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We examined the clonality of tumors induced by an acutely transforming retrovirus which carries a single
oncogene. Contrary to our expectation, tumors induced by the Abelson murine leukemia virus (A-MuLV)
showed one to four major proviral integration events. To further investigate the process by which clonality was
established, we analyzed the number of cells infected and transformed by A-MuLV at various times after in
vivo infection. At the midpoint of tumor latency (14 days postinfection), we found that infection of total bone
marrow cells by A-MuLV was efficient and polyclonal. However, only a minority of these infected cells were
transformed as assayed in cell culture, and clonal dominance had already been established in this transformed
cell population. Examination of the in vitro growth properties of transformed cells recovered from preleukemic
and leukemic mice indicated that preleukemic cells had lower cloning efficiencies than primary tumor cells. Our
results suggest that the rate-limiting step in this system of lymphomagenesis is the initial transformation of bone
marrow target cells and that these cells undergo subsequent changes in cloning ability during the course of the

disease that lead to an autonomous neoplastic state.

The induction of tumors by rapidly oncogenic retroviruses
has provided the means to identify oncogenes and to assess
their individual contributions to the development of malig-
nancy. Because these viruses establish viremia in the host
and the disease develops within weeks of virus inoculation,
most investigators have reasoned that infection of suscepti-
ble cells and expression of the viral oncogene are sufficient
for tumor formation. Studies of tumors that arise in mice
transgenic for an activated myc oncogene and expressing
high levels of its product indicate that these myc-induced
tumors are of monoclonal origin. This result suggests that
steps in addition to the expression of a single activated
oncogene are necessary for tumor formation (1). We exam-
ined the clonality of tumors induced by the Abelson murine
leukemia virus (A-MuLV) and found that, like tumors in-
duced by the myc transgene and the majority of naturally
occurring tumors, these viral tumors originate from one or a
few transformed cells and thus are monoclonal or oligoclonal
in origin.

A-MuLV, a highly oncogenic retrovirus, encodes the
v-abl oncogene, which is composed of both Moloney murine
leukemia virus (M-MuLV) gag sequences and c-abl se-
quences (3, 5, 12, 19, 21, 23). This gag-abl fusion protein is
a tyrosine-specific kinase, and its expression is necessary for
transformation of cells and tumor induction (16). A-MuLV
transforms primary lymphoid cells in vitro, and the number
of lymphoid colonies produced depends linearly on the
concentration of A-MuLV (14, 15). A-MuLV also directly
transforms NIH 3T3 cells in vitro (18) and induces predom-
inantly lymphosarcomas of the B-cell lineage in vivo (11, 13).

MATERIALS AND METHODS

Viruses and cells. Biologically cloned A-MuLV (p160
strain) was prepared by harvest of supernatant fluids from
nonproducer N54 cells (16) superinfected with M-MuLV
Mov3 (9). An A-MuLV (p160 strain) proviral clone (pAB,)
was recovered in lambda Charon 4A from an A-MuLV-
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induced tumor cell line, E102 (6), DNA library and charac-
terized in this laboratory. The pAB4 and M-MuLV pMov3
proviral clones were cotransfected into NIH 3T3 cells, and
supernatant fluids were harvested. The titer of replication-
competent M-MuLV was determined by UV-XC plaque
assay on NIH 3T3 cells (17), and the titer of transforming
A-MuLV was determined by focus formation on NIH 3T3
cells (18). The titer of XC PFU was 10- to 100-fold greater
than focus-forming units (FFU) in the A-MuLV pools used
in these studies.

Human foreskin fibroblast strain SL68 feeder layers were
grown in Ham F-10 medium containing 15% fetal bovine
serum and antibiotics (4). Mouse bone marrow feeder layers
were cultured as described by Whitlock et al. (24, 25).

Mice. Adult (>6-week-old) BALB/cByJ or C57BL/6BylJ
mice were obtained from the Jackson Laboratories (Bar
Harbor, Maine), and newborn (<2-day-old) mice were ob-
tained by breeding in our mouse colony. Adult mice were
inoculated intravenously or intrathymically with 0.1 to 0.2
ml of undiluted virus stock containing 10° to 10° FFU of
virus per mouse. Tumors developed in approximately 3 to §
weeks. Newborn mice were inoculated intraperitoneally
with the same virus dose.

Bone marrow transformation assay. The bone marrow
transformation assay was performed essentially as described
by Rosenberg and Baltimore (14). Bone marrow cells (1 X
10%, 3 x 10°, or 1 X 10°) in 2 ml of 0.35% agarose (SeaPlaque
low-gelling agarose; FMC Co., Rockland, Maine) in RPMI
1640 medium supplemented with 15% fetal calf serum and 50
wM mercaptoethanol were plated on top of 2 ml of 0.7%
agarose medium prechilled (4°C) in a 60-mm tissue culture
plate. Cells were incubated for 7 days at 37°C in a 5% CO,
atmosphere and then fed 2 ml of 0.35% agarose medium. At
10 to 14 days, macroscopic colonies were scored.

To determine plating efficiencies of transformed cells,
individual colonies were picked, and cells were dispersed
and counted (yield, 1 X 10* to 2 x 10°, 50 to 90% viability).
Cells were plated in 2 ml of 0.35% agarose medium on top of
a layer of 2 ml of 0.7% agarose medium covering the feeder
layers. Feeder layers consisted of semiconfluent human



VoL. 61, 1987

foreskin fibroblasts (approximately 3 X 10°/60-mm tissue
culture plate) or 4- to 5S-week-old semiconfluent mouse bone
marrow feeder cells. Colony-forming efficiency was scored 7
to 8 days after plating.

Infectious center assay. A single-cell suspension of A-
MuLV lymphoma cells was obtained by perfusing primary
tumor tissue. The cells were exposed to 4,000 rads in a *’Cs
irradiator. The concentration of nucleated cells was deter-
mined, and 5 X 107 cells were added in duplicate to plates of
NIH 3T3 cells seeded the previous day (10° cells per 60-mm
plate). At confluence the UV-XC plaque assay was per-
formed on one of these plates, and the other plate was
cultured for 14 days and scored for focus formation.

DNA transfer and hybridizations. DN A was extracted from
cells, digested to completion with restriction endonucleases
(New England Biolabs), and electrophoresed in a 0.7%
horizontal agarose gel as described previously (7, 8). The
DNA was denatured and transferred to nitrocellulose by the
procedure of Southern (20) and hybridized with 32P-nick-
translated probe DNA. Hybridized filters were washed and
autoradiographed as described (8). Probe pSA-17 consists of
a 1.9-kilobase-pair (kbp) Sacl-HindIIl fragment isolated
from linear DN A molecules of the p120-encoding A-MuLV
(3). The probe pAB3 consists of a 2.3-kbp Bg/II-HindIIl
fragment of the 5.5-kbp p120-encoding A-MuLV genome (5).
The probe pRI-Jy consists of a 6.2-kbp fragment spanning
the mouse immunoglobulin heavy-chain joining region (2).

RESULTS

Clonal dominance in primary A-MuLV tumeors. The clonal-
ity of a population of A-MuL V-infected cells can be deter-
mined by examining abl-specific hybridization patterns of
infected-cell DNA following cleavage with restriction en-
zymes that do not cut within the viral genome. Tumor tissue
DNA was prepared from primary lymphomas induced by
A-MuLV and digested with EcoRI, which does not cleave
the A-MuLV provirus, and the patterns of viral integration
were examined by Southern blot analysis (Fig. 1). In each
tumor one to four prominent proviral bands were detected,
in addition to the 27-kbp c-abl-specific band present in all
cells. All 43 A-MuLV tumors examined showed one to four
major proviral integration sites, a result which suggests that
each tumor cell population is dominated by one or a few
clones. Examination of several DNA samples containing
comigrating bands (Fig. 1, lanes 2 and 4) with other restric-
tion enzymes indicated that these tumors had distinct
proviral integration sites (data not shown). Some tumors
were dominated by cells from a single clone, as judged by the
comparison of the proviral band with the internal c-abl band
(Fig. 1, lanes 2, 3, 10, 12, and 15). Twenty-six of the 43
A-MuLV tumor DNAs showed more than one proviral band,
with an average of 1.8 bands per tumor. These additional
proviral bands within a tumor DNA sample suggest the
presence of more than one dominant clone within the tumor
cell population or the presence of a clone(s) bearing more
than one integrated provirus. The proviral bands of
subgenomic intensity (Fig. 1, lanes 5, 6, and 7, B or T) are
probably due to the emergence of additional transformed
clones during tumor cell proliferation or subsequent integra-
tion events within the original clone. Examination by South-
ern blot analysis of the immunoglobulin heavy-chain joining
(J) regions in A-MuLV tumor DNAs showed a few tumor-
specific bands in each case (data not shown). This result
further indicates that a major portion of the cells in A-MuLV
primary tumors are descendants of a few infected cells.
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We also examined DNAs isolated from different leukemic
tissues of the same mouse (Fig. 1, lanes 5B and 5T, 6B and
6T, 7B and 7T, and 8T and 8L). In six of eight mice analyzed,
the pattern of proviral integration events was the same in
different lymphoid tissues of the same mouse. Two mice
showed distinct provirus-hybridizing bands in tumor tissue
DNA, and a smear of hybridization was seen in the bone
marrow DNA of each mouse (data not shown). We conclude
from the data presented thus far that a major portion of each
tumor cell population consists of cells with one to four
unique A-MuLV integration events, or the tumor is domi-
nated by one or a few clonal cell populations. This clonal
dominance was detected irrespective of mouse age, mode of
virus inoculation, mouse strain, or virus dose (10° to 10°
FFU).

Based on a reconstruction experiment (Fig. 2), we esti-
mate that a proviral band would be detected if the percentage
of cells containing it constituted as little as 5 to 10% of the
total cell population. Comparison of the intensity of the
signal found in the genomic c-abl EcoRI fragment with the
signals found in the novel A-MuLV integration fragments
suggests that in most tumors the dominant clone(s) com-
poses greater than 10% of the cell population (Fig. 1).

Efficiency of infection and clonality prior to tumor emer-
gence. One possible explanation for the clonality of A-
MuLV-induced tumors is that infection or transformation in
vivo is an inefficient process. To determine whether A-
MuLV tumors were clonal due to inefficient infection in
vivo, adult BALB/c mice were infected with A-MuLV. Total
bone marrow DNA was isolated 14 days postinfection and
examined to quantify the number of proviruses per cell.
These DNA samples were compared in reconstruction hy-
bridization experiments with a cloned A-MuLV cell line
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FIG. 1. Southern hybridization analysis of primary A-MuLV-
induced tumor tissue or leukemic bone marrow DNA. High-
molecular-weight DNA (10 pg) was digested with EcoRlI, electro-
phoresed through 0.7% agarose gels, blotted to nitrocellulose paper,
and hybridized to the 3*P-labeled abl-specific probe pAB3. Lanes: 1
to 4, thymomas induced by intrathymic inoculation of 10-day-old
C57BL/6 mice; 5 to 7, bone marrow (B) and tumor (T) tissue of
6-week-old BALB/c mice inoculated intravenously; 8, tumor tissue
(T) or lymph node (L) tissue of 6-week-old BALB/c mice inoculated
intravenously; 9 to 15, tumor tissue induced by intraperitoneal
inoculation of newborn (<2-day-old) BALB/c mice. Molecular
weights were determined by comparison with a HindIIl digest of
lambda DNA (23.1, 9.42, 6.68, 4.36, 2.32, 2.03, and 0.564 kb).
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shown to contain two A-MuLV proviruses. Digestion of the
DNA with Xbal, which cleaves only in the long terminal
repeat (LTR), will resolve all A-MuLV proviruses into a
5.8-kbp hybridizing band. A-MuLV proviruses were clearly
detected in two total bone marrow DNA samples taken from
mice infected 14 days earlier with A-MuLV (Fig. 2A, lanes
A#2 and A#1), but not in DNA of total bone marrow of
M-MuLV-infected mice (Fig. 2A, lane M). By comparison of
the intensities of the bands found in A-MuLV infected bone
marrow cells with the intensities of signals in this and
subsequent reconstruction experiments, we estimate that
samples A#2 and A#1 contain 0.02 and 0.4 proviruses per
cell, respectively. Eight additional bone marrow samples
from A-MuLV-infected mice were analyzed, and each fell
within this range (data not shown). The average value from
the 10 infected bone marrow samples was 0.2 proviruses per
cell. Total bone marrow cells from A-MuLV-infected mice
also were plated in infectious center assays. From 3 to 30%
of the cells scored as A-MuLV producers, when corrected
for the plating efficiency of clonal A-MuLV producer lines.
Both reconstruction hybridization experiments and infec-
tious center assays indicated that in vivo infection by A-
MuLV is efficient, resulting in viral integration and virus
production by a large portion of total bone marrow cells.
To determine whether infection of total bone marrow was
oligoclonal or polyclonal at 14 days postinfection, DNAs
were digested with EcoRI, which resolves proviruses on the
basis of their integration sites. Our limit of detection was
approximately 0.05 proviruses per cell resolved into two
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FIG. 2. Determination of the number of A-MuLV proviruses per
cell and clonality of total bone marrow (BM) cell DNAs isolated 14
days postinfection. High-molecular-weight DNAs were digested
with Xbal (A) or EcoRI (B), electrophoresed, blotted, and hybrid-
ized with PSA-17 as described in the legend to Fig. 1. (A) Lanes: 1,
10 pg of normal BALB/c liver DNA; 2, 10 pg of E102 cloned-cell
DNA, shown to contain two proviruses per cell; 3, 5 ug of BALB/c
liver DNA and 5 pg of E102 DNA; 4, 7.5 pg of BALB/c liver DNA
and 2.5 pg of E102 DNA; 5, 9.5 ng of BALB/c liver DNA and 0.5 pg
of E102 DNA; 6, 9.75 g of BALB/c liver DNA and 0.25 ug of E102
DNA; 7, 9.9 pg of BALB/c liver DNA and 0.1 ug of E102 DNA; 8,
20 pg of A-MuLV (A#1)-infected bone marrow DNA; 9, 10 ug of
M-MuLV-infected bone marrow DNA; 10, 10 pg of A-MuLV
(A#2)-infected bone marrow DNA. (B) Lanes: 1 to 6, reconstruc-
tion similar to that described for panel A; 7, 10 ug of M-MuLV-
infected bone marrow DNA; 8 and 9, 10 ug of A-MuLV-infected
bone marrow DNA. Sizes are indicated to the left (in kilobase pairs).
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FIG. 3. Histogram summary of the number of A-MuLV-
transformed cells throughout tumor latency. Six-week-old BALB/c
mice were infected with A-MuLV; bone marrow cells were removed
from individual mice at days 7 and 14 postinfection and bone
marrow and tumor cells were removed at 25 to 30 days postinfection
and plated in an agarose bone marrow transformation assay. Each
box represents the number of transformed colonies found in one
mouse. The arrows indicate the mean in each category. Macro-
scopic transformed colonies were scored 10 to 14 days postplating.
Bone marrow cells removed from six M-MuLV-infected mice 7 to 50
days postinfection gave no transformed colonies.

bands. The average number of proviruses in clonally domi-
nant tumors was 1.8 proviruses per cell. Sample A#1 (0.4
proviruses per cell) clearly would yield a resolvable band if
a distinct integration site were present in a major portion of
the infected bone marrow cell population, and A#3 (0.05
proviruses per cell) most likely would yield a detectable
band. We did not detect a dominant proviral pattern in either
of these two samples (Fig. 2B, A#1 from above and A#3) or
in the other eight samples tested (data not shown). Thus,
many sites of integration are occupied in infected bone
marrow cells. We conclude that at the midpoint of tumor
latency (14 days postinfection) A-MuLV infection is efficient
and polyclonal.

Appearance of transformed cells prior to tumor emergence.
To determine whether A-MuL V-induced tumors were clonal
due to inefficient transformation of cells by A-MuLV in vivo,
we quantified the number of transformed cells present in
total bone marrow prior to tumor emergence. Mice were
infected with A-MuLV, and at various times throughout the
tumor latent period, total bone marrow cells were removed
and plated in the in vitro agarose colony assay. As early as
7 days after infection with A-MuLV, transformed cells were
detected. The number of transformed colonies increased
throughout tumor latency (Fig. 3). However, it is also worth
noting that 6 of the 21 individual tumors tested in this assay
contained very few colony-forming cells (Fig. 3C).

Growth properties of transformed cells from preleukemic
and leukemic mice. To determine whether the growth poten-
tials of transformed cells isolated from preleukemic bone
marrow or leukemic bone marrow were equivalent, we
tested cells from individual colonies for their ability to give
rise to permanent cell lines and to form colonies when
replated in the absence or presence of feeder layers.
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TABLE 1. Plating efficiencies of A-MuLV-transformed cells“

Efficiency of plating (%)

No. of
Colony source colonies tested  Ngpe HF MBM
Established lines 4 74 66 55
Leukemic bone marrow 15 0.4 48 68
Preleukemic bone marrow 19 0.02 0.07 9

@ Colonies containing 1 X 10* to 2 x 10° cells were replated on human
fibroblasts (HF), mouse bone marrow (MBM), or no feeder layer (none).

We attempted to establish permanent cell lines by picking
transformed colonies from agarose 7 to 10 days after plating
and subculturing them in microtiter wells. Cultures were
subdivided every 7 days, or 3 to 4 days if substantial growth
was observed, and were continued for 4 to 6 weeks. Of 52
colonies picked from agarose assays of preleukemic bone
marrows (day 10 or 14 postinfection), none gave rise to
estalished cell lines. Of 23 colonies picked from agarose
assays of leukemic bone marrow, 14 gave rise to permanent
cell lines. These frequencies were not altered by supple-
menting the medium with 20% medium conditioned by
WEHI-3B cells, a source of interleukin 3 (10) or 50%
medium conditioned by ANN-1 A-MuLV nonproducer cells.
From these results we conclude that the frequency of cells
that can give rise to permanent cell lines is much higher in
leukemic cell populations than in preleukemic cell popula-
tions.

To test the growth requirements of cells in transformed
colonies, individual colonies were picked and cells were
replated over three different feeder layers. One recipient
plate contained no feeder cells; one recipient plate contained
human foreskin fibroblast feeder layers (SL68), previously
shown to support the growth of Epstein-Barr virus-
transformed lymphocytes (22); and one recipient plate con-
tained mouse bone marrow feeder layers, previously shown
to support the growth of some in vitro A-MuLV-transformed
lymphocytes (26). Preleukemic cells had much lower cloning
efficiencies than leukemic cells in both the absence and
presence of feeder layers (Table 1). From these results we
conclude that A-MuLV preleukemic and leukemic cells
differ in their requirement for continued proliferation in
vitro. The increase in the number of transformed cells
detected in the bone marrow of A-MuLV-infected mice
during the course of leukemia development (Fig. 3) presum-
ably reflects both the increase in the absolute number of
transformed cells and the increase in their cloning efficiency.

Establishment of clonal dominance prior to tumor emer-
gence. To determine whether clonal dominance had been
established in the transformed cells prior to overt tumor
formation, mice were infected with A-MuLV, and at 10 to 14
days postinfection total bone marrow cells from several
individual mice were isolated. Half the cells from each
mouse were used to make DNA, and the other half were
plated in the agarose transformation assay. As was found in
the samples analyzed previously (Fig. 2), total bone marrow
cell DNA from individual mice showed efficient polyclonal
infection.

To determine whether the transformed colonies were
composed of a few cell clones, 100 colonies from each
individual mouse were pooled, and DNAs were isolated.
These DNAs were digested with HindIIl, which cleaves
once in the A-MuLV provirus 3’ to the v-abl oncogene, and
analyzed by Southern blot hybridization. In all, eight of eight
DNA samples showed distinct proviral integration patterns,
one of which is shown in Fig. 4, lane 7. From these results
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we conclude that at 10 to 14 days postinfection with A-
MuLV, the population of bone marrow cells transformed by
in vitro criteria is dominated by a few cell clones.

Although these results indicate the presence of clonally
dominant populations of transformed cells in preleukemic
mouse bone marrow, they do not establish the relationship
of this population of cells transformed by in vitro criteria to
the clones of cells that will dominate the tumor in vivo. To
investigate that question, a BALB/c mouse was infected
with A-MuLV, and 14 days later the bone marrow was
removed. Most of the cells were plated in agarose suspen-
sion and allowed to form colonies. DNA was isolated from
100 colonies (approximately 10° to 107 cells) and analyzed by
Southern blot hybridization following digestion with HindIII
(Fig. 4, lane 7).

The remainder of the bone marrow cells from the A-
MuLV-infected mouse were injected subcutaneously into
five weanling BALB/c mice at a dose of 3 X 10° cells per
mouse (40 in vitro colony-forming cells per mouse). Tumors
developed at the site of inoculation 17 to 21 days later in all
of the mice. Tumors were excised, and DNA was isolated
from each individual tumor. Following digestion of the
DNAs with HindlIll, the pattern of A-MuLV proviral inte-
gration events present in the in vitro-transformed colony
DNA (Fig. 4, lane 7) was compared with the patterns of
A-MuLV integration in the five individual tumors induced by
the same inoculum of cells (Fig. 4, lanes 2 to 6). Each of the
four proviral bands present in the in vitro-transformed
colony DNA (Fig. 4, lane 7) was also present in at least one
of the tumor DNA samples (Fig. 4, lanes 2 to 6). Two
additional proviral bands were present in the tumor DNA
samples but were not found in the colony DNA. A similar
result was found after cleavage of the DNA with EcoRI (data
not shown).

To compare the frequency of comigration found in the
tumor DNA samples in Fig. 4 with that which would be
found in unrelated tumors, we determined the frequency of
comigrating bands in one set of 10 individual A-MuLV
primary tumors run on the same gel. The frequency of
comigrating bands in this set of unrelated samples was 1 of
14 (data not shown). The frequency of comigrating bands
found in tumors induced by bone marrow cells of the same
preleukemic mouse (4 of 6) was significantly higher than
random tumor samples (P < 0.014). Therefore, the bone
marrow of preleukemic mice contains clones of cells that are
or will become a clonally dominant tumor.

Comparison of each individual tumor DNA sample (Fig. 4,
lanes 2 to 6) with the colony DNA sample (lane 7) indicated
that the chance that a proviral band observed in the tumor
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FIG. 4. Southern blot analysis of tumors induced by day 14
preleukemic bone marrow and transformed colonies arising from
this bone marrow. DNAs were isolated from transformed colonies
which grew out from 14-day preleukemic bone marrow cells and
from tumors induced by subcutaneous inoculation of weanling
BALB/c mice with the same 14-day preleukemic bone marrow cells.
These DNAs were digested with HindlIIl, electrophoresed, blotted,
and hybridized with the pSA-17 probe. Lanes: 1, 10 pg of BALB/c
liver DNA; 2 to 6, 10 pg of primary tumor tissue DNA; 7, 10 pg of
preleukemic day 14 transformed-colony DNA.
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DNA would also be observed in the colony DNA was 0.63.
Comparison of each individual tumor sample (Fig. 4, lanes 2
to 6) with three unrelated colony DNA samples indicated
that the chance that a proviral band observed in the tumor
DNA (lanes 2 to 6) would also be observed in the unrelated
colony DNA was 0.05. Statistical analysis indicated that
these frequencies were significantly different (P < 0.001).
Therefore, some of the clones that dominate the in vitro-
transformed population will also come to dominate the
tumor in vivo. These results indicate that clonal dominance
is established in preleukemic transformed bone marrow
cells, as assayed in vitro, by 14 days after infection with
A-MuLV. The results also indicate that most if not all of
these transformed clones can go on to form tumors.

DISCUSSION

Contrary to our expectation, clonally dominant tumors
were induced by the rapidly oncogenic retrovirus A-MuLV.
Examination of the patterns of A-MuLV integration events
revealed that all tumors tested contained one to four major
sites of proviral integration. This clonality was not due to
inefficient infection by A-MuLV, because a sizable portion
of total bone marrow cells were polyclonally infected at the
midpoint of tumor latency (14 days postinfection). However,
the number of transformed cells in that population was much
lower. Thus, the in vivo infection of bone marrow cells is not
equivalent to transformation, a result consistent with the
limited target cell pool for A-MuLV in in vitro transforma-
tion (14).

The plating of bone marrow cells from preleukemic mice
in the in vitro agarose transformation assay provided a
means to isolate cells transformed by in vitro criteria prior to
overt tumor formation. Southern analysis of pools of trans-
formed colonies from individual mice indicated that in eight
of eight cases clonal dominance was established in the
transformed population by 14 days postinfection. Transplan-
tation experiments demonstrated that some of these cells
transformed by in vitro criteria had the potential to form a
clonally dominant tumor. The use of the in vitro transforma-
tion assay also pointed out some difficulties in equating in
vitro transformation with the emergence of A-MuLV tu-
mors. Some tumors had little if any plating ability in this
assay. However, the same samples had readily detectable
proviral integration events (Fig. 1, lanes 5B and 5T).

Two explanations may account for the appearance of
clonally dominant tumors following infection with a rapidly
transforming retrovirus such as A-MuLV. We demonstrated
that efficient polyclonal infection of bone marrow was estab-
lished by 10 to 14 days postinfection; however, it could be
that the initial rounds of infection in the mouse were limited
in number due to the low dose of virus used in comparison
with the total target cell population. A few transformed cells
arising soon after infection would have a significant kinetic
advantage compared with cells transformed later. Thus,
clonal dominance may be explained solely by the kinetics of
infection and growth of initially transformed cells and not by
the selection of clones with proliferative advantages.

The majority of transformed cells recovered from
preleukemic A-MuL V-infected mice had low in vitro cloning
efficiencies and did not yield established cell lines, unlike
primary A-MuLV tumor cells. These preleukemic cells also
plated with greater efficiency in the presence of mouse bone
marrow feeder layers, a result which confirms the work
reported by Whitlock et al. for some bone marrow cells
infected in vitro with A-MuLV (26, 27). These observations
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could be interpreted to indicate that a second event(s) is
involved in A-MuLV tumorigenesis, and cells having selec-
tive growth advantages are selected during the course of the
disease. To address that question critically, it will be neces-
sary to follow the progression of phenotypes within a single
clone of A-MuLV-infected cells in the absence of viral
replication, an experiment in progress with A-MuLV stocks
prepared with retroviral packaging cells.

The simplest interpretation of the results presented here is
that very few cells are initially transformed in vivo by
A-MuLV, and this early event constitutes the rate-limiting
step in the disease. Within clones of initially transformed
cells, a subsequent event(s) may occur to increase the
cloning efficiencies of these transformed cells. The role of
the abl oncogene in promoting this secondary event is
unknown. It is possible that secondary changes relating to
cloning efficiency or growth requirements occur as a conse-
quence of continued proliferation induced by the oncogene,
and these do not reflect secondary genetic events.
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