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Hardy-Zuckerman 2 feline sarcoma virus (HZ2-FeSV), isolated from a multicentric feline fibrosarcoma is a
replication-defective acute transforming feline retrovirus which originated by transduction of feline c-abl
sequences with feline leukemia virus (FeLV) and is known to encode a 110-kilodalton gag-abl fusion protein
with tyrosine-specific protein kinase activity (P. Besmer, W. D. Hardy, E. E. Zuckerman, P. J. Bergold, L.
Lederman, and H. W. Snyder, Nature (London) 303:825-828, 1983). The nucleotide sequence of the abl
segment in the HZ2-FeSV genome was determined and compared with the murine and human v-abl and c-abl
sequences. The predicted transforming protein consists of 344 amino acids (aa) of FeLV gag origin, 439 aa of
abl origin, and at least 200 aa of FeLV pol origin (p1102°-2%-,°!)  The 1,317-base-pair HZ2-FeSV v-abl segment
(fv-abl) corresponds to 5' abl sequences which include the region known to specify the protein kinase domain.
The 5’ 189 base pairs of fv-abl correspond to 5’ c-abl sequences not contained in Abelson murine leukemia virus
(MuLV) v-abl. The mouse c-abl exon which contains these segments was identified, and its nucleotide sequence
was determined. Comparison of the predicted amino acid sequence of fv-abl with those of Abelson MuLV v-abl
and c-abl revealed five aa differences. The 5’ junction between FeLV and abl was found to involve a preferred
region in FeLV gag p30 (P. Besmer, J. E. Murphy, P. C. George, F. H. Qiu, P. J. Bergold, L. Lederman, H.
W. Snyder, D. Brodeur, E. E. Zuckerman, and W. D. Hardy, Nature (London) 320:415-421, 1986). A six-base
homology exists at the recombination site between the parental FeLV and the c-abl sequences. The 3’ junction
between fv-abl and FeLV pol predicts an in-frame fusion of fv-abl and FeLV pol. A transformed cell line
containing a truncated gag-abl-pol protein, p85, that lacks most of the FeLV pol sequences was obtained by
transfection of NIH 3T3 mouse cells. This result implies that the pol sequences of the p11059¢-47°! protein are
dispensable for fibroblast transformation. To assess whether the fv-abl segment specifies the unique biological
properties of HZ2-FeSV, we constructed a Moloney MuLV-based version of HZ2-FeSV, Mo-MuLV(fv-abl), in
which the fv-abl sequences were contained in a genetic context similar to that in HZ2-FeSV. When injected into
neonatal NSF/N mice, MoMuLV (fv-abl) amphotropic pseudotype virus induced lymphosarcoma of B-cell origin
with Kinetics similar to those of the disease caused by Abelson MuLV variants which, like HZ2-FeSV, lack 3’
c-abl sequences. These results suggest that the fv-abl segment does not specify an altered oncogenic potential.

Hardy-Zuckerman 2 feline sarcoma virus (HZ2-FeSV)is a
replication-defective acute transforming feline retrovirus
which was isolated from a feline leukemia virus (FeLV)-
associated feline multicentric fibrosarcoma (9, 11). HZ2-
FeSV was generated by transduction of feline c-abl se-
quences with FeLV. The genome of HZ2-FeSV is 6.8
kilobases (kb) and has the organization 5’ gag-abl-pol-env 3'.
The abl sequences in HZ2-FeSV, a segment of 1.4 kb, are
known to be homologous with the sequences which specify
the protein kinase domain of abl (P. J. Bergold, J. Y. J.
Wang, W. D. Hardy, V. Littau, E. Johnson, and P. Besmer,
Virology, in press). Cells infected by the virus express a
6.3-kb genome RNA and a 2.3-kb subgenomic RNA which
represents a deleted env mRNA, as well as a 110-kilodalton
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gag-abl polyprotein with associated tyrosine-specific protein
kinase activity. In vivo, HZ2-FeSV is thought to be involved
in sarcomagenesis, and in vitro the virus transforms fibro-
blast cell lines (11; Bergold et al., in press).

Abelson murine leukemia virus (Ab-MuLV) originated by
transduction of murine c-abl sequences by Moloney MuLV
(Mo-MuLV) (1, 2, 23). The genetic structure of Ab-MuLV is
5’ gag-abl-env 3'. The Ab-MuLV gag-abl transforming
protein, like the HZ2-FeSV gag-abl protein and other re-
lated transforming proteins such as pp60°"© of Rous sarcoma
virus, exhibits tyrosine-specific protein kinase activity (31,
63-65). Ab-MuLV was isolated from a nonthymic lympho-
sarcoma, and in vivo the virus induces lymphoma preferen-
tially of a pre-B-cell phenotype (43, 44). T-cell lymphoma,
mastocytoma, plasmacytoma, and myelomonocytic leuke-
mias, however, are induced by Ab-MuLV as well (43, 44,
60). In vitro, Ab-MuLV transforms pre-B lymphocytes, mast
cells, and fibroblasts (38, 44, 45). Ab-MuLV also transforms
certain interleukin 3-dependent cells to interleukin 3 inde-
pendence, and furthermore it can stimulate erythroid precur-
sor cells to proliferate and differentiate (16, 36, 38, 56).
Genetic analysis of Ab-MuLV v-abl (mv-abl) has indicated
that the protein kinase activity is necessary for transforma-
tion of hematopoietic cells and fibroblasts (40, 64); in con-
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trast, 3’ abl sequences are dispensable for transformation of
fibroblasts; however, their loss modulates in vivo and in
vitro transformation potentials for lymphoid cells (40, 44).

c-abl is also known to be involved in the 9,22 Philadelphia
translocation, which is associated with human chronic
myelogenous leukemia. As a result of the 9,22 translocation,
the chromosome 22 bcr gene is fused to 5’ c-abl sequences,
and a hybrid protein product with an associated tyrosine
protein Kinase activity is found in cells carrying this
translocation (8, 27, 26, 50).

HZ2-FeSV and Ab-MuLV have different tumor origins,
and the two viruses display different specificities for in vivo
transformation targets. To investigate the molecular basis of
the differing biological properties of the two viruses, we
undertook a detailed structural analysis of the HZ2-FeSV
genome. The molecular cloning and analysis of the inte-
grated HZ2-FeSV provirus is described elsewhere (Bergold
et al., in press). Herein we report the determination of the
primary nucleic acid sequence of the fv-abl segment. We
found that all the HZ2-FeSV-specific sequences derive from
feline c-abl, including 5’ abl sequences which are not con-
tained in mv-abl. The nucleic acid sequence analysis also
indicated that the HZ2-FeSV transforming protein contains
gag and abl, as well as pol, sequences. To investigate
whether the fv-abl segment specifies the unique biological
properties of HZ2-FeSV, we constructed an Mo-MuLV-
based version of HZ2-FeSV. The results of in vivo studies in
mice suggested that fv-abl by itself does not determine an
altered oncogenic specificity.

MATERIALS AND METHODS

Cells and viruses. HZ2-FeSV-infected CCL64 mink cells
(11), ANN-1 cells (Ab-MuLV P120 nonproducer cells) (48),
NIH 3T3 cells (28), and NIH 3T3 transformants, as well as
amphotropic murine leukemia virus (292 amph-MuLV [41])-
producing NIH 3T3 cells were grown in Dulbecco modified
Eagle medium supplemented with 10% calf serum. Transfor-
mation assays were done as described previously, with NIH
3T3 cells as indicators, and amph-MuLV titers were deter-
mined by using FG10 S*L~ indicator cells (6, 10). Transfec-
tion of NIH 3T3 cells was as described previously (12, 25).
Various amounts of DNA (1 to 100 ng) were added to 30 pg
of sheared NIH 3T3 carrier DNA for transfection. Foci of
transformed cells were observed after 10 to 14 days. For
analysis, foci of transformed cells were picked with glass
cylinders and grown to mass culture.

Cloned DNAs. Molecular cloning of the integrated HZ2-
FeSV provirus from a clonally derived HZ2-FeSV-infected
mink cell line is described elsewhere (Bergold et al., in
press). The plasmid pHZ2 contains the 12-kb integrated
HZ2-FeSV provirus in the vector pBR322. pHZ3.8 contains
the 3.8-kb HindIII fragment, 1.7 to 5.5 kb, of the HZ2-FeSV
genome, which includes the fv-abl segment in pBR322.
pPst0.6 is a 5’ murine c-abl fragment which contains the
exon with the 5' recombination site of Ab-MuLV (57). pE3.7
is the murine 5’ 3.7-kb EcoRI c-abl fragment which contains
the upstream exon and was generously provided by J. Wang
(57). The J;; probe, which is specific for the immunoglobulin
heavy-chain J; and J; regions, was obtained from J.
Stavnezer (32).

Bacterial cells, plasmids, and viruses. Growth of bacteria,
plasmid preparations, and transformations were done as
described previously (14). The M13 phages mp10, mp18, and
mpl9 were grown in E. coli JM103 and JM107 (66).

DNA sequence analysis. Nucleic acid sequences were
determined by the chain termination method of Sanger et al.
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(47) after subcloning of fragments into the phage M13
vectors mpl0, mpl8, and mp19 (66).

Analysis of cellular DNAs. High-molecular-weight DN As
from tissue culture cell lines were prepared as described
previously (14). For preparation of DNAs from murine
tumors, spleen, and kidney, tissue was Dounce homoge-
nized in TNE (10 mM Tris, 100 mM NaCl, 10 mM EDTA,
pH 8.0), and nuclei were collected by low-speed centrifuga-
tion. DNA then was prepared from nuclei by the proteinase
K-sodium dodecyl sulfate method as described previously
(14). For gel analysis, 15 ug of high-molecular-weight DNA
was digested with the appropriate restriction enzyme, frac-
tionated in 1% agarose, transferred to Zetabind nylon mem-
branes, and hybridized with 32P-labeled probes as described
previously (14). When rehybridizing Southern blots, we first
washed the blots in 0.4 M NaOH at 42°C (30 min) and then
neutralized them in 0.2 M Tris—0.1X SSC (1x SSCis 0.15 M
NaCl plus 0.015 M sodium citrate) (pH 7.5)-0.5% sodium
dodecyl sulfate at 42°C (30 min) and 0.1x SSC at 25°C.
Hybridization then was carried out as usual.

Protein analysis. Extracts of cells labeled with [3H]leucine
were immunoprecipitated and analyzed by sodium dodecyl
sulfate-polyacrylamide gel-electrophoresis as described pre-
viously (51). Rabbit anti-FeL'V p27 antiserum was obtained
from W. D. Hardy (Sloan-Kettering Institute).

Construction of Mo-MuLV(fv-abl). An Mo-MuLV mutant,
pMo-MuLV(Xo) (see Fig. 5), which was obtained by intro-
duction of an Xho linker at the Hpal site at 7.6 kb of the
Mo-MuLV map and deletion of the sequences between the
Xhol site at 1.6 kb and the new Xhol site at 7.6 kb, was
generously provided by S. Brigham and S. P. Goff, Columbia
University (unpublished data). pMo-MuLV(Xo) was di-
gested with the restriction enzyme Xhol, the protruding ends
were filled in with T4 DNA polymerase in the presence of
deoxynucleoside triphosphates, and the resulting product
was dephosphorylated with calf intestinal phosphatase. The
3.8-kb HindIII fragment, 1.7 to 5.5 kb of the HZ2-FeSV
map, which includes gag p30, fv-abl, pol, and env se-
quences, was obtained by digestion with HindIII, and the
protruding ends were filled in by T4 DNA polymerase. The
modified 3.8-kb HindIII fragment then was inserted into the
modified pMo-MuLV(Xo) by blunt-end ligation and used to
transform E. coli HB101. Plasmid DNAs obtained from
colonies were then screened for the presence of the 3.8 kb
HindIII fragment in the appropriate orientation (the HindIII
sites were regenerated as part of the reaction scheme).

Animal inoculations and histopathology. NFS/N mice were
obtained from a colony maintained at the Sloan-Kettering
Institute (P. V. O’Donnell). Néeonatal mice (less than 48 h
old) were inoculated intraperitoneally with 100 pl of titered
cell-free virus stock with 30-gauge needles. Mice were
checked daily for unusual breathing patterns, hindleg paral-
ysis, and enlargement of spleen or lymph nodes. If animals
were ill, they were sacrificed with CO, and autopsied. All
organs were examined, and portions were prepared for
histology. Tumor tissue was frozen at —70°C, and DNA was
prepared as described above.

RESULTS

HZ2-FeSV encodes a protein with gag, abl, and pol se-
quences. The nucleotide sequence of the fv-abl segment was
determined by the dideoxy chain termination method of
Sanger et al. after subcloning of restriction fragments into
the M13 vectors mpl0, mpll, mpl8, and mp19 (47, 66). The
nucleotide sequence was determined on both strands, and
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overlaps were obtained for all restriction sites. The nucleo-
tide sequence of HZ2-FeSV from the HindIII site at 1.65 kb
of the HZ2-FeSV restriction map to an Alul site at 3.75 kb,
24 nucleotides 5’ of the Kpnl site (Fig. 1), is shown in Fig. 2.
One open reading frame extends all the way from nucleotide
—155.

To identify the 5' recombination sites between FeLV and
fv-abl, the sequence was compared with the known FeLV
gag genome. Likewise, the approximate 3’ recombination
site between fv-abl and FeLLV pol was established by com-
paring the HZ2-FeSV sequence with mv-abl and Mo-MuLV
pol (42, 49). The 3’ recombination site in FeLV pol corre-
sponds to Mo-MuLV sequences 534 nucleotides from the
reverse transcriptase-endonuclease boundary in the pol gene
(Fig. 2; 18).

On the basis of the known FeLV gag nucleic acid se-
quence and the observation that the 5’ 1.9 kb of the HZ2-
FeSV genome is colinear with the Gardner-Arnstein FeLV
(GA-FeLV) genome, the gag-derived segment in the HZ2-
FeSV gag-abl protein is predicted to contain 344 amino acids
with sequences of p15, p10, and 148 amino acids of p30 (30).
The fv-abl segment consists of 1,317 nucleotides and speci-
fies 439 amino acids. At the 3’ end, the fv-abl open reading
frame extends into the correct FeLV pol reading frame for at
least 618 nucleotides. This presumption was established by
comparison of the HZ2-FeSV pol, the known GA-FeLV pol,
and the Mo-MuLV pol sequences (Fig. 3C).The known size
of 110 kilodaltons for the HZ2-FeSV gag-abl protein pre-
dicts a site for termination of translation which is not too far
beyond the HZ2-FeSV pol sequences we had determined.

By Southern blot analysis, the fv-abl insert has previously
been shown to contain 5’ abl sequences (Bergold et al., in
press). Comparison of the fv-abl sequence with mv-abl and
c-abl indicated homology with 5’ c-abl sequences which are
not contained in mv-abl (189 nucleotides) and with 5’ se-
quences of mv-abl which include the sequences of the
tyrosine kinase domain (1,127 nucleotides). The 5’ 189-
nucleotide segment of fv-abl derives, on the one hand, from
the exon which contains the 5’ mv-abl recombination site
and, on the other hand, from another c-abl exon which is
approximately 400 nucleotides upstream (Fig. 3A and B)
(57). We identified the upstream exon sequences by hybrid-
ization of blots containing mouse 5’ c-abl DNA digested with
the restriction enzyme PstI with an HindIII-Alul probe
derived from nucleotides —156 to 111 (Fig. 1). The nucleo-
tide sequence of the 0.28-kb PstI fragment which contained
these fv-abl-related sequences was determined and is shown
in Fig. 3B. The 3’ end of the abl homology in this sequence
is bounded by a splice donor.

The fv-abl and mouse c-abl and v-abl nucleic acid se-
quences are contiguous, and only five differences exist

LTR LTR
Agag] v-abl | apol | aenv |ear—-o-

cellular sequences
gag-ab) protein

— p110

S Pv
P KKBg PvX P K
PySmSm_HKSmBg Sk BP P H Pvsm

1kb
FIG. 1. Genetic structure and restriction map of the integrated
HZ2-FeSV provirus. Abbreviations for restriction enzymes: B,
BamHI; Bg, Bglll; H, Hindlll; K, Kpnl; P, Pstl; Pv, Pvull; S,
Sacl; Sm, Smal; X, Xhol.
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among the amino acid sequences which are specified by
them. This result indicates that fv-abl originated from the
feline abl locus and demonstrates that feline and mouse abl
are highly conserved genes.

Comparison of the protein sequences of the transmem-
brane receptor kinases with those of the src-abl family has
enabled identification of a common enzymatic domain, TPK
(tyrosine protein kinase), which includes a nucleotide bind-
ing site (20, 33, 39, 58, 67). With fv-abl, the protein Kinase
domain includes nucleotides 540 to 1305. The 3’ fv-abl
boundary in HZ2-FeSV is 4 amino acids downstream of the
3’ boundary of the protein kinase domain. The 3’ fv-abl
boundary, therefore, very accurately delineates the 3’ end of
the protein kinase domain of fv-abl.

Homology has been noted previously for the N-terminal
sequences of v-abl and v-src (nucleotides 190 to 540 of
fv-abl) (7, 57). Homology between src and abl also exists in
the 5’ sequences of fv-abl which are not present in mv-abl.
The N termini of abl and the src family, which includes the
oncogenes yes and fgr, then have distinctive common struc-
tural features. The functional significance of this relation-
ship, however, is currently not known.

A major difference between the abl and src genes is their
C-terminal domains. The abl C-terminal domain contains 845
amino acids; in contrast, the c-src C terminus consists only
of 24 amino acids (17, 19, 58). In HZ2-FeSV, the entire
C-terminal domain of c-abl (843 amino acids) is missing.
Instead, fv-abl is fused to 3’ pol sequences, and an open
reading frame in the pol gene is sustained for more than 600
nucleotides. Evidence suggesting that the p110 transforming
protein contains pol sequences was obtained in the following
way. Analysis of the p110 gag-abl transforming protein in
cells obtained by transfection of NIH 3T3 cells with pHZ2-
FeSV DNA and subsequent cloning of foci of transformed
cells, revealed one transformant (PB8) which expressed a
90-kilodalton gag-abl protein much rather than the wild-type
p110 protein (Fig. 4A). The PB8 cells which contained the
mutant p90 protein displayed morphological transformation
indistinguishable from that of wild-type transformants. To
investigate the basis of the alteration in the gag-abl protein,
we determined by blot hybridization whether proviral se-
quences were altered in these cells (Fig. 4B). In the DNA
from wild-type HZ2-FeSV, PB8 and nontransformed control
cells, the v-abl probe detected restriction fragments that
derive from c-abl; in HZ2-FeSV-transformed cells, in addi-
tion, virus-specific fragments of 1.9 and 1.3 kb (Smal) and
2.2 kb (Kpnl) were seen (Fig. 4B, lanes 6 and 9). In contrast,
in PB8 cell DNA, virus-specific fragments of 1.9 and 0.9 kb
(Smal) and 3.8 kb (Kpnl) were found (Fig. 4B, lanes 7 and
10). This result indicated that, in the HZ2-FeSV provirus, 3’
proviral sequences are altered. A new Smal site was found
approximately 50 to 100 nucleotides 3’ of the abl-pol bound-
ary and, where investigated, restriction sites of the HZ2-
FeSV provirus 3’ of this new site were found to be altered
(data not shown), suggesting that the entire 3’ end of the
provirus was missing. In agreement with this interpretation,
no focus-forming virus was obtained upon rescue from the
PB8 cells with amph-MuLV. Taken together, our analyses
suggested that the missing sequences in the mutant p90
protein are of pol origin and are not essential for transfor-
mation of fibroblasts.

Construction of Mo-MuLV(fv-abl). HZ2-FeSV was origi-
nally obtained from a cat with multicentric fibrosarcoma and
is thought to be involved in sarcomagenesis (11). It is,
however, not known why the feline abl virus is involved in
sarcomagenesis much rather than leukemogenesis. Several
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|—Fe|.v gag p30—»
PPL TRPNUWDEFAT A G REHL
GCTTTCCCCTTGACCCGTCCCAACTGGGATTTTGCTACGCCGGCAGGTAGGGAGCACCTA -96

L Q AGLRGAARTRTPTN
CGCCTTTATCGCCAGTTGCTGTTAGCGGGTCTCCGCGGGGCTGCAAGACGCCCCACTAAT -36

end FelV gag—p-te—start fv-abl
L AQV KQVVQGKTEIRENLLAGEPS
TTGGCACAGGTAAAGCAAGT TGTACAAGGGAAAGRGGAARACCTTCTTGCTGGTCCCAGC 24

E ND PN F AL YDFVASGTDNT
GAAAATGACCCCAACCTTTTTGTTGCACTGTATCATTTTGTGGCCAGTGGGGATAACACC 84

L S 1 TKGEKLRVLGYNHNGEW
CTAAGCATCACTAAAGGTGAAAAGCTCCGGGTTTTAGGCTACAACCACAATGGGGAATGG 144

j<¢—mv-ab1 homology
EAQTKNGOQGWVPSNYTTPV
TGTGAGGCCCAAACCAAAAATGGCCAAGGGTGGGTCCCGAGCAACTACATCACGCCGGTC 204

NS L EKHSMWYHGPV A AE Y
AACAGTCTGGAGAAACATTCCTGGTACCACGGGCCCGTGTCCCGCAACGCCGCCGAGTAC 264

LLSSGINGST FLVRES S S PG
CTGCTGAGCAGCGGGATCAACGGCAGCTTCTTGGTGCGGGAGAGCGAGAGCAGCCCCGGC 324

QR ST SLRYEGRVYHYRTINTA
CAGAGGTCCATCTCGCTGAGATACGAAGGGAGAGTGTACCACTACAGGATCAACACTGCT 384

S
S DG KLY VS P S RFNT AE LV
TCTGATGGCAAGCTCTACGTCTCCCCAGAGAGCCGCTTCAACACTTTGGCGGAGTTGGTT 444

HHHSTVADGLTITTLHYPATPK
CATCATCACTCGACTGTGGCGGACGGGCTCATCACCACTCTCCATTACCCGGCCCCCAAG 504

TPK—
R N K P vV s P N D K WEMER
CGCAACAAGCCCACCGTCTACGGCGTGTCCCCCAACTACGACAAGTGGGAGATGGAACGC 564

[¢] [¢] [¢]

TDITMKHKLGGGQYGEVYEG
ACGGACATCACCATGAAGCACAAGCTGGGAGGCGGCCAGTATGGAGAGGTCTACGAGGGC — 624

*

V WKKYSLTVAVKTLZEKTETDTME
GTGTGGAAGAAATACAGCCTAACTGTCGCGGTGAAGACCTTGAAGGAGGACACCATGGAG 684

VEEFLKEAAVMKETIK
GTGGAAGAGTTCTTGAAAGAAGCCGCAGTGATGAAGGAGATCAAGCACCCCAACCTCGTG 744

Q L G VCTRET®PPF Y TI EFMT
CAGTTGCTGGGGGTCTGCACCCGGGAGCCCCCGTTCTATATAATCACTGAGTTCATGACC 804
Sma I
S
Y G NLLDYLRETCN EVNAV Y
TATGGGAACCTGCTGGATTACCTGCGGGAGTGTAACCGGCAGGAGGTGAACGCTGTGGTG 864

L LYMATAQ QI S AMEY LEKKN
CTGCTGTACATGGCCACGCAGATCTCGTCAGCCATGGAGTACTTGGAGAAGAAGAACTTC 924

I HR D AARNCLVGENHLVKYV
ATCCACAGAGATCTTGCTGCCCGAAACTGCCTGGTAGGGGAGAACCACTTGGTGAAGGTG 984

J. VIROL.

+ A
ADF GLSRLMTGDTYTAHAGT
GCTGATTTCGGCCTGAGCAGGTTAATGACAGGGGATACGTACACAGCCCACGCCGGGACC 1044

K F P I KMWTAPESLAYNKTFSTIEK
AAGTTCCCCATCAAGTGGACAGCGCCAGAAAGCCTGGCCTACAACAAGTTTTCCATCAAG 1104

S DV WAFGV LL ET ATYGMS P
TCCGACGTCTGGGCGTTTGGAGTACTGCTTTGGCAAATTGCTACCTACGGTATGTCACCT 1164

Y PG 1 DL L L EKDYRME
TACCCAGGAATTGACCTGTCCCAGGTATACGAGCTGCTAGAGAAAGACTATCGCATGGAA 1224

R PEGC®PETKVYELMR R
CGCCCGGAAGGCTGCCCAGAGAAGGTCTACGAACTCATGCGAGCATGTTGGCAGTGGAAT 1284

TPK—S){ fv-abl —>| start FeLV pol
P S DR E 1 H F:F D CLQTILATE
CCCTCCGACCGGCCCGCCTTTGCTGAAATCCACCACGACTGTCTCCAGATTTTAGCCGAG 1344

T HGTRPD L A
ACCCATGGCACCAGACCCGACTTAACTGACCAGCCGCCGTTGCCGGATGCAGACCTGACC 1404

W Y SDGSTFTRNGEG R G T
TGGTACTCGGATGGTAGCTTCATCCGTAACGGAGAGAGAAAAGCCGGAGCCGCAGTAACA 1464

TESEV I WAASIL PG T S A
ACCGAATCTGAGGTAATCTGGGCTGCTTCCCTCCCACCCGGAACGTCAGCCCAGCGAGCC 1524

£ 1 AL TQALKMAKTGEGT KK KTLTUVY
GAACTGATTGCCCTGACCCAGGCACTGAAGATGGCAAAAGGTAAGAAGCTAACTGTCTAT 1584

TDSRYAFATAHVYHGET YRR RR
ACGGACAGCCGATATGCCTTTGCTACAGCTCATGTACACGGGGAAATCTACAGGCGGCGG 1644

G LLTSEGKEI L L
GGCCTGCTAACTTCAGAAGGAAAAGAAATTAAAAATAAAAATGAAATCCTCGCCCTATTA 1704

3 FLPKRLSTITTHC G Q G
GAGGCGTTATTCTTACCCAAAAGACTGAGTATCATCCATTGCCCGGGACACCAAAAAGGC 1764
Sma 1

D SPQAKGNRLADDTAKTEKAAS
GATAGTCCCCAGGCGAAAGGAAATAGATTAGCCGATGATACAGCAAAGAAAGCCGCCTCA 1824

end rt——|——endonuc1ease
ETQSSLTII1PTELTILIEGE®PKR RTP
GAGACTCAATCATCACTAACCATCATTCCCACTGAACTTATAGAGGGTCCCAAAAGGCCT 1884

P WEYDDSTDLD Q E
CCATGGGAATATGATGACAGTGATTTAGACCTTGTGCAGAAACTCGAAGCT 1935
Alu 1

3' Recombination Site in FelV pol :

start FelV pol
NP SDRUPATFAETILIHHDTCIL I L
AATCCCTCCGACCGGCCCGCCTTTGCTGAAATCCACCACGACTGTCTCCAGATTTTAGCC HZ2

T A-C--T-GAAACC--G--CCAG . mv-abl
GC-A- GCTGCT--CA TGC-TGAG-AA-GGC-G--A-=-A-=--C--TG-T--CC-G--- . Mo-MuLV pol
NP SDRPSTFAETLIHO QATFTETMEFQ .mv-abl
AT LLPLPETEGLU QHNTCLDTITLA . Mo-MuLV pol

ETHGTRPD
GAGACCCATGGCACCAGACCCGAC  HZ2

--AT--AG-AT-T-AGATGAG-TG  mv-abl

B T Mo-MuLV pol
ES S 1 SDEV
EAMHGTR P D Mo-MuLV pol

FIG. 2. Nucleotide sequence and predicted amino acid sequence of fv-abl. The complete nucleotide sequence of the fv-abl region, 1.8 to
3.9 kb of the HZ2-FeSV genome, was determined by the dideoxynucleotide chain termination method of Sanger et al. after subcloning of
fragments into the M13 vectors mp10, mp18, and mp19 (47, 66). The predicted amino acid sequence of the only long open reading frame is
shown above with single-letter amino acid notations. The numbers at the end of each line refer to nucleotides, with position +1 defining the
beginning of fv-abl. The nucleotide sequence was determined on both strands, and all restriction site were crossed. The 5’ recombination site
between gag and fv-abl was determined by comparison of the gag-abl sequence with that of the known FeLV gag sequences and the sequence
of the upstream mouse c-abl exon (Fig. 3B). To determine the 3’ recombination site between fv-abl and FeLV pol, we compared the

gag-abl-pol sequence with mv-abl and Mo-MuLV pol. Symbols:

*, The lysine residue whose position aligns with a lysine in the

nucleotide-binding site of protein kinases (67); +, the tyrosine residue whose position aligns with Tyr-416 of pp60-*.

possibilities exist for the differing oncogenic properties of
HZ2-FeSV and Ab-MuLV: the fv-abl segment, the HZ2-
FeSV long terminal repeat sequences, and the FeLV helper
virus are possible determinants of the oncogenic properties
of HZ2-FeSV. We attempted to investigate whether the
structural differences between fv-abl, including the 3’ pol
segment, and mv-ab/ determine the altered biological prop-
erties of HZ2-FeSV. Ab-MuLV originated by transduction
of murine c-abl with Mo-MuLV (1, 2, 23). An Mo-MuLV
containing the chicken v-src gene has recently been con-
structed and found to be sarcomagenic in mice (21). Mo-

MuLV, therefore, appeared to be a good vector to investi-
gate whether the fv-abl segment determines sarcomagenicity
in mice. An Mo-MuLV-based virus was constructed in
which the fv-abl sequences were contained in a similar
genetic context as in HZ2-FeSV. The scheme for construc-
tion of Mo-MuLV(fv-abl) is shown in Fig. 5. The MuLV gag
p30 sequences and FeLV p30 sequences are spliced such
that a four-amino-acid duplication is generated. The trans-
forming protein in this virus consists of 315 amino acids of
MuLV gag, 52 amino acids of FeLV p30, 439 amino acids of
fv-abl, and more than 200 amino acids of the FeLV pol
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FIG. 3. Sequence comparisons. (A) Schematic comparison of
the HZ2-FeSV genome with that of Ab-MuLV and the mouse c-abl
locus. The shaded area indicates the upstream abl sequences unique
to fv-abl. (B) Nucleotide sequence of the upstream mouse c-abl
exon, which contains the 5’ sequences of fv-abl. The predicted
amino acid sequence is shown above the nucleotide sequence in
single-letter notations. The extent of homology with fv-abl, as well
as the 3’ exon boundary, is indicated. (C) Comparison of HZ2-FeSV
pol, Mo-MuLV pol, and GA-FeLV pol amino acid sequences. The
HZ2-FeSV pol amino acid sequence corresponding to nucleotides
1317 to 1935 (Fig. 2) is shown in the top line. The corresponding
Mo-MuLYV pol sequence, nucleotides 4074 to 4691, and the known
GA-FeLV pol sequences are shown below (13, 49, 58; unpublished
data). Amino acid identities are indicated by a dash, and gaps are
indicated by empty spaces.
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origin. Foci of transformed cells characteristic of Ab-MuLV
and HZ2-FeSV were obtained upon transfection of NIH 3T3
cells with Mo-MuLV(fv-abl) DNA, and Mo-MuLV(fv-
abl)(amph-MuLV) pseudotype virus stocks with titers of 1.3
x 10° focus-forming units per ml were generated by infection
of NIH 3T3 transformants with amph-MuLV.

Oncogenic potential of Mo-MuLV(fv-abl) in mice. We in-
vestigated the oncogenic properties of Mo-MuL V(fv-abl) in
mice. Most studies with Ab-MuLV in the past were done
with Mo-MuLV as a helper virus. Mo-MuLV is a potent
leukemogenic agent with an average latency of 90 days.
Amph-MuLV is a good helper virus for Ab-MuL V-induced
lymphoma as well (Table 1; N. Rosenberg, personal com-
munication). In contrast to Mo-MuLV, by itself, amph-
MuLV induces neoplasms only rarely and after a long
latency period (more than 6 months) (Table 1; 22, 41). To
avoid the complication of helper virus disease, we used
amph-MuLV as a helper virus much rather than Mo-MuLV.
Neonatal (1 to 2 days old) NFS/N mice were inoculated with
1 x 10% to 3 x 10® focus-forming units of Mo-MuL V(fv-abl)
(amph-MuLV) pseudotype virus stock. The results of this
experiment are summarized in Table 1. Mo-MuLV(fv-abl)-
infected animals began to die 29 days postinfection. The
gross pathology and histopathology indicated lymphoblas-
toid lymphosarcoma as the cause of death. The peripheral
lymph nodes were enlarged and filled with tumor cells; the
spleens were enlarged and infiltrated with tumor cells; in
some animals, large masses of tumor tissue surrounded the
lumbar vertebrae, and the thymuses were normal. After 120
days, 50% of the animals had died (Table 1).

To establish a role for Mo-MuLV(fv-abl) in tumorigenesis
in these animals, we analyzed the Mo-MuLV(fv-abl) provi-
ruses in tumor DNA by blot analysis (Fig. 6). Southern blots
containing DN As from kidney (lanes 1 and 4), spleen (lanes
2 and 5), and tumor (lanes 3 and 6) digested with the
restriction enzymes HindIIl were hybridized with a 3?P-
labeled 5’ mouse c-abl probe (Fig. 6A). This probe detected
c-abl fragments found in both normal and tumor tissues and
a 3.8-kb v-abl fragment of the Mo-MuL(fv-abl) genome that
was found in tissues containing tumor cells. In both animals,
the proviral fragment was found in DNAs from tumor tissue
and spleen, and in animal 2 a faint v-abl band was seen in
kidney DNA as well. These data demonstrated that the
recombinant Mo-MuLV(fv-abl) virus is involved in the for-
mation of these tumors, and they also indicated tumor
involvement of the spleen and metastasis to other organs.

The Mo-MuLV(fv-abl) genome does not contain sites for
the restriction enzyme EcoRI and, as a consequence, EcoRI
restriction fragments which contain proviral integrations are
detected only if they represent a fraction of at least 5 to 10%
of the total; that is, the tumors are clonal in nature. To
investigate the possibility that the tumors contained clonal
proviral integrations, we hybridized a blot containing the
DNAs, shown in Fig. 6A, digested with EcoRI, with the 5’
c-abl probe (Fig. 6B). Prominent c-abl bands of 6.0 and 2.3
kb were seen in all DNA samples, as well as in tumor-
specific fragments. In tumor 2, at least four distinct frag-
ments were seen, the most abundant one representing 20 to
25% of the total. The tumor-infiltrated spleen of the same
animal contained fragments that were also found in the main
tumor but in different proportions. These results indicated
that the Mo-MuLV(fv-abl)-induced tumors are oligoclonal
with regard to proviral integrations.

Ab-MuLV-induced tumors are mostly lymphoid in origin,
corresponding predominantly to cells of early stages of
B-cell differentiation (4, 5, 43, 44). Rearrangements of the
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FIG. 4. Identification and characterization of an HZ2-FeSV vari-
ant (NIH PBS8 cells) missing the pol sequences. The HZ2-FeSV
provirus and the gag-abl protein product in transformants derived
by transfection of NIH 3T3 cells with pHZ2-FeSV DNA were
characterized as follows. (A) Extracts of cells labeled with
[’Hlleucine were immunoprecipitated and analyzed by sodium do-
decyl sulfate-polyacrylamide gel electrophoresis. Lanes: 1 and 2,
NIH PB?7 cells; 3 and 4, NIH PB8 cells; 1 and 3, rabbit anti-FeLV
p27 serum; 2 and 4, normal rabbit serum. Molecular sizes are
indicated on the left in kilodaltons (kd). Southern blots containing
DNAs from NIH 3T3 cells (lanes 5 and 8), NIH PB7 cells (lanes 6
and 9), and NIH PB8 cells (lanes 7 and 10) digested with the
restriction enzymes Kpnl and Smal, lanes 1 to 3 and 4 to 6,
respectively, were hybridized with a 3?*P-labeled ab! hybridization
probe (pAB103Hc; unpublished data). Migration of HindIII lambda
DNA is indicated in kilobase pairs. The arrows indicate the altered
protein product and altered restriction fragments in NIH PB8 cells.
A schematic of the HZ2-FeSV genome is shown below panel B. The
shaded box indicates the gag-abl-pol coding region. The restriction
sites for the enzymes Smal (S) and Kpnl (K) which are relevant to
the analysis are indicated.

immunoglobulin genes are distinctive markers for stages in
B-cell development. In the earliest described stage, the Dy
and Jy regions of the immunoglobulin heavy-chain gene are
rearranged without4nvolvement of the variable region Vy
(5). In mature B cells, the immunoglobulin light-chain gene is
rearranged as well. To investigate whether Mo-MuLV(fv-
abl)-induced tumors display characteristics of the B-cell
lineage similar to those of Ab-MuLV-induced tumors, we
determined whether the immunoglobulin heavy-chain Jy
segment is rearranged in tumor DNAs. A Southern blot
containing the DNAs shown in Fig. 6A digested with the
restriction enzyme EcoRI was therefore hybridized with a Jy
probe (Fig. 6C). In normal DNAs, the 6.0-kb germ line Jy
fragment was seen. In DNAs obtained from tumor tissue,
however, the germ line Jy fragment was lost. Instead, new
restriction fragments containing rearranged J sequences
were observed. These results suggested that Mo-MuL V(fv-
abl)-induced tumors, similar to Ab-MuLV-induced tumors,
displayed characteristics of the B-cell lineage. In agreement
with this result, no rearrangement of the T-cell receptor
gamma gene was seen (data not shown). Taken together,
these findings indicated that the Mo-MuLV construct con-
taining the fv-abl segment [Mo-MuLV(fv-abl)] induces tu-
mors in mice which are indistinguishable from Ab-MuLV-

J. VIROL.

induced tumors. This result then implies that the fv-abl
segment does not determine sarcomagenicity in mice.

DISCUSSION

HZ2-FeSV contains 5’ abl sequences. Two different retro-
viral transductions of c-abl are known: Ab-MuLV and
HZ2-FeSV (11, 23). In human chronic myelogenous leuke-
mia, c-abl is translocated to chromosome 22 with the result
of a gene fusion (26, 27, 50). In all three events, the N
terminus of the c-abl protein is replaced: in the acute
transforming retroviruses by gag sequences and in human
chronic myelogenous leukemia by the N terminus of the bcr
gene product. In human chronic myelogenous leukemia, the
bcr-abl protein fusions are obtained by RNA splicing of bcr
to the common 5’ c-abl exon (7). In HZ2-FeSV, the 5’
recombination site between FeLV gag and c-abl is 72
nucleotides 3’ of the splice acceptor of the common exon,
and in A6-MuLV, the recombination site in c-abl is in the
following exon 263 nucleotides 3’ of the splice acceptor.
Since all three c-abl activations involve replacement of
N-terminal c-abl sequences, it is reasonable to assume that
this characteristic is a determining factor in the oncogenic
activation of c-abl.

The fv-abl segment is colinear with the known murine
v-abl and human c-abl sequences, and only five amino acid
differences exist between them. It is difficult to know
whether these changes represent species differences or
whether they are differences between the feline c-abl and
v-abl sequences and thus possibly contribute to oncogene
activation.

Distal to the kinase domain in c-abl, there is a c-terminal
segment of 843 amino acids. This protein segment is present
in the bcr-abl protein as well as in the p160 gag-abl protein
of the P160 strain of Ab-MuLV. In HZ2-FeSV, these se-
quences are missing; instead, fv-abl is fused to 3’ pol
sequences, and an open reading frame in the pol gene is
sustained for more than 600 nucleotides. Genetic variants
exist of the P160 strain of Ab-MuLV in which C-terminal
sequences are missing as well. The loss of C-terminal
sequences then does not constitute a common denominator
of abl activation.

Mo-MuLV(fv-abl) induces lymphosarcoma in mice. To as-
sess whether the differences between the v-abl segments (the
extra 5’ sequences, the amino acid changes, and the substi-
tution of 3’ c-abl sequences with FeLV pol sequences)
determine the oncogenic properties of the virus, we con-
structed a murine version of HZ2-FeSV, Mo-MuLV(fv-abl).
Like Ab-MuLV(amph-MuLV), Mo-MuLV(fv-abl)(amph-
MuLV) induces lymphosarcoma of B-cell origin. The tu-
mors, however, occur with prolonged latency, and tumor
incidence is less than 50%. These properties resemble those
of Ab-MuLV variants which, like v-abl lack most of the
C-terminal c-abl sequences (44, 46; N. Rosenberg, personal
communication). These results suggest that the unique struc-
tural features of fv-abl (vis-a-vis mv-abl) do not affect the
neoplastic spectrum associated with mv-abl. However, it
cannot be ruled out that these structural features play a role
in feline fibrosarcoma induction.

The tumors were found to be oligoclonal, suggesting that
fv-abl-induced leukemogenesis is a multistage process and
that the virus is the probable initiating agent. This result is in
agreement with experiments indicating a progression of the
transformed phenotype upon infection of bone marrow cells
with Ab-MuLYV in vitro (59, 60, 61), as well as with the
finding of rearranged c-myc sequences and v-abl sequences
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FIG. 5. Construction of Mo-MuLV(fv-abl). (A) Schematic representation of the construction. Only features relevant to the construction
are shown. Integrated HZ2-FeSV provirus: FeLV-derived portions are solid. The gag-abl-pol coding region is indicated by a large box, and
long terminal repeat (LTR) sequences are indicated by small boxes. Integrated Mo-MuLV(Xo) provirus: Mo-MuLV-derived sequences are
indicated by open boxes. Integrated Mo-MuLV(fv-abl) provirus: Mo-MuLV-derived sequences are shown as open boxes, and HZ2-FeSV-
derived sequences are shown as solid boxes. The following restriction sites relevant for the construction are shown: H, HindIII; X, Xhol. (B)
Nucleic acid sequences of MOMuLV gag, HZ2-FeSV gag, and Mo-MuLV(fv-abl) gag around the Xhol and HindIII sites, respectively, are
shown. The schematic of the enzymatic steps is indicated. Nucleotides filled in by T4 DNA polymerase are shown in boldface. The duplicated

sequence segment of Mo-MuLV(fv-abl) is shown by open boxes.

in plasmacytomas induced with pristane in conjunction with
Ab-MuLV, similarly indicating multiple events in Ab-
MuLV-induced tumorigenesis (34, 37). The oligoclonal na-
ture of the tumors is in contrast with our results obtained
with fv-abl-associated fibrosarcoma, in which the tumors
were found to be polyclonal (Bergold et al., in press).

5’ recombination site in a preferred region of recombination
in FeLV p30. The 5' junction between the FeLV and abl

sequences in HZ2-FeSV was found at nucleotide 1034 of the
FeLV gag gene. Four acute transforming feline retroviruses,
namely, GA-FeSV, HZ4-FeSV, M-FeLV, and HZ2-FeSV,
have gag-onc junctions that are clustered within 24 base
pairs defining a preferred region of recombination. The
significance of the recombination site cluster and the unique
sequence motifs found in this region of FeLV p30, as well as
in the vicinity of other retrovirus-onc junctions, have been



1200 BERGOLD ET AL.

S

-w _

0.56 —

123 45 6 1

J. VIROL.

2 3.4 5 b

23.0 —

9.4 -

ol 1 111

2.5~
. 20—

0.56 —

FIG. 6. Analysis of DNAs obtained from Mo-MuLV(fv-abl)-induced NFS mouse tumors. Characterization of proviral insertions: Southern
blots containing DNAs digested with the restriction enzymes HindIII (panel A) and EcoRI (panel B) from kidney (lanes 1 and 4), enlarged
spleen (lanes 2 and 5), and tumor tissues (lanes 3 and 6) from two NFS/N mice with lymphosarcoma (lanes 1 to 3 and 4 to 6) obtained with
Mo-MuL V(fv-abl)(amph-MuLV) virus were hybridized with a 3*P-labeled 5’ c-abl probe. (C) Characterization of immunoglobulin heavy-chain
Ju sequences in NFS/N mouse tumor DNAs. A Southern blot containing the same DNAs as in panel A, digested with the restriction enzyme
EcoRI, was hybridized with a 3?P-labeled J;; probe. Migration of HindIIl lambda DNA is indicated in kilobases.

discussed elsewhere (13). In procaryotes, short sequence
homologies are known to facilitate formation of large chro-
mosomal deletions (3). Short sequence homologies between
the parental strands at retrovirus-onc recombination sites
have been found in some acute transforming retroviruses
(Ab-MuLV, HZ5-FeSV, simian sarcoma virus, FBJ murine
sarcoma virus, 3611 murine sarcoma virus, reticuloendothe-
liosis virus strain T, and CMII avian leukosis virus) but not
in others (12, 15, 29, 54, 55, 57, 62). These homologies,
therefore, may facilitate recombination, but they are not a
prerequisite. With HZ2-FeSV, a six-base homology was
observed at the 5’ recombination site between the parental
FeLV p30 and the mouse c-abl sequences. Since the murine
and human 5’ abl sequences are highly conserved at the
nucleotide level, we assume that this homology applies to
the feline c-abl sequences as well. The c-onc sequences
corresponding to the 5’ recombination sites in HZ4-FeSV,
GA-FeSV, and Mo-FeLV are not known, and the question
of homology at the recombination sites in these viruses

TABLE 1. Induction of lymphosarcoma by Mo-MuLV(fv-abl)
(amph-MuL V)

Mean (range)

. Lymphosarcoma i
Virus stock frequency Iate?‘;:;'yls);rlod
Mo-MuLV(fv-abl) (amph-MuLV) 14/28 54 (29-116)
Ab-MuL V(amph-MuLV) 2121 33 (21-50)
amph-MuLV 0/15 NA“

2 Neonatal NFS/N mice were injected intraperitoneally with 1 x 103 to 3 x
10? focus-forming units of the indicated virus.

® Scored at 120 days postinjection.

¢ NA, Not applicable.

cannot be determined at this time. Thus, the significance of
sequence homologies at recombination sites which involve
the preferred FeLV p30 region cannot be assessed yet. The
formation of acute transforming retroviruses is thought to
involve five steps: (i) upstream integration of an FeLV
provirus, (ii) a deletion at the DNA level in which FeLLV gag
sequences become fused with c-onc coding sequences, (iii)
transcription of a hybrid RNA composed of 5’ retrovirus and
onc sequences and RNA splicing, (iv) packaging of the
hybrid RNA into a retrovirus particle, and (v) recombination
of 3’ retroviral sequences with the chimeric RNA in a
subsequent cycle of infection (24, 52, 58). In a variant
scheme, RNA splicing has been proposed as a mechanism
for the formation of 5’ retrovirus-onc junctions (62). Unless
functional constraints for expression of the transforming
protein are a determinant for the recombination event, our
present and previous observations suggest that formation of
5’ gag-onc junctions of acute transforming retroviruses are
facilitated by recombinogenic sequences, as well as by short
sequence homologies at the recombination site.
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