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Introduction 

In vitro transformation of normal cells by oncogenic viruses, inducing growth 
patterns comparable to those of neoplastic cells, has become a powerful tool in the 
study of these viruses (1, 2). The most used targets for oncogenic viruses are 
embryonic fibroblasts, but murine leukemia viruses can rarely transform this kind 
of cell. The obvious targets for this group of viruses seem to be hemopoietic cells. 
To develop a suitable transformation assay, possibilities to discriminate between 
normal and leukemic cells on the basis of differences in growth patterns in vitro 
are requied. 

Murine erythroid precursor cells (CFU-E) produce within a few days many 
colonies of hemoglobin-synthesi~in~ cells in'vitro in the presence of the hormone 
erythropoietin (EP) (3, 4). With a longer culture period in the presence of larger 
amounts of EP, so-called bursts consisting of large, dispersed colonies of erythroid 
cells appear (3,5).  The burst forming unit (BFU-E) is thought tobe a more primitive 
member of the erythroid series than is the CFU-E. 

I. Growth diff erences between normal and virus-infected B. M. cells 

Bone marrow cells from RLV-infected BALB/c mice were compared with cells 
from uninfected mice with regard to their dependency on EP for the in vitro 
development of erythroid colonies. 

BALBIc mice were injected i.p. with RLV and examined twice a week thereafter 
for the development of the disease. A continuing increase in spleen weight begins at 
day 5 postinfection; a maximum weight of three grams is reached in the terminal 
Stage at 4-5 weeks after inoculation. The production of in vitro erythroid colonies 
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Fig. 1: Erythropoietin dose-response curves of normal and RLV-infected BALBIc mice 
bone marrow. 
Normal curve: mean k SE of 7 separate experiments. RLV-infected animals: three (d3). 
sixteen (d16), twenty-one (d21) and twenty-eight (d28) days after infection. 
Numbers in parentheses indicate spleen weights. 

at several concedtrations of EP by normal bone marrow (BM) cells and cells taken 
from mice at several days after infection with RLV is presented in Fig. 1. A few 
erythroid colonies are produced by the controls in the absence of exogenous EP 
(Connaught, Step 111), but the addition of the hormone leads to a marked elevation 
with an optimum at 0.25 I.U. Three days afier infection with the virus when 
clinical signs of the disease are not yet present, a five-fold increase in the number 
of colonies formed in the absence of exogenous EP is found. During the progression 
of the disease, a remarkable increase in the number of EP-independent colonies 
can b e  observed. 



Evidence for the specificity of this spontaneous colony formation is demon- 
strated by the following experiments: Plating different cell concentrations (1, 2, 5, 
10, and 20 X 104) from RLV-infected BM reveals a linear relationship with the 
number of erythroid colonies formed, both with and without EP  in the culture 
medium. To complete rule out the possibility that the BM cells of RLV-infected 
mice produce endogenous EP feeder-layer experiments were done with normal 
and infected BM cells. No  significant erythropoietic activity by either normal or 
RLV-infected BM could be detected which would give rise to erythroid colony 
formation by normal BM cells. 

To exclude the possibility that the observed hormone-independency of BM cells 
from RLV-infected mice is due only to a high erythropoietic Stimulation in vivo, 
we performed the following experiments. Anaemia was induced in BALBIc mice 
by phenylhydrazine treatment. Two days later the haematocrit and EP respon- 
siveness in vitro were determined. The haematocrit values were decreased from 
48-50 010 to 31-40 010. The maximum number of erythroid colonies per 2 X 105 BM 
cells increased 3-5 times, but the colony formation was still hormone-dependent. 
Even aRer a prolonged phenylhydrazine treatment of 14 days, the erythroid- 
colony-forming units (CFU-E) were dependent on the addition of EP in  uitro. 

In antoher experiment, RLV-infected mice were hypertransfused with packed 
red cells at various time intervals after infection. Bone marrow was cultured with 
0.25 I.U. EP and in medium containing no EP. Both infected and uninfected mice 
showed a drastic decrease in the number of colonies in the presence of EP. How- 
ever, the colony formation was still completely EP-independent in the infected 
animals, while the BM cells of the controls needed the hormone. 

Not only the CFU-E but also the BFU-E seems to have become hormone in- 
dependent as large bursts of erythroid cells after 10 days of cultures are found by 
BM cells from mice which have been infected with RLV 15 days earlier (Table 1). 

Table I: Number of EP-independent BFU-E in bone of marrow of RLV-infected 
BALBIc mice 15 days after injection 

number of bursts aRer 10 days of culture 

Treatment animals 

RLV 

:' The amount of EP added to the cultures is 1 I. U. 

11. Enhancement of erythroblasts by CFA 

Complete Freund's adjuvant (CFA) strongly enhances the erythroblastosis 
induced by Rauscher murine leukemia virus (RLV) (6, 7). On the basis of this fact, 
it was concluded that the pluripotent hemopoietic stem cell would be involved in 
the development of splenomegaly (6). On the other hand, the Course of the disease 
can be influenced by manipulation of the erythroid compartment (8, 11) suggesting 



that an er~throipoietic-sensitive cell would be the target for the transforming 
activity of the virus. 

The in vitro techniques mentioned above were used to determine the mechanism 
by which CFA enhances RLV-induced erythroblastosis. 

BALBIc mice were injected with crude cell-free RLV preparation and the Same 
day with CFA(0.2 ml. i.p.). 

The number of CFU-E per 105 normal bone marrow cells as determined in 
methylcellulose cultures with erythropoietin greatly increases after administration 
of CFA (fig. 2). A peak is reached at 5 days after inoculation; afier which a plateau 
level is maintained. 

The number of CFU-E producing erythroid colonies in the absence of erythro- 
poietin increases steadily after RLV-infection (fig. 3). The administration of CFA 
also has an enhancing effect on the number of EP-independent CFU-E, but this 
effect becomes noticeable only when bone marrow is taken 10 days or later afier 
infection. The most likely explanation for the strong increase induced by the treat- 
ment with CFA is the recruitment of new target cells for virus released by 
previously infected cells. 

Rather unexpected was the marked increase in CFU-E after CFA administration. 
This is certainly not due to the slight anemia induced by CFA, because that is 
preceded by the rise in CFU-E. Furthermore, a drop of less than 10 010 in the 
hematocrit does not induce a 6-fold increase in CFU-E (12). The adjuvant, like 
other antigens, is known to stimulate the proliferation of pluripotent hemopoietic 
stem cells as has been described for a variety of other antigen (133). There is 
probably no competition at the stem cell level for differentiation into a a specific 

Fig. 2: Increase in the number of CFU-E in bone marrow of BALB-C mice induced by 
CFA, expressed proportional to control bone marrow of untreated animals. 



RLV + CFA 

Fig. 3: Number of EP-independent CFU-E in bone marrow of BALBlc mice treated with 
only RLV or RLV + CFA. 

hematologic series which would promote proliferation of myeloid progenitor cells 
over that of erythropoietic-sensitive cells. The very marked increase in CFU-E does 
not lead to polycythemia. There is even a slight decrease in the hematocrit. The 
number of erythroblasts in the bone marrow also declines after administration of 
CFA (14). There seems to be an maturation block in viv0 beyond the Stage of 
CFU-E. 

111. Transformation in vitro 

A subsequent step in our study was the induction of such hormone-indepency by 
incubation in vitro of normal BM cells with RLV. In table 2 is presented the 
number of erythroid colonies produced at  various intervals aRer plating for bone 
marrow incubated with 107 XC-PFU of purified RLV isolated from leukemic 
spleen. As controls, the results of bone marrow kept for 4 hours under the same 
conditions in the absence of RLV are given. An additional control is the addition 
of EP to the culture medium. Already 2 days after plating no sign of EP-depend- 
ency can be observed in the RLV-infected cells, while the addition of EP to the 
normal bone marrow cultures leads to a marked elevation in colony production. 
A very high number of EP-independent: colonies is noticed at  day 5 afler plating 



of RLV-incubated cells. The numbers of erythroid colonies produced 5 days after 
plating in the absence of EP and after incubation with various dilutions of RLV are 
presented in table 3. The results suggest a linear dose-response relationship. An 
endpoint seems to be reached at  the dilution of 3200x, which corresponds with 
104 PFU in the reverse XC test. Transformation could be prevented by incubation 
with specific antiserum. Mammary tumor virus or a myeloid leukemia virus did not 
induce this physiologic transformation. 

Table 11: In vitro induction by RLV of E.P.-independency of erythroid colony 
formation 

- 

Incubated with RLV Incubated without RLV 
Days after number of erythroid coloniesl number of erythroid coloniesl 
plating presence of EP2 absence of EP presence of EP2 absence of EP  

per 2 X 105 B. M. cells. 
0.5 I. U. per dish. 

Table 111: Dose-response relationship of EP-independent colony-formation after 
incubation with R.L.V. 

Dilution of RLV Number of EP-independent 
stock suspension colonies 5 days after platingl 

per 2 X 105 B. M. cells. 

The influence of EP on in  vitro transformation was investigated by incubating 
bone marrow with RLV in the presence of EP for 16 hours. Thereafter, the cells 
were plated in the Same way as described above. A slight inhibitory effect of the 
hormone on in vitro transformation can be observed in both experiments (table 4). 

Possibly during the 16 hour incubation period the hormone induces maturation 



of the target cells beyond a Stage where transformation can still take place. The 
hormone cannot compensate for this by the production of new target cells from 
more primitive hemopoietic cells under the employed in vitro conditions. 

Table IV: Influence of incubation with EP on in vitro transformation by RLV 

Incubation Number of EP-independent colonies at  day 51 
1 mg RLV 1 I U  EP Experiment 1 Experiment 2 

per 2 X 105 B. M. cells. 

IV. Transfection 

Hill and Hillova (15) were the first to carry out "transfection" experiments 
using proviral DNA of Rous sarcoma virus. Their results gave clear evidence that 
DNA from RNA virus-infected cells can carry virus-specific information respon- 
sible for the transformation. 

In the present study, we used spontaneous erythroid colony formation by mouse 
bone marrow cells as a criterion for transformation. DNA was isolated by standard 
procedures from spleen cells of BALBIc mice which had been infected with RLV. 
The DNA solution was buffered with Hepesphosphate and treated with a high 
calcium concentration according to Graham and Van der Eb (16). A 0.5 ml sample 
of DNA suspension was then incubated with BALBIc mouse bone marrow cells 
for 4 hr and after washing the cells were plated in methyl-cellulose in the absence 
of erythropoietin. 

AAer 5 days the number of erythroid colonies were counted. From table 5 it 
can be Seen that DNA prepared from RLV-infected spleen cells has a transforming 
capacity. The control experiments show that the observed phenomenon is specific. 
Experiments with the reversed XC-test (17) showed that virus reproduction also 

Table V: Transfection of mouse bone marrow cells with proviral DNA 

Additions Number of EP-independent colonies 
at  day51  

RLV-spleen-DNA 50 ug 
rat-spleen-DNA 50 ug 
RLV-spleen-DNA2 50 ug + DNA-se 
High calcium buffer only 

per 2 X 105 B. M. cells. 
incubated for 60 min. at  37 OC with 50 ug/ml of DNA-se before addition of calcium. 



takes place after incubation of bone marrow cells with DNA from RLV-infected 
cells. The procedure utilized here to isolate DNA may give a range of molecular 
weights between 20 X 106 and 200 X 106 daltons. More detailed studies will be under- 
taken to determine the minimal size of the DNA fragments which can lead to virus 
reproduction and to transformation of haemopoietic cells. 

V. Concluding remarks 

B.M. cells of RLV-infected BALB/c mice can proliferate in methylcellulose in 
the absence of E.P., while normal B.M. cells cannot (12). Not only the CFU-E 
but also the more primitive BFU-E shows hormone-independency (18). This 
phenomenon is in favour of the view that the Rauscher virus induced erythro- 
blastosis is a true neoplasia although transplantation experiments failed so far. 

The experiments in which transformation in  vitro of B.M. cells by RLV is 
established (19) show that the CFU-E can serve as a target for the virus. 

Treatment of normal mice with CFA leads to a rapid increase in CFU-E in the 
bone marrow (18). Splenomegaly of RLV-infected mice is enhanced by CFA-treat- 
ment probably due to an increase in targets. Transfection with proviral DNA also 
can transform the CFU-E of BALB-C mice. This approach allows in vitro studies 
on the resistence of mouse strains to RLV in vitro. 

The studies are of interest for the human disease in two aspects. I n  vitro trans- 
formation assays are needed to study the oncogenic potential of putative human 
leukemia viruses. Furthermore the studies have yielded some new insight in the 
pathogenesis of virally induced erythroblastosis. This might serve as a model for 
e.g. acute myeloid leukemia in man. 
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