation of 
cellular oncogenes suggests an important 
role for their products in normal cell growth 
and differentiation [17,38,43]. 

Recently, we have been investigating the 
effects of the src oncogene (which codes for 
a product called pp60s,<), an oncogene 
which is associated with the production of 
sarcomas in chickens [5]. Using molecular 
recombination techniques, the avian src 
has been placed under the influence of an 
amphotropic murine virus promoter se­
quence [3], and this virus, src (MoMuL V), 
has been used to infect murine long-term 
marrow cultures [7, 41]. The effect was dra­
matic. 

1. Effects on the Stroma 

Little change was seen in the gross mor­
phology or organisation of the stromal el­
ements for several weeks. However, the cul­
tures were infected with the src (MoMuL V) 
between 5 and 8 weeks after initiation of 
the cultures - a time at which little prolifer­
ative activity is occurring in the stromal 
cells, hence to initial lack of effect is not 
unexpected. However, within 8-10 weeks 
after infection there occurred a progressive 
overgrowth of "transformed" fibroblasts 
and macrophages which, at later times in 
culture, were released from the adherent 
layer and were found admixed with 
haemopoietic cells in the growth medium 
[7]. 

II. Effects on Haemopoietic Cells 

Following infection with src (MoMuL V) 
there was a progressive increase in the con­
centration and in the absolute number of 
stem cells (CFU-S) and committed progeni­
tor cells (GM-CFC) released into the 
growth medium. The increases in the con-
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Fig. 1. Schematic illustration of the influence of 
src (MoMuL V) infection of long-term cultures on 
the development expansion ofhaemopoietic cells 

centration of CFU-S and GM-CFC (which 
are 50-100 times the level seen in the con­
trol) reflected an absolute increase of 10-20 
times the number seen in the correspond­
ing control cultures. At the same time, how­
ever, the number of mature haemopoietic 
cells produced fell dramatically. In control 
cultures, between 400 and 1000 mature 
cells were present per GM-CFC. In infect­
ed cultures, on the other hand, the level of 
mature cells progressively declined to reach 
a level of about 5-10 mature cells per GM­
CFC [7]. In other words, src (MoMuL V) in­
fection of long-term marrow cultures led to 
an inversion of the developmental hierar­
chies seen during normal haemopoiesis. 
The effects are schematically described in 
Fig. I. 

III. Are the Haemopoietic Cells 
Leukaemic? 

Notwithstanding the effects seen on de­
velopmental transitions described earlier, 
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we repeatedly found that (irrespective of 
the time since infection) injection of the 
cells into immunocompromised or poten­
tially lethally irradiated recipients did not 
lead to the development .of a leukaemia [7, 
41]. In fact, the spleen colonies produced 
from the CFU-S present in src (MoMuL V)­
infected cultures were normal in all aspects 
examined, the cells would protect mice 
from the effects of a lethal dose of radi­
ation, and the reconstituted animals lived a 
normal life span without the emergence of 
leukaemic disease [41]. In these reconstitut­
ed animals a slight anaemia was occasion­
ally observed, but no evidence of a gross 
block in differentiation was seen - as hap­
pened in the original src (MoMuLV)-in­
fected long-term cultures. We conclude, 
therefore, that the haemopoietic cells pro­
duced in the src-infected cultures are essen­
tially normal (at least in terms of differen­
tiation ability) and the developmental 
block seen in the infected long-term culture 
is due primarily to an effect of src on the 
supportive stromal cell elements. 

IV. Infection with src (MoMuL V) 
is Associated with Changes in the Self­
Renewal Capacity of Haemopoietic Cells 

While the CFU-S in the src-infected cul­
tures are apparently normal in their ability 
to produce spleen colonies and to reconsti­
tute irradiated mice, we did detect a pro­
found change in their self-renewal ability. 
For example, when normal CFU-S are seri­
ally transferred in vivo in irradiated recipi­
ents, they rapidly lose their ability to 
produce more CFU-S or to reconstitute 
haemopoiesis in such mice, after the second 
or third transfer [25, 34, 39]. Similarly, if 
normal CFU-S are serially passaged in vi­
tro on the irradiated stromal cell layer of a 
long-term marrow culture, they likewise 
rapidly lose their ability to self-renew and 
establish haemopoiesis [34]. 

CFU-S from the src (MoMuL V)-infected 
cultures, however, can be repeatedly pas­
saged in vivo or in vitro without any ap­
parent decline in their ability to produce 
CFU-S or to establish apparently normal 
haemopoiesis. Thus, these data argue that 
while the cells are not leukaemic, they have 



Serial Recloning of Cells from SRC (MoMuL V) Cultures 
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Fig. 2. Scheme of serial recloning of cells from 
src (MoMuL V)-infected long-term cultures in the 
GM-CFC and CFC-mix assay conditions. The 
primary colonies grown from the long-term cul­
tured cells are replated into fresh medium at 
7 -day intervals 

been changed or selected in some way for 
the characteristic of extended self-renewal 
ability in situations which are unfavourable 
for self-renewal of normal stem cells [7, 41]. 

This ability to undergo extended self-re­
newal is found not only for the CFU-S, in 
association with the stroma of marrow cul­
tures, but also for cells which form colonies 
in soft gel media in vitro in the absence of 
stroma [7, 41]. For example, when normal 
cells are plated in a c1onogenic assay sys­
tem developed for the growth of GM-CFC, 
using HCGF as the stimulus for devel­
opment, little or no self-renewal occurs and 
the cells undergo terminal maturation [4, 7, 
41]. When similar studies were performed 
using cells from src-infected cultures, we 
found that after 7 or 14 days' growth the 
developing colonies contained not only ma­
ture cells, but a high proportion of blast 
cells as well [7, 41]. When these cells were 
replated in fresh agar gels, they produced 
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more colonies which in tum could be re­
plated again. Thus far, we have continued 
this replating for at least ten serial passages 
and have obtained a potential cumulative 
colony increase of up to 1018 colony-form­
ing cells (Fig. 2). Of some importance is 
that this serial recloning in the absence of 
stromal cells can only be performed in the 
presence of HCGF - the lineage-restricted 
molecules such as CSF-l do not facilitate 
this self-renewal [41]. From these data, 
therefore, we can conclude: (a) that src 
(MoMuL V) infection of long-term cultures 
has in some way given rise to a population 
of HCGF-responsive cells with consider­
ably enhanced self-renewal ability; and (b) 
that this increased self-renewal ability is a 
property intrinsic to the haemopoietic cells, 
since the enhanced replating ability occurs 
in the absence of stroma provided that the 
cells are supplied with an exogenous supply 
of HCGF. 

V. Increased Self-Renewal 
of Multipotential Stem Cells In Vitro 
in the Absence of Stroma 

The colonies developing in the agar culture 
system described previously have been 
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analysed for their developmental potential. 
To do this, colony cells at various transfer 
numbers, i.e. between one and ten serial in 
vitro reclonings, were plated in growth 
medium facilitating the development of 
multipotential cells [41]. We consistently 
found that in these conditions, between 
30% and 50% of the colonies produced con­
tained cells of more than one myeloid lin­
eage, including erythroid cells. It seems, 
then, that the serial recloning ability of the 
cells in vitro (in a GM-CFC assay system) 
is associated with self-renewal of mul­
tipotential stem cells (CFC-mix). However, 
when these mixed myeloid colonies were 
tested for their ability to undergo further 
serial recloning in vitro, the results were 
uniformly poor (Fig. 2). From these data, 
we conclude that the self-renewal observed 
is in part a reflection of the differentiation 
pressure imposed by the different culture 
conditions. The results are schematically 
described in Fig. 2 [41]. 

VI. The Development of Continuously 
Growing, Multipotential Stem Cell Lines 

Individual colonies developing in the GM­
CFC assay system (Fig. 2) were picked out 
and the cells resuspended in Fischer's 
medium supplemented with 20% horse 
serum and WEHI-3 cell-conditioned medi­
um (lO% vol/vol) as a source of HCGF. Of 
75 individual colonies isolated in this way, 
all grew and formed continuously growing 
cell lines in liquid culture. The growth of 
these cells was absolutely dependent upon 
HCGF; in its absence, the cells died. The 
cell lines produced have a primitive mor­
phology and resemble other growth factor­
dependent cell lines (FDC-P). However, all 
the clones so far examined possess an 
ability to produce mixed myeloid colonies 
(erythroid cells plus one other lineage) 
when plated in soft agar. A more detailed 
examination of one clone FDC/Mxl has 
demonstrated that the cells will grow in the 
absence of HCGF provided they are cul­
tured on a marrow stromal cell layer 
(E. Spooncer and T. M. Dexter, in prep­
aration). In this respect, the cells are unlike 
other FDC-P cells, which do not retain this 
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ability. Furthermore, the FDC/Mxl cells 
"infiltrate" the marrow stromal cells and 
form foci of haemopoiesis. As these foci 
grow and develop, mature granulocytes 
and (in appropriate conditions) mature red 
cells are produced for many months. In this 
respect, therefore, the FDC/Mx I cells are 
like normal stem cells which also have the 
ability to infiltrate marrow stromal cell 
layers and establish haemopoiesis 
(E. Spooncer and T. M. Dexter, to be pub­
lished). Thus far, these detailed studies 
have only been performed with one clone 
of cells, FDC/MxI. However, preliminary 
data suggests that this retention of stem cell 
character applies to all the clones isolated. 
Furthermore, injection of the cells in vivo 
has thus far not given rise to any leu­
kaemias. Thus, the original infection of the 
long-term cultures with src (MoMuL V) has 
led to the eventual development of con­
tinuously growing, nonleukaemic, mul­
tipotential stem cell lines which require the 
presence of HCGF for their growth in 
liquid cultures, but where the HCGF can 
be replaced by marrow stromal cells. These 
cells should provide a powerful system for 
investigating the processes of self-renewal 
and differentiation in normal haemopoiesis 
and leukaemogenesis. 

VII. The Role of the src Oncogene 

Infection of long-term marrow cultures 
with other "helper" or rapidly transforming 
RNA tumour viruses has not led to the ef­
fects observed after infection with the src 
(MoMuLV) virus [6]. Therefore, it seems 
reasonable to conclude that the haemo­
poietic changes and generation of HCGF­
dependent multipotential stem cell lines is 
directly or indirectly associated with src 
gene expression. Indeed, previous results 
have clearly demonstrated high levels of 
pp60src, measured by its kinase activity, in 
both the adherent (mainly stromal) and in 
the nonadherent (mainly haemopoietic) 
cell populations of infected long-term cul­
tures [7]. However, the continuously grow­
ing cell lines do not produce infectious src 
(MoMuL V) nor do they express high levels 
of src kinase activity (J. Wyke and A. 
Stoker, personal communication), although 



such cells clearly have an extended capaci­
ty for self-renewal compared with their 
normal counterparts. Thus, the role of 
pp60src remains an enigma. Obviously sev­
eral possibilities are raised by this finding. 
First, that src (MoMuL V) infection of the 
long-term cultures "selected" for cells with 
a greater self-renewal ability. If this is the 
case, however, it is difficult to understand 
how the phenotype is maintained after pro­
longed growth in vitro in the absence of 
stroma. Other possible explanations in­
clude "hit and run" events, initial expres­
sion and subsequent repression of pp60src, 

or the integration of provirus adjacent to 
some important regulatory gene. However, 
these must be highly frequent events to ac­
count for the ease with which src 
(MoMuL V)-infected cultures undergo 
transformation and the ease with which 
continuously growing multipotential stem 
cell lines can be established from such cul­
tures. These possibilities are being explored 
at present. Nonetheless, the effects ob­
served indicate the complex events which 
determine self-renewal of the stem cells, the 
importance of the cellular environment, of 
the different growth factors and the effects 
that oncogene expression can have on these 
processes. 
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