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We described previously a preleukemic state in mice inoculated with Moloney murine leukemia virus
(M-MuLV) characterized by generalized hematopoietic hyperplasia in the spleen. To investigate this further,
long-term bone marrow cultures (LTBMC) from preleukemic mice were established. Surprisingly, LTBMC
from M-MuLV-inoculated preleukemic mice showed less hematopoiesis than LTBMC from control mice. This
resulted from a quantitative defect in establishment of bone marrow stromal cells in the LTBMC. This
phenomenon could also be observed in LTBMC from normal mice infected in vitro with a stock of M-MuLV
containing a mink cell focus-forming virus (MCF) derivative (M-MCF), but not in LTBMC infected with
M-MuLV alone. This implicated MCF derivatives in the reduction in bone marrow stromal cells. The
phenomenon could also be detected in infected NIH 3T3 cells. Combined infection of M-MuLV plus M-MCF
resulted in fewer cells, in comparison to uninfected cells or cells infected with either virus alone. Further studies
indicated that this was predominantly due to an inhibition in cell growth rather than to cell lysis. The cytopathic
effect did not appear to result from overreplication of viral DNA, as measured by Southern blots. Thus,
combined infection with M-MuLV and an MCF derivative had cytostatic effects on cell growth. This
phenomenon might also contribute to the leukemogenic process in vivo.

Moloney murine leukemia virus (M-MuLV) is a typical
replication-competent retrovirus, and it causes T-cell lym-
phoma in mice with relatively long latency (32, 33). This long
latency suggests that multiple steps may be involved in
disease development. Previous studies identified two char-
acteristic phenomena associated with M-MuLV-induced leu-
kemia: (i) independently induced tumor cells frequently have
proviral integrations at common loci, including cellular
proto-oncogenes (e.g., c-myc, pim-1, pvt-1, etc.) (5, 14),
reflecting the fact that activation of a cellular proto-onco-
gene(s) is an important event in tumor development; (ii)
leukemogenesis is associated with generation of mink cell
focus-forming (MCF) viruses (31, 34). MCF viruses are env
gene recombinants between the infecting M-MuLV and
endogenous MuLV-related sequences present in normal
mouse cells; MCF derivatives infect cells via surface recep-
tors different from those of M-MuLV (25, 26). A variety of
observations have suggested that MCF derivatives may be
important in viral leukemogenesis (19), although the exact
mechanism is unknown.
Other experiments have investigated early events in the

MuLV-induced leukemogenesis process, preleukemic
events. Transplantation experiments from preleukemic mice
indicated that cells with leukemic potential could first be
detected in either preleukemic bone marrow or spleen; only
at later times could preleukemic cells be detected in the
thymus, where the final tumors frequently appear (4, 18, 24).
This suggested an early preleukemic event in bone marrow
or spleen. Recently, we described a preleukemic state in
M-MuLV-infected mice, consisting of generalized hemato-
poietic hyperplasia in the spleen and, to a lesser extent, bone
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marrow (8). Experiments with a nonpathogenic variant of
M-MuLV (see below) also supported the view that this
hematopoietic hyperplasia plays a role in M-MuLV leuke-
mogenesis. However, the mechanism of preleukemic hyper-
plasia induction has not been elucidated.
Given the potentially multiple steps in M-MuLV leukemo-

genesis, more than one viral infection might be necessary.
We previously presented a model in which M-MuLV infects
the animal twice during leukemogenesis (8): first, to induce
preleukemic hematopoietic hyperplasia, and later to reinfect
a hyperplastic thymocyte. During the latter infection, long
terminal repeat (LTR) activation of proto-oncogenes would
occur. An important tool in these experiments was a novel
recombinant M-MuLV variant, Mo+PyF101, which con-
tains enhancer sequences from polyomavirus inserted into
the M-MuLV LTR but otherwise is identical to wild-type
M-MuLV (20). Mo+PyF101 M-MuLV did not induce leuke-
mia in mice, even though it could efficiently establish infec-
tion in vivo (7). Importantly, Mo+PyF101 M-MuLV also did
not induce preleukemic hyperplasia (8), which supported the
relevance of this state to disease development.
Growth of hematopoietic cells in vitro might provide a

means to explore mechanisms involved in induction of
preleukemic hyperplasia. Procedures for long-term bone
marrow cultures (LTBMC) have been developed by Dexter
and co-workers (3, 10). These LTBMC support proliferation
and differentiation of several hematopoietic lineages, includ-
ing myeloid and lymphoid, but not erythroid lineages.
LTBMC might provide useful in vitro systems for studying
viral effects on hematopoiesis and the relationship to leuke-
mogenesis (9, 11, 12, 16). In the experiments described here,
we investigated the effects of in vivo and in vitro infection by
M-MuLV on LTBMC. The results revealed an unexpected
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MATERIALS AND METHODS

Cells and viruses. NIH 3T3 cells and C3H10
grown in Dulbecco modified Eagle medium
with 10% calf serum.

The M-MuLVs used in these experiments
Fig. 1. These include our original stock of M-
stock [15]); molecularly cloned M-MuLV (t]
Mo+PyF101 M-MuLV (21); and M-MCF, al
tive of M-MuLV (35). The M-MCF stock was
the supernatant of NIH 3T3 cells transfected
ularly cloned M-MCF provirus (kindly provid
ite Vogt). MCFMoLTR was also an MCF
M-MuLV, but the LTR contains two tande
Results). It was generated from an M-MCF ar
viral plasmid by molecular cloning (K. Brig
Fan, unpublished data). Pseudotyped viru
prepared by superinfection of cell lines I
MuLV with an MuLV of a different inter
Supernatants from the doubly infected cells w
pseudotyped virus stocks. Virus stocks wer
ture medium (1,200 x g for 10 min) from inf
Virus stocks were stored in aliquots at -E
aliquot was used only once after thawing
monolayer cells was performed as described I

Quantification of infected cells. NIH 3T3 cel
at 2 x 105 to 4 x 105 cells per 10-cm dish an
undiluted virus stocks (approximately 106 PF
Cells were maintained at 37°C for 3 day
trypsinized, suspended in culture media, and
Coulter Counter. For growth curves, this p
peated at each transfer, and cumulative reco

For colony formation assays, cells wer
10-cm dishes 4 days after infection at 100 to

dish. Cells were allowed to grow for 10 days, at which point
M-MuLV colonies were fixed by addition offormaldehyde to the media

to a concentration of 3%, and then stained with Giemsa. The
number and sizes of colonies were then determined.

Detection of viral DNA. Low-molecular-weight (uninte-
Mo + PyF101 MuLV grated) DNA from virus-infected cells was prepared by Hirt

fractionation (20). Undigested Hirt supernatant DNAs were

analyzed by electrophoresis in a 0.7% agarose gel followed
by Southern blot transfer (30) and hybridization with an

MoMCF M-MuLV probe. Total infected cell DNA was also prepared
and analyzed as described previously (15).
LTBMC from virus-inoculated preleukemic mice. NFS

MCFMoLTR MuLV inbred mice were inoculated subcutaneously at birth with 0.2
ml of undiluted virus stock (5 x 105 XC PFU of M-MuLV or

xperiments. The Mo+PyF101 M-MuLV). At 4 to 7 weeks postinoculation,
ns. 1, Wild-type animals were sacrificed and bone marrow from the femurs
trovirus that in- was flushed directly into Corning T-25 tissue culture flasks (5
ionths under the x 106 to 10 x 106 cells/femur per flask) containing Fisher
)ntains enhancer media supplemented with 20% horse serum (GIBCO) and
inserted at 150 10-6 M hydrocortisone sodium succinate (10). The cultures

uted endogenous were maintained at 33°C in a 7% CO2 atmosphere, and
tion of gp7e), its one-half of the media was changed weekly. The cultures
em repeat in the were observed microscopically at regular intervals, and the
vith a wild-type nonadherent cells recovered during the medium changes
peats. Symbols: were collected, counted with a hemacytometer, and also

used for hematopoietic colony-forming assays.
For in vitro infection of LTBMC, 1 week after establish-

ment of LTBMC, 200 ,ul of undiluted virus stock was added
ed to the pres- directly into each culture flask and the cultures were main-
nomenon were tained as above.
)wed the effect. Hematopoietic colony assays. Assays for mixed colony-

forming cells (CFCmix) in LTBMC were performed as de-
scribed previously (8). Briefly, nonadherent cells collected
from LTBMC were suspended in soft agar in growth medium

IT1/2 cells were containing WEHI-3B cell supernatant as a source of inter-
supplemented leukin-3. Colonies (>50 cells) were scored microscopically

after 7 days of incubation.
s are shown in
-MuLV (the A9 RESULTS

he 43D stock);
n MCF deriva- LTBMC from M-MuLV-inoculated preleukemic mice. To
obtained from explore how M-MuLV infection induces hematopoietic hy-
with a molec- perplasia, LTBMC from preleukemic mice were studied.

ed by Marguer- LTBMC were established from preleukemic (4- to 7-week-
derivative of old) M-MuLV-inoculated NFS mice or age-matched uninoc-
m repeats (see ulated controls. The cultures were observed microscopically
id an M-MuLV at regular intervals, and nonadherent (hematopoietic) cells
;htman and H. recovered during the weekly medium changes were col-
s stocks were lected, counted, and used in agar colony assays. Multipo-
producing one tential hematopoietic progenitor cells (CFCmix) were de-
ference group. tected by agar colony assays in the presence of interleukin-3.
'ere used as the Surprisingly, instead of increased bone marrow cell prolifer-
re clarified cul- ation, LTBMC from M-MuLV-inoculated mice showed less
Sected cultures. hematopoiesis. The quantification of total nonadherent cells
30°C, and each and CFCmix recovered from LTBMC from M-MuLV-inocu-
;. Infection of lated preleukemic or uninfected mice is shown in Fig. 2A and
previously (15). B. We also noticed that LTBMC from preleukemic mice
Ils were seeded showed significantly fewer stromal cells (Fig. 3B) than those
Ld infected with from uninoculated control bone marrow (Fig. 3A), even

'U) 1 day later. though the same numbers of total bone marrow cells were

ts. They were originally seeded. The reduction of hematopoiesis from
quantified in a M-MuLV-inoculated preleukemic mice seemed likely due to
)rocess was re- the depletion of bone marrow stromal cells since the growth
'rds were kept. of hematopoietic cells in LTBMC is dependent on stromal
e seeded onto cells. In fact, the increase in hematopoiesis in LTBMC at
1,000 cells per later times is associated with establishment of a stromal
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In contrast, LTBMC from an age-matched Mo+PyF1O1
M-MuLV-inoculated animal did not show the stromal and

Unnouatdhematopoietic defect (Fig. 3C), even though the culture was
6 Li Unouae infected (not shown). We showed previously that

M-MuLV inoculated Mo+PyF1O1 M-MuLV has greatly reduced leukemogenicity
U ~~~~~~~~~~~anddoes not induce splenic hyperplasia in vivo. Thus, there

5 was a correlation between M-MuLV-induced hematopoietic
defects in LTBMC in vitro and M-MuLV-induced splenic

4 hyperplasia in vivo.
In vitro M-MuLV infection of LTBMC. We next tested

3 whether the defect in preleukemic mouse LTBMC could be
duplicated by in vitro infection with M-MuLV of LTBMC
from uninoculated mice. Control mouse LTBMC were in-

2 ~~~~~~~~~~~~fectedwith an undiluted M-MuLV stock (A9) 1 week after
establishment and monitored as above. Like LTBMC from
in vivo infected mice, the in vitro infected cultures showed
depletion of CFCmix (Fig. 4), total nonadherent cells, and

Elm ~~~~~~~~stromal cells as well (not shown). Thus, the same phenom-
1234 5 6 7 Weeks ~~~enon could be obtained by in vitro infection of LTBMC with1234 5 6 7 Weeks ~~M-MuLV as seen in LTBMC from in vivo infected animals.

Involvement of MCF in in vitro bone marrow depletion.
Recently, we found that the M-MuLV stock (A9) used in
Fig. 4 contained an MCF derivative, as indicated by a

H Uninoculated diagnostic MCF-specific restriction fragment in Southern
blot analysis. Therefore, it was necessary to test whether the

300
~~M-MuLV inoculated MCF component was involved in any of the observed

300 ~~~~~~~~~~~~effects.A new M-MuLV stock (43-D) obtained by transfec-
250 ~~~~~~~~~~~tionof a molecular DNA clone of M-MuLV proviral DNA,
250 ~~~~~~~~~~~andwhich was free of MCF derivatives, was used. LTBMC

were infected by either A9 or 43-D M-MuLV viral stocks
200 (Fig. 5). Surprisingly, no depletion was seen when the

molecularly cloned M-MuLV (43-D) was tested. This sug-
150 gested that the MCF derivative might play a critical role in

the LTBMC defect in vitro and possibly an early effect in
vivo as well. It is noteworthy that MuLV leukemogenesis is

100 frequently accompanied by the generation of MCF recombi-
nants.

50 CPE induced by M-MuLV infection of fibroblasts. M-
MuLV infection is generally considered noncytopathic in

IIm ~~~~productively infected cells, although some MCF derivatives
1234 5 Weeks ~~~~~cause CPE in certain cell lines (37). In light of the depletion
1234 5 Weeks ~~~of bone marrow stroma in LTBMC after in vitro infection

2. Hematopoietic cells in LTBMC from preleukemic mice with the M-MuLV A9 stock, it was interesting to test
ited with M-MuLV. (A) Total nonadherent cells in LTBMC infection of NIH 3T3 fibroblasts. If a similar phenomenon
releukemic mice. Mice 4 to 7 weeks old were sacrificed, and were observed in NIH 3T3 cells, these cells would be more
ie marrow cells from each femur were collected and cultured convenient than LTBMC for investigating the mechanism
.iing T-25 flasks. Culture conditions are described in the text. involved. NIH 3T3 cells were infected with the M-MuLV
tif volume of media was changed weekly, and nonadherent (A9) stock, and 3 days after infection, less cell density was
,ere counted with a hemacytometer. Each data point repre- observed in the infected culture dish in comparison to an
'hevergefrsulsfom wo mce nd ourfemrs.(B) uninfected culture (Fig. 6B); however, there was no striking2FCmi in LTBMC from preleukemic mice. The nonadherent
)lecefrmteLBMmfpnixeeuedi F i change in cell morphology. In contrast, infection with the
lony assays, as described in the text. The averages of total molecularly cloned M-MuLV 43-D viral stock did not affect
per culture are shown. the NIH 3T3 cells (not shown; see below). Thus, the same

qualitative effects on NIH 3T3 were observed as for the
LTBMC, and NIH 3T3 offered a more convenient model

layer (3, 10). The stromal cell defect in preleukemic system for studying the virus-induced CPE.
IC appeared to be quantitative: with further incuba- To investigate the role of MCFs in CPE induction, we first
.tromal monolayers eventually formed in the LTBMC prepared a pure stock of Moloney MCF recombinant virus.
)releukemic mice, and hematopoiesis increased at that This was obtained by transfecting plasmid DNA containing a
not shown). In addition, once established, the stromal molecular clone of M-MCF provirus into NIH 3T3 cells.
ayers from preleukemic LTBMC could support he- Supernatant from the transfected cells was then used as the
~oiesis of exogenously added bone marrow cells as M-MCF virus stock. When this pure M-MCF viral stock was
nitly as uninfected LTBMC stroma (not shown). More- infected into NIH 3T3, no striking CPE resulted (Table 1).
bone marrow cells from preleukemic mice showed Initially, this was somewhat surprising, since the difference
1I hematopoiesis when cultured on established stromal between the cytopathic M-MuLV A9 and the noncytopathic
ayers from normal mouse LTBMC. M-MuLV 43-D stocks was the presence of M-MCF in the A9

VOL. 64, 1990



FIG. 3. LTBMC from preleukemic mice. LTBMC were carried for 4 weeks. (A) LTBMC from an uninoculated 7-week-old mouse. (B)
LTBMC from an age-matched preleukemic mouse inoculated with M-MuLV (A9). (C) LTBMC from an age-matched Mo+PyF101
M-MuLV-inoculated mouse. Bar, 10 ,um.
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numbers of viable (trypan blue-excluding) cells from unin-
fected or infected cultures were seeded into 10-cm dishes at
low densities and grown for approximately 10 days to allow
colony formation. The dishes were then fixed and stained
(Fig. 7A). The doubly infected culture (plate d) showed
fewer macroscopic colonies than uninfected or singly in-
fected cultures. Microscopic observation indicated that dou-
ble infection significantly affected the sizes of the colonies,
as well as the absolute numbers. Uninfected or singly

711 infected cultures showed a preponderance of large colonies
with many cells (e.g., Fig. 7B, a). In contrast, the doubly
infected culture showed much smaller colonies with many
fewer cells (e.g., Fig. 7B, b). Even when the smaller colonies
were counted, there were fewer colonies in the doubly
infected cultures. These results suggested that double infec-

1 2 3 4 5 6 Weeks tion led to growth arrest or cell killing in some cells and
reduction in growth rate in others, although it may be

mixfrom LTBMC infected in vitro. LTBMC were difficult to distinguish between these phenomena com-
n 5- to 7-week-old uninoculated mouse femurs. After pletely. Occasional larger colonies in the doubly infected
bation, one-half of the cultures were infected with
Cultures were carried in the same conditions as in culture might reflect uninfected or singly infected cells in the

ig. 2. The collected nonadherent cells were assayed population or cells resistant to the viral effects of double
reekly intervals. Each time point represents averages infection.
Symbols: O, uninfected; El, M-MuLV infected. To characterize the effect of double infection further,

growth curves were determined for the infected cultures
(Fig. 8). Growth curves of uninfected cells and singly in-

ver, another explanation could be that both fected cells were indistinguishable. In contrast, doubly in-
I MCF together were required for the CPE. fected cells showed a striking drop in the growth rate (the
[-MuLV was infected into the M-MCF-pro- slope of the curve) within 4 days of infection. Interestingly,
ie to generate cells producing mixed pseudo- at later times (e.g., 20 days), growth rate of the doubly
AuLV and M-MCF viral stock. This mixed infected culture recovered to the normal rate of the unin-
MCF stock was tested in NIH 3T3 (Table 1; fected control. The results of Fig. 7 and 8 suggested that the
e results indicated that coinfection with M- effect of M-MuLV/M-MCF infection is cytostatic and that
I-MCF was responsible for CPE in NIH 3T3 the effect may be transitory. One possible explanation for
d, by analogy, for the bone marrow depletion in the resumption of growth rate is that cells resistant to the
ly, a new recombinant virus, MCFMoLTR, effect of double infection grew out of the culture. In any
I which contains the same coding sequences as event, other experiments indicated that the cells that grew
n by wild-type M-MuLV LTR (shown in Fig. out were indeed doubly infected.
IF LTR has only one copy of the 75-base-pair Quantification of viral replication. Weller et al. (38) previ-
its in comparison to the two copies in the ously described cytopathic strains of avian retroviruses that
MuLV LTR. The presence of two tandem caused transient reductions in infected cell densities. This
d give higher levels of expression for MCF was reminiscent of the results reported here, although the
ixed MCFMoLTR/M-MuLV stock was tested potential presence of different virus components was not
cells (Table 1). This mixture caused even investigated in their studies. Moreover, Weller et al. found a

,, presumably due to the stronger LTR in correlation between over-replication of virus through viral
Most naturally occurring M-MCFs have a superinfection and the induced CPE. Overreplication was

vuLV LTR with two tandem repeats. Another reflected by accumulation of unintegrated viral DNA in Hirt
last cell line, C3H1OT1/2, and also rat fibro- supernatants. With regard to those experiments, M-MuLV
howed the same effect. and M-MCF viruses enter cells via different cell surface
ects induced by M-MuLV/M-MCF. The reduc- receptors. Each virus would render cells resistant to rein-
density after coinfection with M-MuLV and fection by viruses using the same receptors by blockage of
s could represent cell lysis, an arrest of cell those receptors, but those cells could still be superinfected
reduction of cell growth rate. To test whether by viruses using a different receptor. It seemed possible that
From cell lysis, cultures at day 3 after infection a mixed M-MuLV/M-MCF stock might overreplicate (in a

ed in more detail. First, as described above, limited fashion) due to the presence of two viruses which can

wer cell density, there was no change in cell superinfect reciprocally. To test this possibility, DNAs were

or an increase in the number of floating dead prepared from doubly infected cells showing CPE and ana-

loubly infected cultures (not shown). Second, lyzed by Southern blot hybridization with an M-MuLV
cells from the culture were trypsinized, stained probe. Hirt supernatant DNAs were analyzed without re-

blue (which is excluded from live cells), and striction enzyme digestion in Fig. 9A. The results indicated
result showed the same low percentage of that there was no more than a twofold difference in uninte-

tained cells in the doubly infected culture as in grated viral DNA (evident as a linear 9.5-kilobase DNA
d culture. These results indicated that the fragment) between singly and doubly infected cultures.
-ion with M-MuLV/M-MCF might not cause Integrated proviruses were analyzed in Fig. 9B, in which
rect cell killing. To investigate whether the total DNAs from infected cells were digested with PvuII. A
ion caused cell growth rate reduction or growth diagnostic 5' internal fragment common to both M-MuLV
ony formation assay was performed. Equal and M-MCF of 1.7 kilobases is indicated (14). Consistent
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FIG. 5. LTBMC infected by different M-MuLV stocks. LTBMC were carried for 3 weeks. (A) Uninfected LTBMC from an uninoculated
7-week-old mouse. (B) A parallel LTBMC infected after establishment by the molecularly cloned M-MuLV (43-D) stock. (C) LTBMC infected
by the M-MuLV (A9) stock. Bar, 10 ,um.
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FIG. 6. Infection of NIH 3T3 cells. NIH 3T3 cells, 1.5 x 105, were seeded on 60-mm culture dishes, infected the next day with different
undiluted viral stocks, and allowed to grow for an additional 3 days. (A) Uninfected cells; (B) cells infected with the M-MuLV (A9) viral stock;
(C) cells infected with a mixed M-MuLV/M-M-MCF stock. Bar, 10 ,um.

with Fig. 9A, the amount of total proviral DNA in the doubly
infected cultures was approximately twofold more than in
the singly infected cultures. In contrast, Weller et al. re-
ported approximately 100-fold overreplication of virus for
cytopathic avian retroviruses on day 4. Therefore, this
suggested that the CPE induced by M-MuLV/M-MCF did
not result from superinfection and overreplication.

DISCUSSION

In the experiments described here, LTBMC from preleu-
kemic animals inoculated with M-MuLV showed defects in
hematopoiesis. This was predominantly due to a quantitative
defect in stromal cell establishment and appeared to result
from coinfection with M-MuLV and an MCF recombinant.

TABLE 1. Quantification of cell density after infectiona
Relative cell

Viruses density (%)

Expt 1
No virus .............. ............................. 100
M-MuLV (43D) ............................................ 93
M-MCF ........................................... 89
M-MuLV (43D)/M-MCF ....................................... 54

Expt 2
No virus .............. ............................. 100
M-MuLV (43D) ............................................ 82
MCFMoLTR ........................................... 95
MCFMoLTR/M-MuLV ........................................ 11

a NIH 3T3 cells were seeded at 1.5 x 105 cells per 60-mm dish on day 1.
Celis were infected with various undiluted viral stocks on day 2 and then
trypsinized and counted on day 4.

The defect in LTBMC hematopoiesis also appeared to
correlate with leukemogenesis, since a poorly pathogenic
variant, Mo+PyF101 M-MuLV, did not induce the same
effect. In vitro infection of NIH 3T3 fibroblasts with mixed
M-MuLV/M-MCF stocks also resulted in CPE.

Initially, the observation of hematopoietic defects in
LTBMC from preleukemic M-MuLV-inoculated mice
seemed contradictory to our previous observations of in vivo
hematopoietic hyperplasia. One possibility is that the preleu-
kemic LTBMC defects could be an in vitro phenomenon,
reflecting the presence of MCF recombinants in preleukemic
mice, but irrelevant to the disease process. An alternative
possibility is that preleukemic animals also have defects in
bone marrow hematopoiesis in vivo. Indeed, in our previous
study, preleukemic hyperplasia was most pronounced in the
spleen (five- to tenfold), while the bone marrow showed little
or, at most, twofold changes (8).
The possibility of bone marrow defects in preleukemic

animals raises a potential mechanism for the splenic hyper-
plasia. In other situations, natural or experimentally induced
inhibition of bone marrow hematopoiesis results in compen-
satory extramedullary hematopoiesis in peripheral organs
such as the spleen and lymph nodes (1). In humans, dysfunc-
tion of bone marrow hematopoiesis has also been associated
with preleukemic conditions (22). In the mouse, ablation of
bone marrow hematopoiesis with the bone-seeking isotope
89Sr results in marked splenic hyperplasia and increases in
CFCmix in the spleen (1, 36). Moreover, administration of
89Sr can induce leukemia in mice (39). Thus, M-MuLV may
induce an analogous preleukemic state by generation of
MCF recombinants which lead to defects in bone marrow
hematopoiesis and compensatory splenic hyperplasia. Con-
sistent with this, recent experiments indicate that preleuke-

VOL. 64, 1990
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FIG. 7. Colony formation for infected NIH 3T3 cells. NIH 3T3 cells were infected with different virus stocks as in the legend to Fig. 6.
Four days after infection, cells were trypsinized and plated at various dilutions on 10-cm dishes; incubation was continued for 10 days. (A)
Colony formation by: a, uninfected cells; b, M-MuLV(43D)-infected cells; c, M-MCF-infected cells; d, cells doubly infected with
M-MuLV/M-MCF. Stained dishes are shown. (B) Typical colonies from the uninfected (a) (>100 cells) and the doubly infected (b) (<20 cells)
cultures are shown at higher magnification.
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FIG. 8. Growth curves of infected NIH 3T3 cells. The same

infection conditions as for Fig. 6 were used. After infection, cultures
were transferred and the number of cells was counted every 4 days.
The total cumulative number of cells was calculated. Symbols:

uninfected cells; ----, infection by M-MuLV (43D);
....,infection by M-MCF; .-.-., coinfection with M-MuLV/

M-MCF.

mic hyperplasia does not result directly from infection of
hematopoietic progenitors, but through an indirect mecha-
nism (B. K. Brightman, B. R. Davis, and H. Fan, submitted
for publication).
Our studies on M-MuLV leukemogenesis have been

greatly aided by the Mo+PyF101 M-MuLV variant, which is
poorly leukemogenic. Mo+PyF101 M-MuLV is identical to
wild-type M-MuLV, except that is contains inserted en-
hancer sequences from polyomavirus in the LTR. LTBMC
from Mo+PyF101 M-MuLV-inoculated animals did not
show the defect in hematopoiesis (Fig. 3), which correlated
with the nonleukemogenicity of the virus. We recently
determined that Mo+PyF101 M-MuLV-inoculated mice do
not generate MCF recombinants (B. K. Brightman, D.
Trepp, and H. Fan, unpublished data). This finding is
completely consistent with the results reported here and is
supportive of the idea that an in vivo bone marrow defect is
involved in M-MuLV leukemogenesis.
The finding that NIH 3T3 fibroblasts also showed the same

growth defects as bone marrow stroma when infected with
the same viral stocks allowed more convenient analyses of
the mechanisms involved. The results indicated that coin-
fection with M-MuLV and M-MCF was required, and nei-
ther virus alone was sufficient. Furthermore, the growth
defect probably did not mainly represent killing of infected
cells, but rather inhibition or reduction in cell growth. Thus,
the effect is better considered cytostatic rather than cy-
tolytic.
The results reported here were for M-MuLV and M-MCF.

MCF recombinants have been implicated in leukemogenesis

FIG. 9. Proviruses in infected cells. (A) Hirt supernatant DNAs
were prepared from infected cells 4 days after infection. The DNAs
were analyzed by gel electrophoresis without restriction endonucle-
ase digestion, and Southern blots were analyzed by hybridization
with radioactive M-MuLV DNA probe. Lanes: 1, uninfected cells;
2, M-MuLV(43D)-infected cells; 3, M-MCF-infected cells; 4, M-
MuLV/M-MCF-infected cells. Positions of molecular weight mark-
ers are at 'the left. The position of unintegrated viral DNA (8.8
kilobases [kb]) is indicated (open arrow at the right). Hybridization
to high-molecular-weight DNA (>24 kb) probably represented
endogenous MuLV-related virus sequences in contaminating high-
molecular-weight cellular DNA (e.g., lane 1), as well as the inte-
grated proviral form. (B) Total infected cell DNA was digested with
PvuII and analyzed by Southern blot hybridization, using an M-
MuLV gag probe. Both M-MuLV and M-MCF would give a
diagnostic internal 1.7-kb fragment (open arrow) from -254 to 1,434
base pairs on the viral genome (15). The order of the lanes is the
same as for panel A.

by most other MuLV strains as well (28, 29). It will be
interesting to test whether these same phenomena pertain to
other MuLVs and their corresponding MCFs. Whether other
combinations of MuLVs induce CPE is also interesting.
Combined infections with M-MuLV plus amphotropic
MuLV (which infects mouse cells via a receptor distinct
from those for ecotropic or MCF MuLVs) or M-MCF/
Am-MuLV did not cause the growth reduction. Thus, the
effect was specific to M-MuLV plus M-MCF. Preliminary
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experiments suggest that the viral genes involved are the env
genes.

Possible mechanisms for the growth inhibition by M-
MuLV/M-MCF remain to be elucidated. Overreplication in
the doubly infected cells did not appear to explain the
phenomenon. That M-MuLV/Am-MuLV or M-MCF/Am-
MuLV did not cause CPE supports this conclusion, since
these mixtures presumably could also multiply infect cells.
One interesting possibility could be that the receptors for
M-MuLV and Mo-MCF env glycoproteins are growth factor
receptors. If the M-MuLV and M-M-MCF env receptors
normally transmit signals from growth factors used in an
alternative fashion, then blockage of either receptor alone by
infection with one virus would not inhibit cell growth since
the other receptor would be unblocked. However, cells
infected with both types of viruses would be unable to
transmit the proper growth signals and unable to grow. The
ecotropic MuLV receptor has recently been cloned (2), but
its function has not been determined.
Two other studies have described infection of LTBMC by

M-MuLV. One study (16) reported that M-MuLV infection
increased hematopoiesis, while the other (12) reported inhi-
bition. Our results are more consistent with the latter study.

ACKNOWLEDGMENTS

This work was supported by Public Health Service grant CA32455
from the National Institutes of Health. The support of the UCI
Cancer Research Institute is acknowledged.
We thank Kay Brightman for discussions and reagents.

LITERATURE CITED
1. Adler, S., F. Trobaugh, Jr., and W. Knospe. 1977. Hemopoietic

stem cell dynamics in 89Sr marrow-ablated mice. J. Lab. Clin.
Med. 89:592-602.

2. Albritton, L. M., L. Tseng, D. Scadden, and J. M. Cunningham.
1989. A putative murine ecotropic retroviruses receptor gene
encodes a multiple membrane-spanning protein and confers
susceptibility to virus infection. Cell 57:658-666.

3. Allen, T. D., and T. M. Dexter. 1983. Long term bone marrow
cultures: an ultrastructural review. Scan. Electron. Microsc.
1983(P4):1851-1866.

4. Asjo, B., L. Skoog, I. Palminger, F. Wiener, D. Isaak, J. Cerny,
and E.-M. Fenyo. 1985. Influence of genotype and the organ of
origin on the subtype of T-cell in Moloney lymphomas induced
by transfer of preleukemic cells from athymic and thymus-
bearing mice. Cancer Res. 45:1040-1045.

5. Bishop, J. M., and H. Varmus. 1985. Functions and origins of
retroviruses, p. 249-356. In R. Wess, N. Teich, H. E. Varmus,
and J. M. Coffin (ed.), RNA tumor viruses, 2nd ed., Suppl. Cold
Spring Harbor Laboratory, Cold Spring Harbor, New York.

6. Bosselman, R. A., F. van Straaten, C. Van Beveren, I. M.
Verma, and M. Vogt. 1982. Analysis of the env gene of a
molecularly cloned and biologically active Moloney mink cell
focus-forming proviral DNA. J. Virol. 44:19-31.

7. Davis, B., E. Linney, and H. Fan. 1985. Suppression of leu-
kaemia virus pathogenicity by polyoma virus enhancers. Nature
(London) 314:550-553.

8. Davis, B. R., B. K. Brightman, K. G. Chandy, and H. Fan. 1987.
Characterization of a preleukemic state induced by Moloney
murine leukemia virus: evidence for two infection events during
leukemogenesis. Proc. Natl. Acad. Sci. USA 84:4875-4879.

9. Dexter, T. M. 1982. Stroma cell associated haemopoiesis. J.
Cell. Physiol. Suppl. 1:87-94.

10. Dexter, T. M., T. D. Allen, and L. G. Lajtha. 1977. Conditions
controlling the proliferation of hemopoietic stem cells in vitro. J.
Cell. Physiol. 91:335-344.

11. Dexter, T. M., T. D. Allen, N. G. Testa, and E. Scolnick. 1981.
Friend disease in vitro. J. Exp. Med. 154:594-608.

12. Dexter, T. M., and D. Scott. 1977. Infection of bone marrow
cells in vitro with FLV: effects on stem cell proliferation and

leukemogenic capacity. Cell 12:355-364.
13. Evans, L. H., and M. W. Cloyd. 1985. Friend and Moloney

murine leukemia viruses specifically recombine with different
endogenous retroviral sequences to generate mink cell focus-
forming viruses. Proc. Natl. Acad. Sci. USA 82:459-463.

14. Fan, H., H. Chute, E. Chao, and P. K. Pattengale. 1988.
Leukemogenicity of Moloney murine leukemia viruses carrying
polyoma enhancer sequences in the long terminal repeat is
dependent on the nature of the inserted polyoma sequences.
Virology 166:58-65.

15. Fan, H., R. Jaenisch, and P. MacIsaac. 1978. Low multiplicity of
infection of Moloney murine leukemia virus in mouse cells:
effect on number of viral DNA copies and virus production in
the producer cells. J. Virol. 28:802-809.

16. Greenberger, J. S., R. K. Shadduck, R. Jaenisch, A. Waheed,
and M. A. Sakakeeny. 1981. Effects of murine leukemia virus
infection on long-term hematopoiesis in vitro emphasized by
increased survival of bone marrow cultures derived from
BALB/Mo mice. Cancer Res. 41:3556-3565.

17. Haas, M., and T. Reshef. 1980. Non-thymic malignant lympho-
mas induced in C57BL/6 mice by cloned dualtropic viruses
isolated from hematopoietic stromal cell lines. Europ. J. Cancer
16:909-917.

18. Haran-Ghera, N. 1980. Potential leukemic cells among bone
marrow cells of young AKRtJ mice. Proc. Natl. Acad. Sci. USA
77:2923-2926.

19. Hartley, J. W., N. K. Wolford, L. J. Old, and W. P. Row. 1977.
A new class of murine leukemia virus associated with develop-
ment of spontaneous lymphomas. Proc. Natl. Acad. Sci. USA
74:789-792.

20. Hirt, B. 1967. Selective extraction of polyoma DNA from
infected mouse cell cultures. J. Mol. Biol. 26:265.

21. Linney, E., B. Davis, J. Overhauser, E. Chao, and H. Fan. 1984.
Non-function of a Moloney murine leukaemia virus regulatory
sequence in F9 embryonic carcinoma cells. Nature (London)
308:470-472.

22. Lichtman, M. A., and J. K. Brennan. 1983. Dyshemopoietic
(preleukemic) disorders, p. 175-184. In W. J. Williams, E.
Beutler, A. J. Erslev, and M. A. Lichtman (ed.), Hematology,
3rd ed. McGraw-Hill Book Co., New York.

23. Metcaf, D. 1984. Clonal culture of hemopoiesis cells: techniques
and applications, p. 19-72. Elsevier/North-Holland Publishing
Co., Amsterdam.

24. Oliff, A., and I. Oliff. 1984. Isolation of immortal cell lines from
the first stage of murine leukemia virus-induced leukemia. Proc.
Natl. Acad. Sci. USA 81:5464-5467.

25. Rein, A. 1982. Interference grouping of murine leukemia virus:
a distinct receptor for the MCF recombinant viruses in mouse
cells. Virology 120:251-257.

26. Rein, A., and A. Schultz. 1984. Different recombinant murine
leukemia viruses use different cell surface receptors. Virology
136:144-152.

27. Renikoff, C. A., D. W. Brankow, and C. Heidelberger. 1983.
Quantitative and qualitative studies of chemical transformation
of cloned C3H mouse embryo cells sensitive to postconfluence
inhibition of cell division. Cancer Res. 33:3231-3238.

28. Sitbon, M., L. Evans, J. Nishio, K. Wehrly, and B. Chesebro.
1986. Analysis of two strains of Friend murine leukemia viruses
differing in ability to induce early splenomegaly: lack of rela-
tionship with generation of recombinant mink cell focus-forming
viruses. J. Virol. 57:389-393.

29. Sitbon, M., B. Sola, L. Evans, J. Nishio, S. F. Heyes, K.
Nathanson, C. F. Garon, and B. Chesebro. 1986. Hemolytic
anemia and erythroleukemia, two distinct pathogenic effects of
friend MuLV: mapping of the effects to different regions of viral
genome. Cell 47:851-859.

30. Southern, E. 1975. Detection of specific sequences among DNA
fragments separated by gel electrophoresis. J. Mol. Biol. 98:503.

31. Stoye, J., and J. Coffin. 1985. Endogenous viruses, p. 357-405.
In R. Wess, N. Teich, H. E. Varmus, and J. M. Coffin (ed.),
RNA tumor viruses, 2nd ed., Suppl. Cold Spring Harbor
Laboratory, Cold Spring Harbor, N.Y.

32. Teich, N., J. Wyke, and P. Kaplan. 1985. Pathogenesis of

J. VIROL.



COMBINED INFECTION BY M-MuLV AND M-MCF 3711

retrovirus-induced disease, p. 187-248. In R. Wess, N. Teich,
H. E. Varmus, and J. M. Coffin (ed.), RNA tumor viruses, 2nd
ed., Suppl. Cold Spring Harbor Laboratory, Cold Spring Har-
bor, N.Y.

33. Teich, N., J. Wyke, T. Mak, A. Bernstein, and W. Hardy. 1982.
Pathologenesis of retrovirus-induced disease, p. 785-998. In R.
Wess, N. Teich, H. E. Varmus, and J. M. Coffin (ed.), RNA
tumor viruses. Cold Spring Harbor Laboratory, Cold Spring
Harbor, N.Y.

34. van der Putten, H., W. Quint, J. van Raaji, E. R. Maandag, I. M.
Verma, and A. Berns. 1981. M-MuLV-induced leukemogenesis:
integration and structure of recombinant proviruses in tumors.
Cell 24:729-739.

35. Vogt, M. 1979. Properties of 'mink cell focus-inducing' (MCF)
virus isolated from spontaneous lymphoma lines of BALB/c
carrying Moloney leukemia virus as endogenous virus. Virology
93:226-236.

36. Volkman, A., N. C. Chang, P. H. Strausbauch, and P. E.
Morahan. 1983. Differential effects of chronic monocyte deple-
tion on macrophage populations. Lab. Invest. 49:291-298.

37. Weiss, R. 1982. Experimental biology and assay of RNA tumor
viruses, p. 209-261. In R. Wess, N. Teich, H. E. Varmus, and
J. M. Coffin (ed.), RNA tumor viruses, 2nd ed. Cold Spring
Harbor Laboratory, Cold Spring Harbor, N.Y.

38. Weller, S. K., A. E. Joy, and H. M. Temin. 1980. Correlation
between cell killing and massive second-round superinfection
by members of some subgroups of avian leukosis virus. J. Virol.
33:494-506.

39. Wright, J. F., M. Goldman, and L. K. Bustad. 1972. Age, strain,
and dose-rate effects of 89Sr in mice, p. 168-181. In M. Goldman
and L. Bustad (ed.), Biomedical implications of radiostrontium
exposure. U.S. Atomic Energy Commission Office of Informa-
tion Service, Washington, D.C.

VOL. 64, 1990


