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ABSTRACT We recently showed that hemopoietic stem
cells expressing the v-abl oncogene can cause leukemia when
injected into lethally irradiated recipient mice. Progenitor cells
expressing v-abl did not significantly contribute to disease
development, and the leukemia was monoclonal in origin. By
serially transplanting v-abl-transduced hemopoietic stem cells
into normal, nonirradiated syngeneic recipients, we showed
that multiple stem-cell clones do exist in some recipients. These
cells fluctuated as normal stem cells do and could home to
normal bone marrow. Based on the time course of disease, the
recipients developed either an acute or a chronic phase of
disorder. All recipients with the acute disease had stem-cell
clones with random Abelson murine leukemia virus integration
sites. All recipients with the chronic disorder had a specific
Abelson murine leukemia virus integration site. We believe this
abl-specific integration site, termed ASI, is important in abl-
mediated stem-cell leukemogenesis.

The existence of primitive hemopoietic stem cells with lym-
phoid and myeloid potentiality has been demonstrated by
various techniques that include the use of chromosome
markers (1, 2) and W mutant mice (3). However, the biolog-
ical properties of these cells are not well understood. They
represent a minute population, even in the blood cell-forming
hemopoietic organs such as the fetal liver and the adult bone
marrow. By a series of physical separations with immuno-
logical markers, 30 Thy-1'° Sca-1* Lin~ cells from mouse
fetal liver were reported to rescue 50% of lethally irradiated
mice (4). Thus Thy-1, Sca-1, and perhaps AA4.1 (5) markers
are most likely present in pluripotent hemopoietic stem cells.
Recently, by marking stem cells with retroviral vectors
usually carrying a neutral gene as a genetic marker, several
groups have shown that these cells fluctuate, and one or a few
particular stem-cell clones appear to predominate at one time
(5-9).

Abelson murine leukemia virus (A-MuLV) is a naturally
occurring retrovirus carrying the v-abl oncogene. The virus
was originally isolated from a lymphoma of B-cell origin (10).
Subsequently, A-MuLV-transformed macrophages (11),
erythroid precursors (12), T cells (13), mast cells (14), plas-
macytoma (15), and fibroblasts (16) have been reported. The
ways these transformed cells were generated appear to be a
function of specific routes of virus inoculation. Therefore,
accessibility of virus to the appropriate target cells is prob-
ably an important determining factor.

Using the method of retroviral-mediated gene transfer and
an Abelson virus stock free of helper virus, we have suc-
cessfully delivered the v-abl oncogene into lymphoid-
myeloid hemopoietic stem cells (17). When these cells are
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introduced into lethally irradiated recipients, a monoclonal
disease develops. We conclude that A-MuLV-infected he-
mopoietic progenitor cells apparently do not contribute sig-
nificantly to disease development. In addition, we hypothe-
size that, in the irradiated recipients, competition between
A-MuLV-infected lymphoid-myeloid stem cells exists, so
that only a single clone predominates at one time. To test this
hypothesis, we changed the experimental protocol in an
important way. Instead of using lethally irradiated recipients,
we serially transplanted A-MuLV-infected hemopoietic
stem-cell clones into syngeneic, unirradiated recipients. Un-
der this condition, one might predict the appearance of
multiple infected stem-cell clones participating in disease
development in a single recipient, thus allowing the relative
contribution by a particular clone to be examined. Because in
these unirradiated animals the infected stem-cell clones rep-
resent only a small fraction compared with the uninfected
clones, it is important to use the A-MuLV virus stock free of
helper virus, so that no virus spreads from the infected clones
transduced with the v-abl gene.

In this study, we observed the existence of several v-abl-
transduced stem-cell clones, which fluctuated as normal stem
cells do. In addition, the recipients developed either chronic
or acute disease. All recipients analyzed that developed
chronic disorder had the same distinct A-MuLV integration
site, whereas those that died of acute disease had different
A-MuLV integration sites.

MATERIALS AND METHODS

Preparation of A-MuLV Virus Stock. High-titer virus stock
of 1 x 107 focus-forming units per ml was prepared as
described (17). When tested on XC cell plaque assay (18), this
stock of viral supernatant did not contain any helper virus. In
order to use our study protocol, the A-MuLV stock has to be
free of the replication-competent helper virus to prevent
further spread of A-MuLV by infected cells. Under this
condition, the infected cells will therefore be marked by the
proviral genome, as defined by a specific integration site.
This marking enables us to determine the number of
A-MuL V-infected stem cells and to follow the fate and
development of these retrovirally marked stem-cell clones.
For example, HA2 in Fig. 3 contained three individually
marked stem-cell clones a, b, and ¢, which later segregated
into different recipient mice.

Animals and Cells. Eight- to 10-week-old BALB/c inbred
mice were obtained from the National Cancer Institute. For
some transplantation experiments, recipient animals re-
ceived 9 Gy of total body irradiation. The preparation,
dissection, and collection of 12-day fetal liver cells used for
retrovirus infection was done as described (19, 20).

Abbreviation: A-MuLV, Abelson murine leukemia virus.
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Retrovirus Infection. Fetal liver cells from 12-day-old
mouse embryos from BALB/c inbred mice were incubated
with A-MuLV virus supernatant stock at two million cells per
ml, together with Polybrene at 4 ug/ml and 2% pokeweed
mitogen-stimulated spleen cell-conditioned medium over-
night at 37°C. Sixteen hours later, the cells were washed
twice in R2 medium (RPMI 1640 medium/2% fetal calf
serum), and one to two million cells were injected into each
unirradiated or lethally irradiated recipient.

Serial Transplantation. Unirradiated recipient mice were
maintained in regular cages in our animal quarters. Irradiated
recipients were maintained in a sterile laminar-flow hood and
fed with autoclaved food and acidified water. Peripheral
blood was obtained by drawing blood through the retroorbital
plexus. When individual mice were sacrificed, various organs
and tissues were dissected out and prepared for DNA or RNA
extraction or for biological assays as described (21). Bone-
marrow cytoprep smears were stained with Wright-Giemsa
stain. To detect factor-independent colonies formed by
A-MuLV-infected progenitor cells, bone-marrow or spleen
cells from recipient mice were plated in methylcellulose
cultures as described (19).

Southern Blot Analysis. DNA was extracted from frozen
tissues pulverized in liquid nitrogen. Extraction of high-M,
DNA from various tissues was done by treatment with SDS
followed by proteinase K digestion as described (17). DNA

Table 1. Pathological data of v-abl-transduced recipients
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samples were usually digested with BamHI and HindIII,
enzymes that generate junctional fragments with respect to
the integrated A-MuLV proviral genome. To extract DNA
from the peripheral blood samples, usually three capillary
tubes with a volume of 70 ul each were obtained. After
spinning in a hematocrit centrifuge for 5 min, the buffy coat
(containing the white blood cells) was used for DNA extrac-
tion. The total yield was up to one million nucleated cells. The
cells were then lysed in extraction buffer, and the sample was
processed normally for obtaining high-M, DNA.

RESULTS

Different Time Course and Pathological Disease Develop-
ment. One to two million A-MuLV-infected fetal liver cells
were injected i.v. into each normal, syngeneic, unirradiated
mouse. By 4 weeks after transplantation, recipient mice
began to develop disease (Table 1). Time course for disease
development differed significantly from animal to animal; this
difference has been confirmed by analysis with 17 additional
recipients (HA9-HA26). Among these 17 mice, 4 mice were
moribund at week 4, 6 mice survived to 21 weeks, and the rest
of the animals developed disease at various times. All animals
analyzed carried one to three copies of A-MuLV proviral
DNA. Factor-independent growth of hemopoietic colonies
has been an excellent index of v-abl expression (19, 22, 23).

Time Enlargement

analyzed, WBC* v-abl FI
Mouse week State HLP LN Spl Thy (week) Hct, % Pltt clone col, %
N2-9 6 N - - 6 (6) 41 ND ND ND
N2-10 6 N - - - - 7 (6) 45 ND ND ND
HA1l 4 D + + + - 4 3) 56 ND ND ND
HA2 4 M + + 0.3 - 50 (3) 50 ND 3 19
HA3 9 N - - - + 509 50 ND 1 32
HA4 9 N - - - + 509 50 ND 1 20
FAS 12 D ND ND ND ND ND ND ND ND ND
FA6 12 M - + - - 100 (12) 38 21 1 18
FA7 12 M - + 0.2 - 53 (12) 39 43 1 29
FAS8 11 M + - + - 12 (3) 37 ND 1 13
HA9 4 M + + 0.4 + 48 (4) 49 11 1 314
HA10 4 M + + 0.3 + 23 4) 43 19 1 ND
HA14 4 M + + 0.3 + 100 4) 49 9 1 112
HA2-1 2 M + - 0.3 + 15 (2 46 ND 2 12
HA2-2 2 M + - 0.4 + 16 (2) 52 ND 2 0
HA2-3 2 M + - 0.4 + 36 (2) 47 ND 2 S
HA2-4 2 M + - 0.5 + 26 (2) 48 ND 2 8
HA2-1-1 3 M + + - + 84 (3) 60 ND 2 63
HA2-1-2 3 M + + - + 75 (3) 53 ND 2 49
HA2-1-3 18 N - - 0.09 + 20 (18) 43 3 1 <1
HA2-1-4 21 Alive 15 21) 49 6
HA2-4-1 5 N - + 0.3 + 30 51 ND 2 14
HA2-4-2 7 M - + 0.3 - 19 40 ND 1 ND
HA2-4-3 1 D ND ND ND ND ND ND ND ND ND
HA2-4-4 16 N - - 0.1 + 40 (16) 50 23 1 8

Hematopathological data of v-abl-transduced recipient mice. A-MuL V-infected cells were injected i.v. into normal syngeneic adult BALB/c
mice at 2 x 10° cells per mouse. Eight mice (HA1-FAS8) were injected together with mice that received N2-infected cells as described (17). HA3
and HA4 were sacrificed and analyzed on week 9 to determine whether there was any v-abl transduction. At week 10, FAS-FAS8 were injected
with 5-fluorouracil at a dose sufficient to kill off most cycling hemopoietic cells. In this way, dormant stem cells are spared and recruited later
into cycling. On week 12, all mice were sacrificed. HA2-1-HA2-4 were recipients of HA2 bone-marrow cells (one million each). HA2-1-1-
HA2-1-4 and HA2-4-1-HA2-4-4 were recipients of one million bone-marrow cells from HA2-1 and HA2-4, respectively. D, dead; M, moribund;
N, normal; HLP, hind limb paralysis; LN, lymph nodes; Spl, spleen; Thy, thymus; FI col, factor-independent colonies, mainly composed of
macrophage type CFU-M (colony-forming unit-macrophage) and small undifferentiated type; Hct, hematocrit. Organ enlargement of lymph
nodes is defined by an obvious massive cell proliferation occurring in lymph nodes in most anatomical locations. Thymus enlargement was two
to four times the normal thymus size of N2 recipients. Actual weight of spleen for N2-9 and -10 was not determined; however, the weight of
two other N2 recipient spleens was 0.1 and 0.09 g. Some recipient spleens were obviously enlarged, but their actual weights were not recorded
and thus are indicated by a plus sign. Average percentage of platelet counts from two other N2 recipients was 4 X 10° per mm?. ND, not done.
*WBC, white blood cell count (number x 1073 cells per ul).

TPIt, platelet counts (number x 10~% platelets per mm?3).
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FiG. 1. Southern blot analysis of DNA from myeloid and lym-
phoid cells of the recipient HA15-2R. Two million spleen cells were
cultured in liquid suspension with or without 1% phytohemagglutinin
(PHA)/10% WEHI-3-conditioned medium (wehi-CM) for 6 days.
Extracted DNAs from cells of these cultures were digested with
HindIIl and blotted with v-abl-specific sequences. Note the 15-
kilobase (kb) junction fragment band in all three samples. 3T3, NIH
3T3 fibroblasts; MM1, v-abl-transformed mast cells.

Bone-marrow cultures of 15 of 16 primary recipient mouse
developed factor-independent hemopoietic colonies, indicat-
ing expression of the transduced v-abl gene in these animals.

By serially transplanting bone-marrow cells from mori-
bund donor animals into normal recipients, the disease was
shown to be transplantable (Table 1). However, pathological
development was significantly different among the recipients
and the donor parent. Most prominent was the variation in
hind limb paralysis and enlargement of lymph nodes, spleens,
or thymus (Table 1).

Evidence of Stem-Cell Infection by A-MuLV. In all primary
recipients analyzed, stem cells of lymphoid-myeloid origin
were transduced with v-abl. Recipients HA2, -9, -10, and -14
developed acute disease within 4 weeks, displaying lymphad-
enopathy and spinal tumors. The acute syndromes seen in
these mice are similar to those of Abelson disease (10),
wherein pre-B cells have been the target cells for A-MuLV
(24, 25). However, in marked contrast to features seen with
the Abelson disease, these animals had elevated white blood
cell count with a clear presence of circulating blast cells
(15-58%); enlargement of the thymus and spleen was often
seen (Table 1). Histological examination of spleens indicated
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diffused infiltration of lymphoblastoid and monocytic cells.
Also, unreported for the Abelson disease, bone-marrow cells
of these animals could develop many factor-independent
colonies composed mainly of macrophage type CFU-M (Ta-
ble 1).

DNAs from the enlarged spleen, thymus, and/or lymph
node revealed rearrangements of T-cell receptor and immu-
noglobulin genes in appropriate sites (data not shown); yet in
recipients HA9, HA10, and HA14, only a single copy of
integrated A-MuLV proviral DNA could be detected (Table
1). The same corresponding A-MuLV-integrated proviral
DNA was detected in DNA from pooled factor-independent
macrophage colonies and from mast cells stimulated with
WEHI-3-conditioned medium. Fig. 1 is one example in which
spleen cells from HA15-2-R, one of the lethally irradiated
recipients of HA1S5, were stimulated with either phytohemag-
glutinin (mitogen for lymphoid cells) or WEHI-3-conditioned
medium (mitogen for myeloid cells) for 6 days. The same
A-MuLV proviral DNA could be observed in stimulated and
unstimulated cultures. These data indicate the involvement
of lymphoid-myeloid hemopoietic stem cells, even in these
recipients that developed acute disease. Similar data were
obtained in HA2-4-4, FA7-1, and FA7-2 (two lethally irradi-
ated recipients of FA7, analyzed 15 weeks later) recipients
that developed chronic disorder. '

Clonal Fluctuation of the Transduced Stem Cells and an
Association of a Particular v-abl Clone with Chronic Disorder.
In the serial transplantation experiments, one striking obser-
vation was noted by comparing recipients of two animals,
HA2 and HA16 (Fig. 2 and Table 1). While serial bone-
marrow recipients of HA16 manifested uniformly short latent
periods each time after transplantation, tertiary recipients of
HA2 developed the disease at various times (Fig. 2).

In attempting to explain this variation, we first determined
the number of v-abl-transduced stem-cell clones in HA2.
Digestion of genomic DNA from HA2 with two restriction
enzymes, BamHI and HindIIl, yielded three distinct clones,
a, b, and c (Fig. 3). Clone a (9.5-kb BamHI or 16-kb HindIII
fragment) was the dominant population in the spleen, lymph
nodes, and lung of HA2. After one million bone-marrow cells
of HA2 were transplanted into each of the four secondary
recipients (HA2-1-HA2-4), clonal segregation was seen
among various organs. This segregation was most obvious

FiG. 2. Time course for disease de-
velopment. Time was defined by the
number of weeks required for recipient
mice to become moribund, except for
recipients HA2-1-3, 2-1-4, and 2-4-4,
shown with broken bars. HA2-1-3 and
HA2-4-4 were still healthy when sacri-
ficed. Recipient HA2-1-4 was still alive at

o
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C

Generation of Transplantation

N week 21, indicated by an uneven line at
T the top of the bar. Recipients HA2-1-
_boe HA24, and HA16-1-HA16-2 each re-
LE£5E ceived one million bone-marrow cells
SPAA/, from HA2 and HA16, respectively. Re-
< % cipients HA2-1-1-2-1-4, HA2-4-1-2-4-4,
%%; HA16-1-1-16-1-2, and HA16-2-1-HA16-
) f% 2-2 each received one million bone-
A marrow cells from HA2-1, HA2-4,

HA16-1, and HA16-2, respectively. All
recipient mice were not irradiated.
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F1G.3. Clonal segregation in recipient mice of HA2 revealed by Southern blot analysis. HA2 was the primary recipient of A-MuL V-infected
fetal liver cells. HA2-1-2-4, HA2-1-1-2-1-3, and HA2-4-1-2-4-4 were secondary and tertiary recipients, as described in the legend of Table 1.
Unless otherwise stated, all samples were digested with BamHI. Numbers on top of each recipient were the number of weeks after
transplantation. BM, bone marrow; Sp, spleen; Th, thymus; LN, lymph nodes; Lu, lung, 3T3, NIH 3T3 fibroblasts; MM1, v-abl-transformed

mast cells.

when tertiary recipients were examined. Clone b (7.3-kb
BamHI) was absent in HA2-4 bone marrow. Although it
reappeared in tertiary recipient HA2-4-1, clone b was not
detectable in either HA2-4-2 or HA2-4-4. Most interestingly,
all mice containing predominant clone a, with or without
minor clone b, became moribund within 2 months after
transplantation, whereas only clone ¢ (9.9-kb HindIII frag-
ment) was present in the two long-term recipients HA2-1-3
and HA2-4-4, which were free of symptoms at 4-5 months
when they were sacrificed for analysis. Southern blot anal-
ysis of the peripheral blood DNA of the third animal, HA2-
1-4, still alive at 27 weeks with elevated white blood cell
count, contained clone ¢ as well (Fig. 4).

Recipients with the Chronic Disorder Had a Distinct
A-MuLYV Integration Site. We then examined whether clone
¢ was present in all recipients with a long latency. Table 2
indicates that the 9.9-kb HindIII fragment (clone c in Fig. 3)

<
vl— - ™M
& c'o A ™ E
IEEHS kb
& 23 FiG. 4. Presence of clone c in the
. peripheral blood of recipients with
c> = _o4 chronic leukemia. Southern blot anal-
a - ysis was done on HindIll-digested
e .—6 g DNA extracted from recipient leuko-
® cytes of 200 ul of peripheral blood.
Note the 9.9-kb band (clone c) in all
—~4.4  three leukocyte samples. 3T3, NIH
“Peo=P 3T3 fibroblasts; MM1, abli-trans-

formed mast cells.

occurred in all recipients that developed chronic disorder, as
defined by a latency >8 weeks.

Most recipients with the chronic disorder had elevated
white cell counts. To determine whether the peripheral blood
leukocytes are the progeny of A-MuLV-infected stem cells,
Southern blot analysis was done on DNA of peripheral blood
of three of these recipients (Fig. 4). FA6-1 and FA7-3 were
lethally irradiated (15 weeks after transplantation) recipients
of FA6 and FA7 bone-marrow cells. HA2-1-4 was a recipient
of serially transplanted bone-marrow cells that originated
from HA2, at 23 weeks after transplantation. Fig. 4 indicates

Table 2. A-MuLV proviral integration sites in various recipients

Junction fragments, size

Time to .
moribundity, in kb

week Recipient BamH]1 HindIIl
4 HA2 9.5,7.3 9.9, 16

4 HA9 10.7 8.8

4 HA10 9.4 8.8

4 HA1l4 13 6.1

5 HA12 13.3 8.8

5 HA13 14.8 6.4

>9 HA3 Absent 9.9

>9 HA4 Absent 9.9

11 FAS8 Absent 9.9

12 FA6 Absent 9.9

12 FA7 Absent 9.9

Mice HA3 and HA4 were not moribund when sacrificed for

analysis. Both BamHI and HindIII had one recognition site within
the A-MuLV proviral genome. The v-abl probe was derived from a
1.6-kb Bgl II fragment of the p160 A-MuLV proviral DNA.
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the presence of clone c in the peripheral blood of all three
animals.

DISCUSSION

By serially transplanting A-MuLV-infected hemopoietic
stem cells into normal, syngeneic recipients, we have shown
that the v-abl-transduced stem cells fluctuated as normal
stem cells do and could home to normal bone marrow. All
recipients that developed acute disease had stem cells with
random A-MuLV integration sites, whereas those that de-
veloped the chronic disorder had stem cells with a specific
integration site.

There was no infectious helper virus present either in our
A-MuLV virus stock or in the conditioned medium of the
spleen cells from serially transplanted HA2 recipients. Were
infectious particles present in the recipient animals, one would
predict effective virus spread in these nonirradiated, normal
recipients, and one should see the appearance of a relatively
large number of newly integrated A-MuLV proviral genome:
this large-scale integration was not observed; all animals had
only one to three copies of A-MuLV proviral DNA.

Disappearance of clones a and b in HA2-1-3 and HA2-4-4
most likely was not from an immunological response against
the v-abl-transduced cells. No helper virus was present in the
animals analyzed and, therefore, no synthesis of viral antigen
occurred. Within the A-MuLV p160 genome, the gag—v-abl
protein is not known to be transmembrane (26, 27) and,
therefore, should not be available on the cell surface for
immune attack. Lastly, if there were an overall immune
reaction against the v-abl-transduced cells, cells of clone ¢
should disappear as well, and they did not.

Transplantation of normal marrow cells into normal syn-
geneic mice has been reported to be unsuccessful (28, 29). In
our studies, v-abl-transduced stem cells readily home to the
bone-marrow microenvironment. One interpretation is that
donor stem cells do home into normal bone marrow but are
usually not detectable, as reported (30). Expression of v-abl
in these cells expands the clones to a detectable level.
Alternatively, the expression of v-abl in the transduced
hemopoietic stem cells induced a modification at the cell
surface, enhancing their adhesive ability for the marrow
stroma. Such altered adhesive interactions with marrow
stroma by hemopoietic progenitor cells in chronic myeloid
leukemia, in which the activated bcr—abl gene is a hallmark
of this disease, has been demonstrated by Gordon et al. (31).
However, the abnormal progenitor cells become less adher-
ent to the marrow stroma (31).

True leukemic clones should proliferate autonomously and
continuously. Finding clonal fluctuation of v-abl-transduced
stem cells within the initial 3-month period and only one
remaining clone S months later was, thus, unexpected. These
data closely resemble those of normal, uninfected stem cells
(5-9). Whether v-abl was expressed at the beginning of clonal
expansion of the transduced lymphoid-myeloid stem cells is
impossible to definitely determine, However, progeny pro-
genitors did express v-abl, as indicated by their ability to
develop factor-independent colonies.

HA2-1-3 and HA2-4-4 remained apparently normal 5
months after transplantation. Thus clone ¢ is not frankly
neoplastic, and yet clonal expansion was consistently seen, as
indicated by elevation of white blood cell counts and occa-
sional increase of platelet counts. For the surviving recipient,
HAZ2-1-4, chronic elevation of white cells derived from clone
c has been seen (Fig. 4). Although blast cells were clearly
present in the peripheral blood smear from all three recipients,
a normal spectrum of differentiated neutrophils, monocytes,
and large and small lymphocytes could be identified easily.
This condition resembles a state of chronic leukemia.

Proc. Natl. Acad. Sci. USA 88 (1991) 10133

. One might argue that as a result of small changes such as
point mutations within the A-MuLV genome, v-abl expression
is low in animals with chronic disorder compared with those
that had the acute disease. This explanation is unlikely be-
cause all animals were derived from independently A-MuLV-
infected stem-cell clones, and in two additional independent
infection experiments, clone ¢ was consistently observed.

Frequent sites of retroviral integration associated with
myeloid leukemia have been reported (32, 33). The specific
association of a specific A-MuLV integration site with the
development of a state of chronic disorder is particularly
interesting in our studies. As a result of this specific A-MuLV
integration, termed ASI, a gene appears to have been either
activated or inactivated. Consequently, the signal transduc-
tion induced by v-abl might have been interrupted or altered,
modifying leukemic development.
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