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Retroviruses can be used to accelerate hematopoietic cancers predisposed to neoplastic disease by prior
genetic manipulations such as in transgenic or knockout mice. The virus imparts a second neoplastic “hit,”
providing evidence that the initial hit is transforming. In the present study, a unique retrovirus was developed
that can induce a high incidence of myeloid disease and has a broad host range. This agent is a Moloney murine
leukemia virus (Mo-MuLV)-based virus that has most of the U3 region of the long terminal repeat (LTR)
replaced with that of retrovirus 4070A. Like Mo-MulLYV, this virus, called MOL4070LTR, is NB-tropic and not
restricted by Fv1 allelles. MOL4070LTR causes myeloid leukemias in ca. 50% of mice, a finding in contrast to
Mo-MulLV, which induces almost exclusively lymphoid disease. The data suggest that the LTR of the 4070A
virus expands the tissue tropism of the disease to the myeloid lineage. Interesting, MCF recombinant envelope
was expressed in the lymphoid but not the myeloid neoplasms of BALB/c mice. This retrovirus has the potential
for accelerating myeloid disease in genetically engineered mice.

Retroviruses have been widely used in vivo as insertional
mutagens to identify oncogenes and tumor suppressors that
are involved in the development of hematopoietic neoplasms
(reviewed in references 1 and 18). During the infectious pro-
cess viral RNA is copied into DNA, which is imported into the
nucleus and inserted into the host genome. The viral long
terminal repeat (LTR) can activate transcription of flanking
oncogenes or, more rarely, inactivate a tumor suppressor (7,
19). The mutagenic effects of the retrovirus are clonally se-
lected because of a resulting growth advantage conferred by
the virus. In addition, genes or sequences flanking the virus can
easily be identified and isolated by using retroviral probes or
inverse PCR with virus-specific primers.

Retroviral insertional mutagenesis has been successfully uti-
lized in transgenic or gene knockout mice to identify cooper-
ating oncogenes. This approach was used as a second hit in
several studies aimed at determining the genes involved in
T-cell lymphomagenesis (2, 6, 14, 29). For example, oncogenes
that synergize with a c-myc transgene were found after infec-
tion with Moloney murine leukemia virus (Mo-MuLV). Sev-
eral collaborating genes were identified, including Pim-1, Tic-1,
Ahi-1, and Bmi-1. In all of these experiments, mice were ex-
ogenously infected with retroviruses. Using a related strategy,
Blaydes et al. (5) looked for somatic mutations that collaborate
with the loss of NfI in the induction of myeloid leukemia. The
virus in the investigation, rather than being introduced by in-
oculation, was present as a result of transplacental transmis-
sion, as described elsewhere (3). Blaydes et al. (5) backcrossed
C57BL/6J mice, containing a loss-of-function mutant of Nf1, to
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BXH-2 mice that express the horizontally transmitted eco-
tropic MuLV. Using the virus as a tag, they identified the Epi/
locus as a collaborator with NfI loss in the induction of acute
myeloid leukemia.

We were interested in developing an MuLV that (i) could be
inoculated into newborn mice to produce early myeloid cell-
derived leukemias typical of those found in humans (e.g., my-
elomonocytic, monoblastic, monocytic, and myeloid with gran-
ulocyte maturation) and (ii) would have a wide tropism for the
purpose of accelerating disease and identifying collaborating
genetic alterations in transgenic and knockout mice. Although
Mo-MuLV has wide tropism, it induces almost exclusively
monocytic disease in pristane-treated young adults after intra-
venous inoculation (30, 33) and lymphomas when inoculated
into newborn mice (12, 25).

There are several examples to suggest that amphotropic
virus 4070A may have more propensity for inducing myeloid
disease than Mo-MuLV. Although it induces in newborn mice
predominantly T-cell neoplasms, it can also induce, at a very
low incidence, myeloid-like tumors and B-cell tumors (22).
Interestingly, we found that, in pristane-treated young adult
DBA/2 mice, virus 4070A induces exclusively myeloid
(monocytic) disease (31) compared to Mo-MuLV, which
induces both monocytic and lymphoid disease under the same
experimental conditions (33). We also found that 4070A virus
can, when inoculated into newborn mice, accelerate myeloid
disease in 129sv mice that express myeloid-specific oncogenes
(unpublished data).

Based on the evidence presented above, one would predict
that 4070A virus could be used to accelerate myeloid disease.
However, the virus has a limited host range caused by the Fv1”
allele and is, therefore, N-tropic (24). It is restricted in many
strains used by investigators for transgenic and knockout ex-
periments (e.g., FVB and C57BL/6). Fv1 is a gene that controls
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TABLE 1. Incidence and phenotypes of hematopoietic neoplasms
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Vir Mouse Tumor diagnosi Latency Incidence (no. of mice with neo-
us strain Umor Glagnosis period (wk) plasms/total no. infected [%])
MOL4070LTR FVB Leukemia, myeloid 323 12/22 (55)
Leukemia, myelomonocytic 29.5 8/22 (36)
Leukemia, monoblastic or monocytic 315 3/22 (14)
Leukemia, granulocyte with maturation 42 1/22 (5)
Hematopoietic neoplasm, undifferentiated, blastic 17 122 (5)
Mixed T-cell lymphoma, lymphoblastic; leukemia, myeloid 16.7 3/22 (14)
T-cell lymphoma, lymphoblastic 35.8 5/22 (23)
BALB/c Leukemia, myeloid 29.4 10/28 (36)
Leukemia, myelomonocytic 28.7 9/28 (32)
Leukemia, monoblastic 36.0 1/28 (4)
Mixed, myeloid and lymphoid 32 3/28 (1)
Lymphoma lymphoblastic 28.9 13/28 (46)
Mo-MuLV FVB T-cell lymphoma, lymphoblastic 31.8 12/12 (100)
BALB/c T-cell lymphoma, lymphoblastic 16.2 7/7 (100)

susceptibility to infection after the virus has entered the cell
but before the viral DNA is integrated into the host genome (4,
16). The FvI gene was cloned and found to encode an endog-
enous retrovirus capsid antigen-like protein, and the tropism of
the virus is determined by the capsid antigen protein encoded

by gag (11, 23). This region of the virus is presumed to be

involved in the integration process.

In order to prepare an NB-tropic virus (not restricted in
FvI® or FvI" mice) that would retain the myeloid disease in-
ducing sequences of the 4070A, we decided to construct a

FIG. 1. Cytospin of spleen cells from mouse 58B-2, which was diagnosed with myelomonocytic leukemia. Magnification, X240.
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FIG. 2. Immunohistochemistry of spleen and liver tissue from BALB/c mouse 58B-2 inoculated with MOL4070ALTR and diagnosed with
myelomonocytic leukemia. Staining was performed with antibody to myeloperoxidase, F4/80, and CD3 antibody. Magnification, X60. The white
arrow indicates the location of the PALS; the black arrows point to neoplastic cells.

recombinant between Mo-MuLV and 4070A. One would pre-
dict that the disease tissue tropism of 4070A would be due to
either its unique envelop region, which provides expanded
tropism to other mammals, or to the LTR, which has been
previously found to confer lineage specificity to other viruses
(8, 9). Ott et al. (22) found that the capacity of 4070A for
broadened target cell specificity was not provided to Mo-
MuLV by the replacement of its carboxy-terminal region of pol
and most of env gene by analogous sequences from 4070A. The
recombinant virus still produced exclusively lymphoblastic lym-
phomas. Therefore, we reasoned that the myeloid-inducing
capacity of 4070A might be contained in the LTR. We con-
structed a recombinant that has most of the U3 region of the
4070A LTR and the gag, pol, and env sequences of Mo-MuLV.
The FvI tropism would, therefore, be conferred by the Mo-
MuLV sequences.

Construction of a recombinant virus NB-tropic retrovirus.
To construct this virus, we started with permuted clones of
Mo-MuLV (C53) (28) and 4070A (10, 21), which contain only
one LTR. In the final recombinant virus, the Nhel(71)-
Sst1(386) LTR fragment from 4070A was substituted for the
Nhel(7583)-Sst1(7970) LTR fragment of Mo-MuLV. The ac-
cession numbers for Mo-MuLV and the 4070A virus are
AF033811 and M55597, respectively. A plasmid was prepared
by subcloning the HindIII-Bcll fragment of Mo-MuLV, includ-
ing the LTR, into a Litmus 29 plasmid engineered to have a
Bcll site. A large SstI-Nhel fragment containing Mo-MuLV
and Litmus 29 plasmid sequences was purified and recombined
with the Nhel-SstI LTR fragment from 4070A. The recombi-
nant virus was than reassembled in two cloning steps as a

permuted clone in the HindIII site of pBluescript II KS. The
resulting plasmid, pMOL4070LTR, was digested with HindIII
and transfected into NIH 3T3 cells by using the calcium phos-
phate transfection system from Invitrogen. After subculture of
the cells over a period of 2 weeks, the culture supernatant was
collected, filtered, and tested in an XC assay as previously
described (26).

Leukemogenicity of MOL4070LTR recombinant virus and
Mo-MuLV in FVB and BALB/c mice. For the production of
virus for the infection of mice, NIH 3T3 cells chronically in-
fected with Mo-MuLV or the recombinant MOL4070LTR vi-
rus were mixed with equal numbers of unfected NIH 3T3 cells
(10° cells of each type were seeded in 100-mm dishes). The
cells were propagated for 4 days, the medium was replaced
with fresh medium and, on day 5, the virus-containing medium
was harvested and assayed in the XC assay. For leukemogen-
esis studies, newborn FVB/NCr or BALB/cAnNCr mice were
injected intraperitoneally with 1 X 10° to 2 X 10° PFU in 0.1
ml of medium. Mice were housed and cared for in accordance
with the recommendations of the Guide for the Care and Use of
Laboratory Animals. The animals were routinely monitored for
evidence of disease, and moribund mice were euthanized by
cervical dislocation. Cytospins were prepared from enlarged
spleens, and the cells were stained in Diff-Quik (Dade Behring
AG, Newark, Del.). Tissues were fixed in Fekete’s modifica-
tion of Tellyesniczky’s fluid (13), processed into paraffin, and
stained with hematoxylin and eosin. Immunohistochemistry
was also performed with the following antibodies: rabbit anti-
CD3 (Dako), rat anti-mouse F4/80 (Serotec), and rabbit anti-
human myeloperoxidase (Dako).
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FIG. 3. Immunohistochemistry of spleen and liver tissue from FVB mouse 57-10 inoculated with MOL4070ALTR and diagnosed with mono-
cytic leukemia. Staining was performed with antibody to myeloperoxidase, F4/80, and CD3 antibody. Magnification, X60. The white arrow indicates

the PALS; the black arrows point to neoplastic cells.

Characterization of hematopoietic neoplasms. Myeloid
disease was induced in approximately half of the mice that
had been inoculated as newborns with the recombinant
MOLA4070LTR virus (Table 1). This incidence was extremely
high compared to the incidence of myeloid disease reported
for mice infected with 4070A virus (22), and myeloid disease
was not produced by Mo-MuLV in newborn mice here or in
previous studies in the absence of pristane. These data are
particularly interesting and suggest that the capacity to induce
a high incidence of myeloid disease under these experimental
conditions requires the collaboration of genes from both Mo-
MuLV and 4070A. The myeloid diseases consisted of various
subtypes. The most prominent phenotype was myelomono-
cytic, but there were rare occurences of the monocytic, mono-
blastic, and granulocytic-with-maturation phenotypes. A typi-
cal example of a myelomonocytic leukemia in a BALB/c mouse
is shown in Fig. 1 and 2. The cytospin preparation from the
spleen depicts fairly large cells with a couple of different nu-
clear morphologies (Fig. 1). Some had donut-shaped nuclei,
whereas others had nuclei that were elongated and bean
shaped. Most cells had copious cytoplasm. From the immuno-
histochemistry in Fig. 2, it appears that all of the leukemic cells
stained positive for both myeloperoxidase and F4/80 but were
negative for CD3. The periarteriolar lymphoid sheath (PALS)
is evident by the CD3 staining of the spleen in the top left
panel. In the middle and right panels, which depict the same
area of the spleen, one can see that outside of the PALS most
of the cells stained for both the granulocytic and the monocytic
markers. Infiltrating leukemic cells are evident in the liver in
the bottom panels near a blood vessel and again are myelo-

peroxidase and F4/80 positive. Figure 3 shows a monocytic
leukemia from in the spleen and liver of an FVB mouse. In this
case, the tumor cells are stained predominantly with F4/80. In
the liver, both positively staining normal Kupffer cells and
infiltrating perivascular leukemia cells in the central portion of
the photograph can be seen.

T-cell lymphomas occurred in 23% of the FVB mice and in
46% of the BALB/c mice (Table 1). An example from an FVB
mouse is shown in Fig. 4. These lymphomas were mostly lym-
phoblastic in nature. A mixed disease was also found in both
FVB and BALB/c mice, with incidences of 14 and 1%, respec-
tively. These animals had evidence of both a T-cell lymphoma
and myeloid leukemia. Interestingly, both the myeloid and
lymphoid neoplasms had the capacity to metastasize to the
liver, the kidney, lung and, less often, the heart.

Clonality and high proviral copy number in neoplasms in-
duced by MOL4070LTR. In order to examine the clonality of
the leukemias and lymphomas induced in MOL4070LTR mice,
we prepared genomic DNA from spleen tissue and digested it
with EcoRI, which does not cut within the virus. A Southern
analysis of this DNA was carried out with a 4070A-specific
LTR probe (as described in reference 31). There appeared to
be numerous clonal integrations in most neoplasms (Fig. 5).
However, in certain cases, such as BALB/c T-cell lymphomas
(58B-6 and 58B-10), myeloid leukemia (58B-2), and a spleen
with both myeloid and lymphoid neoplasms (57-4), there was
evidence of oligoclonality (Fig. 5). Although the same amount
of DNA was electrophoresed in these instances, the bands
were much lighter, suggesting that the sequences were found
less frequently than one copy per cell. However, we cannot rule
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FIG. 4. Immunohistochemistry of spleen and liver tissue from FVB mouse 57-11 inoculated with MOL4070ALTR and diagnosed with a

lymphoblastic T-cell lymphoma. Staining was performed with antibodies to myeloperoxidase, F4/80, and CD3 antibody. Magnification, X60. The
white arrow indicates the PALS; the black arrows point to neoplastic cells.

out in these cases that there was significant contamination by expression of env gene recombinant viruses called mink cell
normal tissue. focus-inducing (MCF) viruses. Although the generation of

MCF virus induction in MOL4070LTR induced neoplasms. ~ MCF viruses is not absolutely required for leukemogenesis,
A common feature of Mo-MuLV-induced neoplasms is the they are believed to make the disease process more efficient

o ™ © - O
v leste g T h 0T % TNe o o<
RN - I O 0822 2a 2
www G HEEEEEOE 3 3 333 Pe8 888 =2

v

94 —
9.4 —
6.6 —

‘ 6.6 —

44— 4.4 —

23—
23—

o o 4
* ¥ ¥ S 1SS 3455+t 44 44 -~ E ===
= =2 2 =

FIG. 5. Proviral integrations in MOL4070ALTR-induced neoplasms. Genomic DNA was isolated from the spleens, which were enlarged in
each case and shown to contain hematopoietic neoplasms. The DNA (15 pg) was digested with EcoRI and separated on 7% agarose gels. After
being blotted onto Nytran (Schleicher & Schuell), hybridization was performed with a 4070A-specific LTR probe (31). M, myeloid; L, lymphoid.
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FIG. 6. Detection of MCF viral envelope in hematopoeitic neo-
plasms. Western blot analyses were performed on spleen tissues with
monoclonal antibody 7C10, which specifically recognizes MCF viral
envelope protein (32). A total of 50 pg of protein was electrophoresed
and analyzed as reported elsewhere (20). (A) Mo-MuLV-induced T-
cell lymphoblastic lymphomas were used as a positive control, and a
spleen from a normal BALB/c mouse was used as a negative control.
Neoplasms whose designations begin with “52” are from FVB mice.
Neoplasms whose designations begin with “59A” are from BALB/c
mice. (B) MOL4070LTR-induced neoplasms. Neoplasms whose des-
ignations begin with “57” are from FVB mice, and those whose des-
ignations begin with “58B” are from BALB/c mice. M, myeloid; L,
lymphoid. (C) Table summarizing the results from panel B.

(12). Because they have been associated primarily with ery-
throid and lymphoid disease, we thought it would be interest-
ing to determine whether these viruses are associated with
myeloid disease induced by MOL4070LTR. Neoplasms were
examined for the presence of MCF envelope protein. As
shown in Fig. 6, myeloid leukemias, in contrast to lymphoid
neoplasms, induced in BALB/c mice were not associated with
the expression of MCF envelope protein (Fig. 6B and C). We
conclude that these myeloid leukemias can develop efficiently
without forming an MCF recombinant virus. All neoplasms in
FVB mice, both lymphoid and myeloid, were associated with
expression of the MCF envelope. In these cases, the presence
of MCF could be a product of efficient recombination to form
MCEF virus in tissues before they become transformed. How-
ever, we looked at MCF protein expression, with the same
antibody, in spleen tissue in FVB and BALB/c mice 3.5 weeks
after infection, and we could not detect expression (data not
shown). Alternatively, production of MCF virus may be re-
quired for myeloid disease in this particular strain of mouse,
and these MCFs are observed after selection of clonal neo-

J. VIROL.

plasms. In any case, our study shows that the formation of
MCF recombinants is not required for the induction of my-
eloid disease by ecotropic virus in at least some strains of mice.

In summary, our data show that the MOL4070LTR virus can
infect a wide range of mice due to its NB tropism and induce
almost equally tumors of the myeloid and the T-cell lineages.
Substitution of the LTR of the 4070A virus for the Mo-MuLV
LTR expanded the phenotype of leukemias induced by Mo-
MuLV. This range of phenotypes is similar to that found by Ott
et al. to be induced by the 4070A virus in newborn NIH/Swiss
mice (22). These authors reported that the virus induced, in
addition to T-cell tumors, a very low incidence of myeloid
cell-like tumors and B-cell tumors. Although we did not find
any B-cell tumors in the experiments presented here, a B-cell
tumor was induced in a pristane-treated FVB mouse infected
with the MOLA4070LTR. The observed increase in incidence of
myeloid leukemias induced by this virus might indicate that the
Mo-MuLV sequences provide a more efficient infection of
target cells. It is conceivable that the envelope of Mo-MuLV,
which is very different from that of the 4070A virus, might
account for this difference.

Other viruses that have been shown to induce myeloid
leukemia are Cas-Br-E and the Graffi MuLVs. Although Cas-
Br-E MuLV induces a wide range of disease types, including T-
and B-cell lymphomas, myelogenous leukemias, and erythro-
leukemias in NFS/N mice (15, 17), it is N-tropic and therefore
useful in only a limited number of mouse strains. Graffi MuLV
is very effective in inducing myeloid disease and is NB-tropic
(27). Although the Graffi virus was originally reported to in-
duce exclusively myeloid disease, it has recently been shown to
also induce lymphoid disease (Eric Rassart, unpublished
data). The fact that the LTR of Graffi MuLV, compared to
other retroviruses, was most homologous to the LTRs of
4070A and Cas-Br-E MuLV correlates with our observation
that the LTR of 4070A can facilitate a high incidence of
myeloid disease.

In conclusion, MOL4070LTR has allowed us to demonstrate
the myeloid-inducing capacity of the 4070A LTR. With this
virus we have been able to show that myeloid leukemias, in
contrast to T-cell lymphomas, do not have to depend on the
generation of MCEF viruses for efficient induction by ectropic
retroviruses. MOL4070LTR is predicted to be a useful virus
for the acceleration of leukemias in transgenic and knockout
mice that are partially susceptible to neoplastic disease. It may
have great utility when one does not know to which leukemic
phenotype the animal will be more susceptible (e.g., lymphoid
or myeloid). We are now using it in mice that have a targeted
deletion of the proposed tumor suppressor p15SINK4b.
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