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The long terminal repeat U3 sequences were determined for multiple feline leukemia virus proviruses
isolated from naturally occurring T-cell tumors. Heterogeneity was evident, even among proviruses cloned
from individual tumors. Proviruses with one, two, or three repeats of the long terminal repeat enhancer
sequences coexisted in one tumor, while two proviruses with distinct direct repeats were found in another. The
enhancer repeats are characteristic of retrovirus variants with accelerated leukemogenic potential and occur
between —155 and —244 base pairs relative to the RNA cap site. The termini of the repeats occur at or near
sequence features which have been recognized at other retrovirus recombinational junctions. In vitro footprint
analysis of the feline leukemia virus enhancer revealed three major nuclear protein binding sites, located at
consensus sequences for the simian virus 40 core enhancer, the nuclear factor 1 binding site, and an indirect
repeat which is homologous to the PEA2 binding site in the polyomavirus enhancer. Only the simian virus 40
core enhancer sequence is present in all of the enhancer repeats. Cell type differences in binding activities to
the three motifs may underlie the selective process which leads to outgrowth of viruses with specific sequence

duplications.

Retrovirus long terminal repeats (LTRs), like the more
extensively characterized DNA tumor virus enhancers, are
modular structures encompassing binding sites for multiple
cellular transcription factors (16, 34, 43). It is becoming clear
that the modular enhancer elements interact with general, as
well as tissue-specific, factors which presumably regulate
the function of retrovirus LTRs in different tissues and
thereby exert a controlling influence on their oncogenic
activity (17, 27, 50). The identification of protein binding
sites in the LTR and of the factors which interact with them
will therefore be essential to understand LTR activity in
normal and neoplastic tissues.

The LTRs of feline leukemia virus (FeLV) play an impor-
tant role in leukemogenesis by subverting regulation of the
expression of host cell genes. In cases in which FeLV has
transduced the coding sequences of the c-myc gene, expres-
sion of this host gene appears to be exclusively from the viral
LTR promoter and the normal c-myc alleles are transcrip-
tionally silent (10). In other tumors of similar phenotype,
FeLV proviruses are found integrated immediately upstream
and in the opposite orientation to c-myc, where they appear
to activate transcription from the normal c-myc promoters
by enhancer insertion (10, 29, 31). Although a number of
feline leukemia and feline sarcoma virus LTRs have been
sequenced (9, 13, 14, 29, 40, 46) and a limited functional
study has been done (51), no systematic study has been
undertaken to discover whether LTR sequence changes are
responsible for increased pathogenicity or tissue-specific
oncogenic potential. We have begun a detailed structural and
functional analysis of tumor-derived FeLV LTRs to examine
these issues.

In the present study, we examined sequence variation in
the LTRs of primary tumor isolates and nuclear factor
binding sites within the FeLV LTR enhancer. We report that
proviruses cloned directly from T-cell tumor tissue fre-
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quently have sequence duplications and clustered point
mutations and that the direct repeats duplicate complete
functional binding sites for a set of nuclear factors.

MATERIALS AND METHODS

FeLV proviral clones. The origins of most of the proviral
clones analyzed in this study have been published previ-
ously. The structures are shown in diagrammatic form in
Fig. 1. Five clones from thymic lymphosarcoma T17 were
analyzed. The structures of three (T17T-22, T17T-31, and
T17T-34) have been published (11). Two other clones from
the same tumor were studied in detail, one a recombinant
containing a v-myc gene (T17M-1) and the other an appar-
ently full-length FeLV provirus (T17H-1). The CT4 and CT8
clones from thymic lymphosarcoma 84793 have been de-
scribed previously (32), while the pBam8 clone was kindly
provided by J. Casey (Cornell University, Ithaca, N.Y.)
21).

Cell lines. The feline cell lines used to generate nuclear
extracts were AH927, an immortal cell line of fibroblastic
origin (39), and T3, a lymphoid tumor cell line established
from a naturally occurring thymic lymphosarcoma (32). The
latter cell line appears to be derived from a mature thymo-
cyte and expresses functionally rearranged T-cell antigen
receptor genes (35).

Sequencing strategy. Conserved PstI and Kpnl sites within
the FeLV LTRs were utilized for cloning and subsequent
sequencing of the eight U3 regions. Following digestion with
both enzymes, the DNA fragments were cloned into homol-
ogous restriction sites in bacteriophages m13mp18 and mp19
(33). Both strands were sequenced, using universal sequenc-
ing primers and synthetic primers based on the determined
sequence by the Sanger dideoxy chain termination method
(42, 47) or by double-stranded sequencing, using synthetic
primers from within the LTR or the noncoding sequences 3’
to the FeLV env gene.
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FIG. 1. Structures of molecularly cloned proviruses analyzed in this study. Five of the clones (T17-22, T17-31, T17-34, T17M-1, and
T17H-1) came from tumor T17 (11). The T17-22, T17-31, and T17-34 proviruses carry the transduced T-cell antigen receptor B-chain gene,
and although they are similar in internal proviral structure, differences in flanking sequences indicate that they are independent integrants.
T17M-1 is a v-myc-containing virus, and T17H-1 is an apparently full-length FeLV provirus. A partial clone of a v-myc-containing provirus
(CT4) and a full-length helper FeLV genome (CT8) were obtained from another field case tumor (32). A further v-myc-containing primary
tumor isolate (pBam8) was provided by J. Casey. Detailed restriction maps are available in the original publications describing these clones.
Viral sequences are indicated by the boxes. Larger boxes denote the LTRs, and hatching or stippling indicates host-derived inserts, as

marked.

PCR. The Perkin Elmer-Cetus polymerase chain reaction
(PCR) kit was employed with recombinant Taq polymerase.
The amplimer sequences were 5'-TTACTCAAGTATGTT
CCCATG-3' and 5'-CTGGGGAGCCTGGAGACTGCT-3’
(Fig. 2, asterisks). Reaction mixtures contained 1 pg of
genomic DNA or 1 ng of plasmid DNA, 1 ug of each primer
(1 pg/pl), 10 pl of 10x reaction buffer, S00 uM deoxynucle-
otides, and water to a volume of 95 pl. After a 10-min
incubation at 95°C, 0.5 U (5 ul) of Taq polymerase was
added and amplification was achieved with 30 cycles of
denaturation at 92°C, annealing at 37°C, and polymerization
at 72°C. The products of the PCR were resolved on 6%
nondenaturing acrylamide gels and analyzed by Southern
blotting or by subcloning into m13 and sequencing of both
strands.

Footprint analysis. Crude nuclear protein extracts were
prepared essentially as described previously (37), but all the
buffers used contained 50 fM sodium orthovanadate, 10 mM
glycerophosphate, and 2 mM Levamisole. Typically, nuclei
containing 100 to 150 mg of DNA yielded 5 ml (5 to 10 mg of
protein per ml) of crude nuclear extract.

Kpnl-Pstl restriction fragments containing FeLV LTR
sequences derived from both pT17T-31 and pFGAS5 were
subcloned into pIC20R (25). The plasmid was linearized by
digestion with HindIIl, treated with calf intestinal phos-
phatase, and 5’ end labeled with [y->*2P]JATP and T4 polynu-
cleotide kinase, and the insert was isolated after secondary
digestion with EcoRI (38).

Footprint protection assays were performed essentially by
published procedures (38). Briefly, assay mixtures at a final
volume of 100 pl contained 80 pl of nuclear extract, 5 ng of
end-labeled restriction fragment, and 1 pg of poly(dI-dC),

with or without 100 ng of double-stranded competitor oligo-
nucleotide DNA. After limited DNase I digestion, nucleic
acids were purified and resolved by denaturing polyacryl-
amide gel electrophoresis and autoradiography. Markers
were prepared from the same fragment by the chemical
sequencing method of Maxam and Gilbert (26), using the
G+ A-specific reaction.

Oligonucleotides. Complementary single-stranded oligonu-
cleotides were synthesized (by Oswell DNA Service, Edin-
burgh University, Edinburgh, Scotland) and annealed to give
BamHI and BglII restriction sites at the 5’ and 3’ ends,
respectively. The sequences used were (i) the nuclear factor
1 (NF1) binding site (30) from the adenovirus origin of
replication (GATCTTATTTTGGCTTGAAGCCAATATG;a
single base-pair change was introduced to make a perfect
inverted repeat) and (ii) the simian virus 40 (SV40) core
enhancer sequence (GATCCATCTGTGGTTAAGCACCTG
GA; see Fig. 4 and Table 1).

RESULTS

Exogenous FeLV U3 sequences are highly conserved. The
FeLV proviruses analyzed are shown in Fig. 1. The se-
quences presented in Fig. 2 are the complete U3 and
adjacent sequences up to the conserved Kpnl site in the R
region of the LTR; the sequences are compared with that of
FeLLV-A/Glasgow-1, a field isolate of relatively low leuke-
mogenicity (46). Apart from the heterogeneous direct re-
peats detected here, the U3 sequences of exogenous FeLV
are highly conserved. Comparison of the sequences pre-
sented here and other published sequences (9, 13, 40, 45)
showed an overall U3 sequence conservation of at least 95%.
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FIG. 2. U3 sequences of T-cell tumor-derived FeLV proviruses. Complete sequences were determined for the cloned proviruses whose
genetic structures are shown diagrammatically in Fig. 1. Additional partial LTR sequences came from cloning of PCR products from tumors
T3, T8, and T10 (Fig. 3). The amplimers used for the PCR are shown as asterisks. A lowercase letter in the T3 sequence denotes a polymorphic
site in independent PCR clones. Direct repeats are indicated by brackets, and the sequence is resumed on the line below. Dots indicate
identity with the previously published FeLV-A/Glasgow-1 (Glasl) sequence (46).

This figure includes multiple isolates from the United King-
dom and the United States. A recent Japanese FeLV provi-
ral isolate, FeLV-FT1 (29), is more divergent (85% homol-
ogy with pFGA-5), suggesting that some U3 sequence drift
may be occurring in geographically separated cat popula-
tions.

Primary tumor-derived FeLV LTRs have heterogeneous
direct repeats. Direct repeats of 49 to 90 base pairs were
found in tumor-derived proviral LTRs. The termini of the
repeats range from positions —155 to —244 from the pre-
sumptive RNA cap site in the FeLV-A/Glasgow-1 LTR, but
no two isolates have 5’ and 3’ coterminal repeats unless they
were obtained from the same tumor or had a common
passage history. Of the proviruses cloned from tumor T17,
T17T-31 and T17T-34 have identical sequences, including a
64-base-pair direct repeat, whereas the other provirus con-

taining the v-tcr gene (T17T-22) is closely related, sharing
numerous point mutational differences from the prototype
sequence, but has only a single copy of the direct repeat. The
apparently full-length (though replication-defective) provirus
T17H-1 shares point mutations with the v-zcr viruses but has
three copies of the direct repeat which is coterminal 5’ and 3’
with the repeat in T17T-31 and -34. Further divergence was
seen in the FeLV-myc recombinant provirus (T17M-1)
cloned from the same tumor. This LTR lacks the enhancer
repeats but has a unique 11-base-pair insert at —286. The
insert is an imperfect repeat of an upstream conserved region
(UCR) motif identified as a cis-acting negative regulatory
element in murine leukemia viruses (A. Khan, personal
communication).

The CT4 and CT8 proviruses were cloned from a single
tumor (no. 84793) and represent two of the three single-copy
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FIG. 3. Amplification of FeLV LTR sequences by PCR. Using
two primers from conserved domains of the LTR (Fig. 2), we
selectively amplified the enhancer sequences. The PCR products
were separated on a 6% acrylamide gel, blotted, and hybridized with
a probe consisting of the 64-base-pair repeat of the T17T-31 proviral
LTR. The probe DNA was obtained by digestion of an LTR
subclone (PstI-Kpnl) with EcoRV and purification of the 64-base-
pair fragment from acrylamide gels. The DNA was self-ligated prior
to being labeled with [*?P]dCTP to a specific activity of at least 10%
cpm/pg by the random priming method. Amplified plasmid DNAs
are shown in lanes A (pFGA-5) and B (pT17T-31), while amplified
cellular DNAs from established cell lines or primary tumors are
shown in lanes C (F422 cell line), D (T3 cell lien), E (T10 tumor), and
F (T8 tumor). Marker sizes (in base pairs) are indicated at the left.

proviruses detected in this tumor by Southern blot analysis
(32), but their LTRs contain quite distinct direct repeats. The
CT4 repeat is 65 base pairs, spanning positions —167 to
—231, while that of CT8 spans positions —155 to —243 and
the repeated sequences in CT8 are interrupted by a short
sequence (GCCTACGTC) of unknown origin. A further
unique structure was found in the L115 (pBam8) FeLV-myc
isolate (21), which contained the shortest direct repeat, 49
base pairs.

Three further partial LTR sequences were obtained after
PCR amplification of tumor DNA. Figure 3 shows a South-
ern blot analysis of the PCR products amplified from ge-
nomic DNAs, using the LTR primers indicated by asterisks
in Fig. 2. The unit length LTR core enhancer (165-base-pair
PCR fragment) is exemplified by the cloned FeLV-A/Glas-
gow-1 (Fig. 3, lane A). The predicted size of the duplicated
T17T-31 enhancer fragment is 229 base pairs, which agrees
well with the observed result (lane B). Duplicated LTR
structures were the predominant forms detected in DNA
from tumors T3, T8, and T10 (lanes D, E, and F). DNA from
the F422 cell line yielded only the unit length LTR core
enhancer (lane C), in agreement with the LTR structure of
the FeLV-myc provirus cloned from this line (7). Subcloning
and sequencing of the PCR fragments were performed; the
results are presented along with the other sequences in Fig.
2. Each presented sequence is based on at least three
independent subclones. The T3 tumor contains a primary
FeLV-myc isolate (32, 35) and has a unique 75-base-pair
repeat which is interrupted by a short sequence of unknown
origin (CACACCTTCA).

Tumors T8 and T10 (32) were induced by inoculation with
a crude tumor extract of the highly leukemogenic Rickard
strain of FeLV (which was generated by four rounds of in
vivo passage of a thymic tumor extract) (41). The PCR-
amplified sequences from these tumors showed that in
contrast to the other LTRs, which came from independently
derived (naturally occurring) tumors, the LTRs from provi-
ruses in T8 and T10 had identical 64-base-pair direct repeats,
including a short insertion (GGCTCGGGT) between the
repeats. These results strongly suggest that the direct repeat

J. VIROL.
TABLE 1. LTR factor binding sites
LTR binding site* Sequence Reference
SV40 core enhancer
Consensus TGTGGAAAG 16, 34
SL3-3 TGTGGTTAA 20, 48
FeLV TGTGGTTAA Fig. 2
FeLV CT8(1) TGTGGTCAA Fig. 2
Akv TGTGGTCAA 20
MoMuLV TGTGGTATG 43
NF1
Consensus TGG(N)6-7GCCA 12
FelLV CCCGGCTTGAGGCCAAGGA Fig. 2
MoMuLV CCCGGCTCAGGGCCAAGAA 43
MMTV TTTGGAATTTATCCAAATC 18
Adenovirus TTTGGATTGAAGCCAATAT 30
PEA-2
FeLV CGCTGCCAGCAG Fig. 2
Polyomavirus AACTGACCGCAG 17
MoMuLV GAGAACCATCAG 43
GRE
Consensus AGAACAnnnTGTACC 1
MoMSV TCAGGAACAGAGAGACAG 28
CCAAGAACAGATGGAACA 28
CCAAGAACAGATGGTCCC 28
MMTV TTAAGAACAGTTTGTAAC 28
ATCAGAACATTTGATACC 28
AATAGAACACTAAGAGCT 28
AAAAGAACATAGGAAATA 28
FeLV G1 CCAAGAACAGTTAAACCC Fig. 2
FeLV T17T-31 CCAAGGACAGTTAAACCC Fig. 2
LVb
FeLV AAACAGGATATCT Fig. 2
MoMuLV AAACAGGATATCT 43

“ MMTV, Mouse mammary tumor virus; FeLV G1, FeLV-A/Glasgow 1.

was present in the FeLV-Rickard inoculum. Since tumor T8
had an FeLV proviral insertion several kilobases upstream
of c-myc in the opposite transcriptional orientation (10, 32),
it appears that the repeats are associated with viruses of high
leukemogenic potential, whether these are oncogene-con-
taining viruses (T3, L115, and T17) or viruses which activate
genes by proviral insertion.

Interestingly, two clusters of mutations also distinguish
the majority of the tumor-derived viruses from previously
analyzed FeLV LTRs, typified by the FeLV-A/Glasgow-1
sequence. The mutation clusters occur at or near the bound-
aries of the direct repeats (Fig. 2), suggesting that they might
be a consequence of the duplication event. However, one
cluster at the 3’ end is an A — G transition in a glucocorti-
coid response element (GRE) consensus sequence (Table 1).
This sequence overlaps with a NF1 protein binding site (see
below). The other mutational cluster at the 5’ end of the
direct repeats is not in any recognized motif but flanks the
core enhancer binding site, as described below.

DNase I footprinting of repeated enhancer domain reveals
binding to several consensus sequences. Nuclear factor bind-
ing sites in the enhancer domain of the LTR were determined
by in vitro footprint protection assays. 5'-End-labeled re-
striction fragments of the pT17T-31 LTR (Fig. 4A) or the
pFGA-5 (FeLV-A/Glasgow-1) LTR (Fig. 4B) were bound by
crude nuclear extracts prepared from either a T-cell tumor
line (T3) or a feline fibroblast cell line (AH927). Mulitiple
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FIG. 4. In vitro DNase I footprint analysis of the pT17T-31 (A)
and pFGA-5 (B) FeLV LTRs. Crude nuclear extracts from either T3
or AH927 cells were bound to a 5’-end-labeled probe in the presence
or absence of excess competitor oligonucleotides based on the
adenovirus NF1 (NF1) or SV40 enhancer core (SV) binding site.
After digestion with DNase I, nucleic acids were resolved on
denaturing polyacrylamide gels (see Materials and Methods). Sym-
bols: [, nuclear extract without inhibitor; 0, control with no extract
added; G+ A, chemical sequencing lane. Glas 1, FeLV-A/Glasgow-
1.

protein binding sites were detected in the duplicated region
of the T17T-31 LTR; these are shown in Fig. 5, in which they
are compared with the Moloney murine leukemia virus
(MoMuLV) LTR binding sites identified by Speck and
Baltimore (43).

The 5’-most protected sequence shown in Fig. 4 and 5 is
homologous to the SV40 core enhancer binding site consen-
sus sequence (Table 1) and is present in all of the direct
repeats of the FeLV enhancer. Multiple proteins which bind
to the SV40 core enhancer have been described (3, 19, 27,
48). It is not yet clear which if any of these bind to the FeLV
LTR. Preliminary evidence from gel shift assays suggests
that there may be cell type-specific differences in the pro-
teins binding to this site (unpublished results).

Another footprint occurs over an inverted repeat sequence
which is similar to the NF1 binding site consensus sequence
(Fig. 4). Homologous NF1 binding sites are also found in the
MoMuLV (43) and mouse mammary tumor virus (18) LTRs
(Table 1). The DNase I protection pattern was abolished
(Fig. 4) by an excess of cold double-stranded oligonucleo-
tides containing the NF1 binding site of the adenovirus origin
of replication (see Table 1 and Materials and Methods), and

FeLV LTR ENHANCER SEQUENCES 1679

gel shift assays showed that the protein-DNA complexes
formed with the adenovirus and FeLV NF1 binding sites
were indistinguishable (data not shown). The T3 and AH927
nuclear extracts both protected the NF1 binding sites, al-
though other studies indicate that the levels of NF1 in T3
cells are significantly lower than those in AH927 cells. The 3’
end of the NF1 binding site in the FeLV LTR contains a
sequence which is homologous to the GRE in the LTR of the
Moloney murine sarcoma virus (MoMSV) and mouse mam-
mary tumor virus enhancers (Fig. 5 and Table 1). The FeLV
(and MuLV) GRE consensus sequences are within the NF1
footprint, and in the case of the FeLV LTR, no protection
was observed over that provided by the GRE after NF1 was
eliminated by competition with adenovirus NF1 oligonucle-
otide (Fig. 4A and B). Binding to the MoMSV GRE has been
recorded, but only with purified glucocorticoid receptor (28).
The lack of GRE binding activity after competition with NF1
in our assays may have been due to a low concentration or
affinity of the receptor in our extracts or may have reflected
a cooperative binding interaction which was abolished by
NF1 competition.

Sequence alignment of the FeLV and MoMuLV LTRs
reveals additional areas of conservation and divergence (Fig.
5). Several binding motifs identified in the murine virus are
not present in FeLV. These include LVa, LVc, and a
proximal NF1 site, where alignment with MoMuLV requires
a 15- to 20-base-pair deletion in FeLV. There is conservation
over a sequence (CAGGAT) 5’ to the SV40 core-related
binding site, which has been shown to bind a general
transcription factor, LVb, in the MoMuLV LTR (43). The
LVb motif is competely conserved in all the FeLV se-
quences, but no consistent DNase I protection pattern was
seen at this site in the footprint assays (Fig. 4A and B) with
crude nuclear extracts. LVb was previously identified by gel
shift and methylation interference assays which used par-
tially purified nuclear extracts rather than by footprinting
(43).

A novel FeLV-specific binding site (FLV-1) is located 3’ to
the enhancer duplications. A third protected sequence occurs
outside the duplicated region of the T17T-31 LTR and was
seen most clearly in the footprint protection pattern ob-
served with the FeLV LTR pFGAS (Fig. 4B). The sequence
bound contains an indirect repeat which is similar to the
PEAZ2 binding site of the polyomavirus A enhancer (Table 1).
Binding was detected very weakly or not at all with T3
nuclear extracts. The footprint was abolished by competition
with the adenovirus NF1-binding oligonucleotide, suggesting
that the site represents either a weak NF1 binding site which
was not observed in T3 nuclear extracts because of low NF1
levels or a binding site for a distinct protein which is
eliminated fortuitously by the 1,000-fold molar excess of
competitor NF1 oligonucleotide, which is weakly homolo-
gous to the site (Table 1). Until there is further definition of
the factors binding to this site, we refer to the site as FLV-1.

Although the FLV-1 binding site is in a region of high
sequence conservation in FeLV, there is only weak homol-
ogy in the equivalent location in MoMuLV. However, direct
analysis of the MoMuLV sequence for binding activity will
be required to confirm the apparent lack of the FLV-1 site.

DISCUSSION

In this study we analyzed sequence variation in the LTR
sequences of FeLV in naturally occurring lymphomas. We
found that, unlike FeLV LTRs from other sources, those
cloned directly from tumor DNA frequently have enhancer

AINN 3LV1S NN3d Aq 910z ‘2T Jequiardas uo /610 wseInl//:dny woiy papeojumoq


http://jvi.asm.org/

1680 FULTON ET AL.

J. VIROL.

Mo-MuLV
core NF1 o
GAATATGdGCCAAHCAGGAﬂAT{:mmGTAA(:}CAGﬂcmCdcccccrcmccccJ.A|GmcjGA'mG'rcccct:AcA'rcccc'rccAcccchAGCAGmCTAGAcAACCA'rCAG
LVa NF1 LVb LVc '
GRE
FeLV-G1
core NF1 200
ccAAc'r'rAGAGGCTAAAA@CAGcué"r{:m‘rcc‘rnAdCAccrcccc@ccccrrcAcccch AACA ’ITAAACCCCGGATATAG(.‘I‘GAAACAGCIAGAAG‘ITI'CAAGGC
LVb
GRE FLV-1
T17T-31,34,H1
L115 (pBams§)
CT4
CT8
Rickard (T8,T10)
T3
FT-1

FIG. 5. Binding motifs in the FeLV LTR compared with those in the MoMuLV LTR (43). The three prominent binding sites detected by
DNase I footprinting are shown as boxes on the FeLV LTR. In addition, the conserved motif for LVb in FeLV is boxed with a broken line.
The extent of LTR sequence duplications is indicated by the lines at the bottom. The illustration is based on the sequences presented in Fig.
2 and an additional sequence (FT-1) reported recently which had three copies of the enhancer core domain. The FT-1 provirus was integrated
upstream of c-myc in a naturally occurring thymic lymphoma (29). FeLV-G1, FeLV-A/Glasgow-1.

sequence duplications. The duplications are analogous to
those found in murine leukemia viruses with accelerated
disease potential (4, 5, 15, 22). A similar correlation appears
to hold for FeLV; we found enhancer duplications in viruses
from the majority of naturally occurring lymphoid tumors
but not in viruses isolated from healthy animals. The dupli-
cations are unique to each independent isolate but encom-
pass a series of binding sites for feline nuclear factors,
including in every case a site closely related to the SV40 core
enhancer sequence. These results suggest that this site is
important for the T-cell leukemogenic properties of FeLV.

Despite the very close relationship between murine and
feline retroviruses, as shown by the conservation of se-
quence, location, and spatial organization of nuclear factor
binding sites in the enhancer (Fig. 5), there are notable
differences in their patterns of sequence variation. The
weakly pathogenic murine leukemia virus Akv differs from
the highly leukemogenic variant SL3-3 by a single base
change in the SV40-like core sequence (20). This mutation is
particularly deleterious for enhancer function in T-lym-
phoma cells and appears to be a major determinant of the
reduced leukemogenic potential of Akv (3, 23, 48). Almost
all of the FeLV isolates are identical to SL3-3 within this
recognition sequence, regardless of their degree of pathoge-
nicity. Strong conservation of the SL3-3-like core sequence
in FeLV may reflect a requirement for efficient enhancer
function in T cells to allow viral establishment and persis-
tence. FeLV is an efficiently transmitted infectious agent,
while Akv is transmitted as a germ line insert in AKR mice
(24). The core sequence mutation of Akv may have attenu-
ated its pathogenic function, allowing survival of mice bear-
ing the germ-line provirus.

Heterogeneity of LTR direct repeats in a single tumor (e.g.
CT4 and CT8) might arise from concomitant infection with
divergent viral genomes due to phenotypic mixing in vivo.
Alternatively, the diversity may arise from a process of
sequential proviral integrations with intervening periods of

viral sequence evolution. It has been shown in several
different retrovirus systems that proviral integrations at
multiple proto-oncogene loci can occur in oncogenesis and
that they are most likely sequential events (6, 36, 49). For
tumor T17, analysis of the host-virus sequence junctions of
recombinant proviruses carrying v-fcr and v-myc (Fig. 1)
showed no evidence of any common intermediate in trans-
duction of the two cellular gene loci (R. Fulton and J. C.
Neil, unpublished results). On the basis of the LTR sequence
divergence of the proviral populations, we suggest further
that the transductions of v-myc and v-zcr may have occurred
at different stages of the leukemogenic process.

Previous models for the generation of the retrovirus en-
hancer repeats have been based on template jumping by
reverse transcriptase, involving predicted stem-loop struc-
tures in viral RNA (5, 44). The termini of the FeLV LTR
direct repeats can in a number of cases be aligned as short or
imperfect direct repeats (Fig. 6), which might favor a tem-
plate jumping process. However, the termini also display
some sequence features in common with other retrovirus
recombination sites. Marked purine/pyrimidine strand bias
has been noted as a feature of such recombination sites (2, 7,
31) and is seen particularly at the 5’ junctions of the repeats.
A motif found at several 5’ FeLV-onc junctions (ACCCC) (7)
is present in the center of the clustered 3’ junctions of the
LTR repeats. A hitherto unrecorded feature is that this motif
is contained within the terminal inverted repeat of the FeLV
LTR. Furthermore, short motifs homologous to the termini
of the LTR inverted repeats are present at or close to the
ends of the duplications. In the T17M-1 LTR, for example,
there are short matches to both ends of the LTR inverted
repeats close to the site of an 11-base-pair insertion (Fig. 6).
It is conceivable, therefore, that the viral integrase protein
may play a role in generating the enhancer repeats.

It is interesting to note the close similarity of the FeLV
LTR terminal inverted repeat to a motif within the LTR of a
mouse retrotransposon which is recognized by an uncharac-
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*

GTTAGAGACAAAACA
L Ll T3
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*

*% * * *

ATAAGGAAGTTAGAGGCTAAAACAGGAT all 5' junctions
-230
*
* * * * *
CGGCTIGAGGCCAAGAACAGTTAAACCCCGGATATAGCTGAAACAGCA all 3' junctions
-150
*
CAITTICACAAGGCAIGGAAAATTACTC T17M-1 insert
-280
(CACACCITCA) AGACAAACAGG T3 junction
-230
TGGAAATCCCCC ds DNA binding site
LTR-IS

TGAAAGACCCCC FelLV
GGGGGTCTTTCA oLy Lm

inverted repeats

FIG. 6. Sequences at the junctions of LTR direct repeats. The
upper part of the figure shows sequence matches at the S’ and 3’
junctions of LTR duplications for individual isolates. Asterisks
denote the terminal nucleotides of the direct repeats. In the lower
portion, motifs are underlined which match previously observed
sequences at FeLV recombinational junctions (ACCCC) (7, 31) or
the inverted repeats at the ends of the LTR. A match is also noted
to a double-stranded DNA (ds DNA) binding site for a cellular
protein which interacts with the LTR of a murine transposable
element (8). The termini of direct repeats or points of sequence
insertion are marked by asterisks above the sequence. Parentheses
in the T3 sequence indicate an insert between the repeats which
does not match the prototype LTR of FeLV-A/Glasgow-1 (Fig. 2).

terized double-stranded DNA binding protein. Binding at the
motif has been proposed to play a role in suppressing
recombination at related sites in chromosomal DNA (8). A
corollary of this proposal is that newly synthesized and
unprotected proviral DNA might then act as a sensitive
substrate for recombination.

Whatever the mechanism(s) by which the repeats are
formed, efficient enhancers must result if the structures are
to achieve wide dispersal, particularly if they arise de novo
in an infected host. In the modular arrays of binding sites for
transcription factors found in viral enhancers, the number
and interrelationships of binding sites are critical for activity
(34). If a random recombination process generates the du-
plicated structures, many of these will not be detected
because impaired enhancer function precludes their propa-
gation. The LTR enhancer duplications in FeLV proviruses
in primary tumors of T-cell origin invariably include the
SV40-like enhancer core site and an adjacent motif for LVb
(43). This common central domain of the enhancer duplica-
tions may be the basic functional enhancer unit (34), con-
taining binding site(s) for crucial regulators of transcription,
some of which may be expressed in a tissue-specific fashion.

We identified a novel binding site (FLV-1) closely 3’ to the
enhancer duplications. The binding site is homologous (8 of
12 base positions) to PEA-2, a negative regulatory site in the
polyomavirus enhancer (17). An analogous role may be
postulated for the FLV-1 site in FeLV, based on the obser-
vations that the FLV-1 site is invariably excluded from the
enhancer duplications and binding activity in a T-cell tumor
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(T3) nuclear extract was low or absent, while it was abun-
dant in fibroblast nuclear extracts. We do not yet know
whether this is a feature of the T-cell lineage, the differenti-
ation stage of the T3 cell line, or the tumor phenotype. NF1
activity was also relatively low in T3 lymphoma cells com-
pared with that in the AH927 fibroblast line (M. Plumb,
unpublished results), and the principal binding activity in T3
was to the SV40-like core enhancer sequence. Viruses with
duplications of this binding site may therefore be selectively
adapted for replication and enhancer function in the target
cell for T-cell leukemogenesis.
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