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A. Introduction 

The most common feature of many ma­
lignancies is the escape of transformed 
cells from normal growth requirements. 
In hemopoiesis, a series of well-charac­
terized glycoproteins (colony-stimulating 
factors, CSFs) tightly control the sur­
vival, proliferation, differentiation, and 
functional activation of all blood cells [1]. 
In addition, the differentiation hierarchy 
of pluripotent stem cells, capable of self­
renewal and differentiation into all lin­
eages of myelopoiesis and lympho­
poiesis, to terminally differentiated cells 
via multipotent precursor cells may be 
traced by surface markers and functional 
assays. Thus, the ability to determine the 
differentiation stage of a cell and an un­
derstanding of the molecules that trigger 
cell division make haemopoiesis a suit­
able system to study the initiation of ma­
lignant progression, i. e., leukemogenesis. 

In the data presented here, we will fo­
cus on the following aspects: 
1. Can aberrant expression of a CSF gene 
in a factor-dependent cell confer factor 
independence? 
2. Is the acquisition of factor indepen­
dence coincident with tumorigenesis? 
3. If not, what are the other parameters 
that determine tumorigenic potential of 
such cells? 
4. Can differences between stem and pro­
genitor cells in tumorigenic progression 
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following constitutive expression of CSF 
genes be detected? 

To address these questions, we chose 
two different types of hemopoietic cell 
lines as model systems. The FDC-Pmix 
stem cell lines [2] retain a normal or near­
ly normal karyotype and their differenti­
ation potential is close to that of normal 
myeloid stem cells. Indeed, some FDC­
Pmix cells can repopulate the hematopoi­
etic system of irradiated animals. The 
second cell types, FDC-P1 and FDC-P2, 
have a more restricted differentiation 
pattern, an abnormal karyotype, and 
most likely are representatives of myeloid 
progenitor cells [3]. 

B. Retroviral Transfer Into Hematopoietic 
Target Cells 

The FDC-P progenitor cell lines were 
derived from normal long-term bone 
marrow cultures (Dexter-type cultures), 
whereas the FDC-Pmix stem cell lines 
were established from bone marrow cul­
tures infected with Moloney murine 
leukemia virus (Mo-MuLV) and a re­
combinant retroviral vector carrying the 
avian v-src oncogene. The stromal cells 
of the long-term cultures express the src 
oncogene product pp60 v-src, whereas 
the FDC-Pmix cells do not. They do, 
however, express the ecotropic Mo­
MuLV used as helper virus to provide 
viral spread of the replication defective 
src virus in the original cultures. In order 
to overcome retroviral interference by 
Mo-MuLV-infected FDC-Pmix cells, we 
used the amphotropic PA317 packaging 
cell line to assemble vector-carrying 
pseudotypes suitable for infection of the 



target cells. Since the FDC-P1 progenitor 
cell line does not express ecotropic retro­
viral sequences, the ecotropic 1/12 packag­
ing cell line was used as a viral source. 

The vectors used for transfer of either 
the granulocyte/macrophage (OM)-CSF 
or multi-CSF gene are based on the my­
eloproliferative sarcoma virus (MPSV), 
which has a broader host range as com­
pared with Mo-MuLV due to mutations 
in the U3 region of the LTR [4]. All retro­
viral constructs contain the Tn5 drug re­
sistance gene (Neo) and therefore allow 
selection with geneticin (0418). The CSF 
genes either replace the mos oncogene 
sequences of the native virus or are in­
serted into the viral genome coding for 
the gag leader just 3' of the packaging site 
[5] (Fig. 1). 

s.d. 

To test the transfer efficiency of 
MPSV -based vectors into hematopoietic 
cell lines, FDC-Pl/2 progenitor cells or 
FDC-Pmix cells were infected with a lim­
iting amount of virus particles, plated in 
the presence of exogenous growth factor 
and selected with 0418 (1.5 mg/ml). The 
number of 0418-resistant colonies was 
scored 9-16 days after infection and 
compared with the number of 0418-re­
sistant colonies of standard fibroblasts 
(NIH/3T3) obtained from a simulta­
neously performed infection by limiting 
dilution. 

Table 1 shows the relative 0418 trans­
fer efficiency to hematopoietic target 
cells as compared with fibroblasts. The 
data demonstrate that the transfer effi­
ciency into progenitor cells (FDC-Pl/2) 
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Fig. 1. Retroviral 
vectors. All vectors 
were based on the 
myeloproliferative 
sarcoma virus 
(MPSV) and have 
been described pre­
viously [4, 5] 
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Table 1. Transfer efficiency of Neo into hemopoietic target cells 

Viral Helper Transfer efficiency 
control function 
regions Fibro-

blasts a 

NIH/3T3 

MPSV 1/12 1 
PA317 1 

a G418 selection at 0.4 mg/ml 
b G418 selection at 1.5 mg/ml 

Hematopoietic pre-
cursor cell lines 

FDC-P1 FDC-P2 

0.1-1.0 * 
10-3 -10- 1 10-3 -10- 1 

Hematopoietic stem cell lines b 

A4 A7 15S 

0 0 0 
10-5-10-4 10-7-10-4 10-5 -10-4 

* Expression of endogenous ecotropic sequences interferes with infection by 1/12 packaging cell 
lines 
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is significantly reduced, as compared 
with fibroblasts, and decreases dramati­
cally in stem cell lines. 

C. Introduction of a CSF Gene into 
Factor-Dependent Hemopoietic 
Target Cells Results in Two Types 
of Factor Independence 

Infection of growth-factor dependent 
FDC-P1/2 progenitor cells with either 
multi-CSF or GM-CSF virus (M3MuV, 
M3GMV) conferred factor independence 
to the infected cells. However, the acqui­
sition of growth autonomy after the au­
togenous production of CSFs appeared 
to be a consequence of two or more inter­
dependent events. Uninfected cells or cell 
lines infected with control vectors con­
taining the Neo gene but lacking the 
growth factor gene showed very low lev­
els of spontaneously occurring growth 
factor independent mutants: < 10- 7 or 
< 10- 9 spontaneous mutants could be 
detected in FDC-P1 or FDC-Pmix cells, 
respectively. Immediately after introduc­
tion of the CSF gene, cells were indepen­
dent of exogenously supplied CSF at 
high cell density. They were, however, 
not truly autonomous, as they still re­
quired exogenous CSF at low cell density 
for cell proliferation (nonautonomous 
factor independence). These cells often 
acquired true growth autonomy as a con­
sequence of a second alteration. Growth 
of such cells was independent of cell den­
sity (autonomous). The first, but not the 
latter type of cells could be inhibited by 
specific antisera against the CSF. 

Analysis of clones picked from prima­
ry infections and replated at several time 
points after infection with MuV demon­
strates the shift from nonautonomous 
factor independence to true autonomy 
(Fig. 2a, b). Replated 4 weeks after infec­
tion in the absence of exogenous growth 
factor, cells display density-dependent 
clonability (Fig. 2 a). However, after a 
culture period of several weeks under 
nonselective conditions (plus WEHI 
CM), replating of the clones gave rise to 
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a more density-independent (linear) 
cloning pattern when plated in the ab­
sence of added growth factor (Fig. 2 b). 
The shift from factor independence, 
where external stimulation is still re­
quired, to true autonomy was accelerated 
if cloned cultures were kept under selec­
tive conditions (minus WEHI CM). 

Similar experiments performed by oth­
er groups have failed to distinguish the 
two types of factor independence [6 - 8], 
suggesting that infected cells could pro­
gress to growth autonomy in one step. 
Other groups obtained similar results as 
reported by us [9]. The most striking dif­
ference in our work was the use of retro­
viral vectors designed in our laboratory 
that express only low levels of the CSF 
gene product. We therefore designed an 
alternative construct (M5GMV) which 
permits a 100-fold increase in GM-CSF 
production, as compared with M3GMY. 
In the primary infection with the M5 
construct, the infected cells selected 
for growth-factor independence (minus 
WEHI CM) showed a linear cloning pat­
tern. The number of factor-independent 
clones obtained was, however, consider­
ably lower than that obtained by selec­
tion for Neo colonies in the presence of 
WEHI-conditioned medium (Fig. 3). 
Analysis of clones picked from various 
cell densities plated under growth factor 
selection or G418 selection demonstrated 
that approximately 50% of the clones 
were already autonomous. These data 
thus suggest that the level of growth fac­
tor produced enhances the selective ad­
vantage of a second genetic event that 
leads to autonomous factor indepen­
dence. If high levels of CSF production 
are necessary for the shift to growth 
autonomy, we would predict that auton­
omous clones should show high or in­
creased release of growth factor. We 
were, however, unable to detect a signifi­
cant increase of secreted CSF molecules 
accompanying the acquisition of growth 
autonomy. 

Our results are, however, consistent 
with the hypothesis that specific alter­
ations of the export of growth factors or 
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Fig. 2. Clonability of infected FDC-Pl progenitor cells as a function of cell density. The number 
of clones obtained at different cell densities is plotted on a log-log scale; thus, deviation from 
a slope of + 1 reflects non-linear cloning efficiency. Panel A: M3GMV-infected FDC-Pl clone 
6 (squares) and clone 4 (circles) recloned 4 weeks after primary infection under plus WEHI CM, 
plus G418 conditions (closed symbols) or minus WEHI CM selection (open symbols). Panel B: 
Recloning of the same clones after an additional tissue culture period of 12 weeks ( = 16 weeks 
after infection) depicts the shift to autonomous growth 
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Fig. 3. Primary infection of FDC-P progeni­
tor cells by M5GMY. Cells were infected for 
6 h with supernatant of virus-producing 1/12 
fibroblasts, plated in the presence of WEHI 
CM and G418 (1.5 mg/ml; closed symbols) or 
absence of added growth factor (open sym­
bols), and scored for colony formation 9 days 
after infection 

the organization of the receptor mole­
cules with respect to internal processing 
of the growth factor could lead to inter­
nal autocrine stimulation and growth au­
tonomy. 

To further investigate whether aber­
rant export of the constitutively ex­
pressed CSF gene product contributes to 
the acquisition of autonomous growth, 
we designed vectors containing two ver­
sions of the multi-CSF gene that differ in 
the constitution of the leader sequences 
of the mature protein. The sMu V con­
tains the normal (short) leader sequence 
resulting in secretion of the mature CSF 
molecule, whereas the IMu V containing a 
cDNA clone with a longer leader se­
quence gives rise to a protein that is pre­
dominantly membrane-bound, the body 
of the protein remaining in the cytosol 
[10]. Only a small portion (,..., 10%) of the 
molecules is cleaved and secreted. 

A significant difference in cloning effi­
ciency under growth factor selection (mi­
nus WEHI CM) was observed between 
FDC-P progenitor cells infected with ei­
ther short or long leader MuV. FDC-P1 
progenitor cells infected with the short 
leader MuV showed density-dependent 
colony formation in the absence of added 
growth factor when plated immediately 
after infection (Fig. 4a). In contrast, cells 
infected with the long leader MuV 
showed almost linear (autonomous) 
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Fig. 4. Primary infection of FDC-P progenitor cells with either M3-sMuV or M3-lMuV. Cells 
were exposed to virus-containing supernatant for 6 h, washed three times, and plated in semi­
solid medium at various cell densities either in the presence of WEHI CM and G418 (closed 
symbols) or absence of WEHI CM (open symbols). Panel A depicts the cloning efficiency of 
FDC-Pl cells infected with M3-sMuV (short leader sequence) and Panel! B the infection of 
FDC-P2 cells with M3-lMuV (long leader sequence). The proportionally higher clone numbers 
obtained after selection under minus WEHI conditions, as compared with G418 selection, is 
most likely due to the 2-day lag in cell death of FDC-P2 cells after removal of WEHI CM 

clonability when plated under similar 
conditions (Fig. 4 b). 

Taken together, our data demonstrate 
that initial factor-independent growth re­
quires receptor-ligand interaction at the 
cell surface. A second mutation leads to 
complete autonomous growth of the cell, 
and both the level and localization of the 
CSF molecule contribute to the frequen­
cy of obtaining such mutations. 

D. The Shift to Growth Autonomy Occurs 
at a Lower Frequency in Stem Cell Lines 

In contrast to the fast progression of in­
fected FDC-P progenitor cell lines to au­
tonomous factor independence (less than 
16 weeks), the FDC-Pmix stem cell lines 
monitored over a 6-month period dis­
played a strikingly different behavior. 
First of all, in primary infections with 
either sMuV or IMuV, no clones could be 
isolated from plates under growth factor 
selection (cells plated without WEHI 
CM), even when cells were plated at the 
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highest possible cell density (106 cells/ 
ml). Follow-up of clones picked from 
G418 selection (in the presence of WE HI 
CM) revealed that only one out of 19 
clones acquired growth factor autonomy 
during a 6-month observation period. In­
terestingly, this particular clone was of 
15S origin, the parental cell line with the 
longest culture history and the most com­
mitted stem cell feature, having lost its 
responsiveness to differentiation induc­
tion. A4 and A 7 stem cells infected with 
the M3MuV had to be maintained as 
bulk cultures under stringent conditions 
(limiting cell density and lack of added 
growth factor) to give rise to a few au­
tonomous cell clones after more than 3 
months of culture. A subline of the FDC­
Pmix cell clone 15S that had been kept in 
culture continuously for 1 year, however, 
showed a similar pattern of growth-fac­
tor independence and autonomy after in­
fection of IMuV as the progenitor lines 
FDC-P1 or FDC-P2. The IMuV-infected 
clones that grow density-dependent show 
an accelerated shift to growth factor 
autonomy (10- 3 per cell generation). 



Table 2. Tumorigenicity of M3MuV-infected FDC-P progenitor cell lines 

MuV-infected Clones Injected No. of tumor-bearing mice 
FDC-P cell clones mice 

(106 cells/mouse) (n) (n) 

Non-autonomous clones 8 30 
Autonomous clones 2 9 
Controls 

Uninfected 3 
Neo V -infected 8 30 

However, infection of this sub line with 
sMuV resulted in clones that shifted at a 
low rate (10- 8 per cell generation) to 
growth autonomy. These experiments 
highlight that both the localization or 
processing of the CSF molecule and 
properties of the target cell are important 
in the acquisition of true autonomy after 
factor-independent growth by an au­
tocrine mechanism. These properties 
may include the differentiation stage and 
mutations occurring during tissue culture 
adaptation, the latter involving muta­
tions that cooperate with other genetic 
alterations leading to the finalleukemo­
genic alterations. 

E. Tumorigenicity of Factor-Independent 
Progenitor and Stem Cell Lines 

Several groups have shown that tumori­
genicity may be a property of cells that 
have acquired factor-independent growth 
by autonomous CSF production [6-9]. 
Having dissected two stages of factor in­
dependence in vitro (density dependent 
versus autonomous growth), we investi­
gated whether acquisition of either type 
of factor-independent growth was suffi­
cient to induce tumor formation in sus­
ceptible mice or whether growth autono­
my is prerequisite for tumorigenicity. 

Congenic mice were injected with 105 

to 108 cells of density-dependent or au­
tonomous M3MuV infected FDC-Pl/­
P2 progenitor cell clones. Injection of up 
to 108 control cells which were either un-

(weeks after inoculation) 

4 8 12 

0/30 (0%) 3/30 (10%) 19/30 (63%) 
4/9 (44%) 9/9 (100%) 9/9 (100%) 

0/3 0/3 0/3 
0/30 0/30 0/30 

infected or infected with a control vector 
into 33 individual mice did not induce 
tumors within a 4-month period of ob­
servation. In contrast, all mice injected 
with 108 M3MuV infected cells acquired 
tumors regardless of the nature of factor 
independence. However, the latency of 
tumor formation and progression in tu­
mor weight was strikingly different from 
those tumors derived by nonautonomous 
clones as compared with autonomous 
clones. Four out of nine animals injected 
with as few as 106 cells of the au­
tonomous clones showed tumor forma­
tion 4 weeks after inoculation and all an­
imals (9/9) acquired tumors within 8 
weeks time. The average tumor weight 
increased from 0.5 gat 2 weeks to more 
than 2.5 g just before death of the mice. 
The tumors induced by nonautonomous 
clones showed a significantly longer la­
tency. Eight weeks after inoculation only 
10% of injected mice (3/30) displayed tu­
mors with an average tumor weight of 
0.1 g and even after 12 weeks only 63% 
(19/30) of the animals showed tumors. To 
investigate whether the pronounced 
longer onset of tumor formation from 
nonautonomous clones was due to in 
vivo selection for autonomous variants, 
we either reestablished cell lines from tu­
mors or plated cell suspensions from tu­
mors directly in our in vitro assay in the 
absence of added growth factor. As ex­
pected, all cell lines established from tu­
mors initiated by autonomous clones 
showed density-independent clonability 
when plated in the absence of WEHI 
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CM. The cells reestablished from tumors 
of density-dependent clones at the time 
point of inoculation gave rise to either 
autonomous or density-dependent sub­
clones. Interestingly, reinjection of the in 
vivo passaged, density-dependent sub­
clones resulted in accelerated tumor for­
mation. Autonomous cell growth thus is 
only one parameter that may lead to 
rapid tumorigenicity; other and as yet 
unknown parameters unrelated to densi­
ty-independent growth are also definitely 
involved in accelerating tumorigenicity 
In VIVO. 

In accordance with this hypothesis, 
neither density-independent nor auton­
omous clones of the M3MuV-infected 
FDC-Pmix stem cell clones (15S) induced 
tumor formation when injected into con­
genic animals. Multipotent stem cells 
thus require further alterations for acqui­
sition of accelerated tumorigenesis. 

F. Summary and Conclusions 

Tumorigenesis of hemopoietic cells and 
acquisition of factor independence as a 
consequence of aberrant growth factor 
release are closely correlated [5-9]. In 
previous work we were able to dissect 
two stages leading to growth factor au­
tonomy of cells: the first step requires the 
secretion of the constitutively expressed 
CSF gene product and extracellular in­
teraction with its cognate receptor. This 
requirement for external stimulation is 
abrogated by a second step. We were in­
terested in characterizing the parameters 
that influence the conversion from non­
autonomous to autonomous growth 
properties of hematopoietic precursor 
cells. The frequency with which this alter­
ation occurs varies and correlates with 
the level of growth factor production. 
However, a significant increase of CSF 
production accompanying the progres­
sion to autonomy could not be detected. 
We thus conclude that there is no direct 
link between level of CSF production 
and acquisition of true autonomy but an 
indirect influence enhancing the frequen-
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cy of genetic alteration(s) that lead to 
growth autonomy. 

Lang et al. [6] have suggested that the 
acquisition of autonomous growth oc­
curs due to internal receptor-ligand inter­
action. Indeed, Keating and Williams 
[11] have claimed that PDGF may react 
with an intracellular PDGF receptor re­
sulting in autocrine stimulation. 

We therefore determined the impor­
tance of localization of the CSF mole­
cules utilizing a pair of constructs that 
either result in expression of a secreted 
gene product (sMuV) or a mostly mem­
brane-bound form (lMuv). In accor­
dance with our expectation, we found a 
close to linear clonability of cells follow­
ing infection with the construct confer­
ring the membrane-bound form of the 
molecule, whereas infection with the 
secreted product vector showed density­
dependent clonability under growth-fac­
tor selection. These data suggest that re­
ceptor-ligand interaction also may occur 
intracellularly, e. g., in the membranes of 
the endoplasmatic reticulum (ER) or at 
the inner face of the outer cell membrane. 

Work by Browder et al. [12) is in accor­
dance with this hypothesis. Infection of 
multi-CSF-dependent 32D cells with a 
construct encoding a modified multi­
CSF protein that does not direct the CSF 
molecule into the ER for processing did 
not lead to factor independence, al­
though the gene product localized in the 
cytosol proved to be biologically active. 

In vivo studies performed to investi­
gate the link between acquisition of fac­
tor independence and tumorigenicity of 
infected progenitor cells revealed that in­
fected cell lines of autonomous as well as 
nonautonomous factor independence 
were tumorigenic. However, second mu­
tations also accelerated the onset of tu­
mor formation and progression. 

The most intriguing result obtained 
from our experiments is the striking dif­
ference in initiation of leukemogenesis in 
haemopoietic stem cell lines as compared 
with the fast progression in precursor 
cells. Only one out of nine infected stem 
cell lines tested shifted from nonauton-



omous factor independence to true au­
tonomy over a time period of 6 months. 
Inoculation of congenic mice did not in­
duce tumor formation within the obser­
vation period when similarly infected 
FDC-P progenitor cells already elicited 
tumor formation. The stem cell lines thus 
appear to be more stable and less sus­
ceptible to genetic mutations than the 
more differentiated progenitor cell lines. 
Whether this is a characteristic of the un­
differentiated stage or their close to nor­
mal karyotype remains to be clarified. 

G. Outlook 

Although it has long been clear that 
leukemogenesis is a multistep process, 
the genetic changes that are involved re­
main unclear. Analysis of leukemic cells 
from both AML and CML patients have 
provided evidence in support of the hy­
pothesis that aberrant expression of 
growth factor genes (e.g., GM-CSF and 
G-CSF) may contribute to the uncon­
trolled growth of the leukemic cells [13, 
14]. Indeed, two experimental studies 
have demonstrated the causal correlation 
of aberrant factor production with leuke­
mogenic growth: unregulated expression 
of an IL-6 gene conjugated to the human 
Ig heavy chain gene enhancer (E~) in 
transgenic mice triggers generation of 
plasmacytoma/myeloma (Suematsu and 
Kishimoto, cited in [15]) and expression 
of IL-3 in a retroviral construct intro­
duced in vivo via murine hematopoietic 
stem cells leads to a hematopoietic dis­
order similar to CML [12]. 

Although initial reports suggested that 
aberrant factor expression leads directly 
to tumorigenic growth [6, 8, 9], the stud­
ies presented here and elsewhere [5, 7, 17] 
have clearly demonstrated that second­
ary events are necessary for true auton­
omous growth and increased tumori­
genic potential. These secondary events 
may be dependent on the autogenous 
factor production or may have obtained 
selective advantage in cells producing 
their own factor. The first step in the 

unmasking of these events has been the 
development of an in vitro model system, 
as has been described here. We hope that 
their ultimate genetic identification can 
be facilitated by insertional mutagenesis 
followed by selection for autonomous 
growth. 
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