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A recombinant feline leukemia virus (FeLV) proviral clone (T17T-22) with a long terminal repeat (LTR)
which differs from prototype FeLV by a point mutation within a conserved nuclear factor 1 (NF1)-binding
motif in the LTR enhancer domain was found to be poorly expressed after DNA transfection. The NF1 point
mutation reduced in vitro protein binding as assessed by gel shift analysis and reduced promoter activity
significantly (2- to 10-fold). However, the degree of promoter impairment due to the NF1 site mutation varied
according to cell type and was least severe in a feline leukemia cell line (T3) which had low levels of nuclear NF1
DNA-binding activity. Low NF1 DNA-binding activity was observed in three FeLV-induced leukemia cell lines
(T3, T17, and FL74) and in murine F9 embryonal carcinoma cells. While similar levels of NF1 gene mRNA
transcripts were detected in all cell lines, Western immunoblot analysis of F9, T17, and FL74 but not T3
nuclear extracts revealed very low levels of nuclear NF1 protein. These results indicate that NF1 activity is
down-regulated in FeLV-induced leukemia cells by diverse posttranscriptional mechanisms. We suggest that
NF1 down-regulation may be an important characteristic of target cells susceptible to FeLV transformation in
vivo and may provide the selective pressure which favors duplication of the LTR core enhancer sequence in

T-cell leukemogenic FeLV variants.

Leukemogenesis by type C retroviruses has revealed
several characteristic mechanisms by which cellular gene
expression can be deregulated, including transduction, in
which host gene-coding sequences are incorporated into the
retroviral genome (3), and insertional mutagenesis, in which
a viral promoter or enhancer activates a cellular proto-
oncogene (19, 39). Viral transcriptional control elements are
crucial in all of these mechanisms, since in each case viral
sequences supplant or override normal cellular transcrip-
tional controls. Genetic studies of type C retroviruses have
shown that these processes are governed by promoter and
enhancer elements residing in the U3 domain of the long
terminal repeat (LTR) (6, 11, 29, 48, 51, 54).

Molecular analysis of the U3 domains of mammalian type
C retroviral LTRs has shown that these are modular struc-
tures containing multiple transcription factor-binding sites.
For example, the enhancer domain of the Moloney murine
leukemia virus (Moloney MuLV) LTR has binding sites for
nuclear factor 1 (NF1), the simian virus 40 core enhancer-
binding protein, leukemia virus factors a, b, and ¢, and a
glucocorticoid response element (50, 51), and the order and
spacing of most of these protein binding sites are conserved
in murine, feline, and primate type C retrovirus LTRs (13,
15). Naturally occurring or directed mutations which abolish
or decrease transcription factor binding to LTR sequences
have been shown to severely reduce LTR function in vivo (4,
37, 51). However, most of the protein activities which bind
to these sequences are not obviously cell specific, implying
that subtle cell-specific quantitative differences, differential
posttranslational modifications, or protein-protein interac-
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tions may underlie target cell preference in retroviral tran-
scription and oncogenesis.

This investigation arose from experiments in which
recombinant feline leukemia virus (FeLV) proviruses carry-
ing a T-cell antigen receptor gene were introduced into cells
by DNA transfection as a prelude to assessment of their
oncogenic potential. We observed that a clone which had a
naturally occurring mutation in the NF1 motif in the LTR
enhancer (T17T-22) was also poorly expressed after trans-
fection. We now report that the NF1 mutation confers
reduced FeLV LTR activity in various cell types. However,
while NF1 binding potentiates the FeLV LTR, binding
activity is very low in several FeLV-derived T-cell leukemia
lines. NF1 was first discovered as a cellular factor required
for the initiation of adenovirus DNA replication (35) but is
now known to represent a family of transcriptional regula-
tory proteins with binding sites in many cellular and viral
promoters (reviewed in reference 20). We find that NF1
down-regulation in feline leukemia cell lines is a posttran-
scriptional phenomenon reflecting either the T-cell differen-
tiation state or the leukemic phenotype of the tumor cells.

MATERIALS AND METHODS

Cell lines. AH297 is an immortal feline cell line of fibro-
blastic origin (42). T3, T17, and FL74, are FeLV-positive
lymphoid tumor cell lines established from naturally occur-
ring thymic lymphosarcomas (12, 23, 36). The T3 cell line
contains a replication-competent FeLV helper and recombi-
nant FeLV proviruses with a v-myc oncogene (36), while the
T17 cell line contains defective FeLV-A, v-myc, and v-tcr
recombinant proviruses which carry a transduced T-cell
antigen receptor B-chain gene (12). The 3201B cell line was
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derived from an FeLV-free thymic lymphosarcoma (49). F9
is a murine embryonal carcinoma cell line (2).

FeLV LTRs. The T17T-22 provirus was cloned from tumor
DNA from the primary T17 thymic lymphosarcoma. It
represents one of a series of integrants which contained a
transduced T-cell antigen receptor B-chain gene and was
hence of interest with regard to its oncogenic potential.
T17T-31, which yielded the deleted form T17T-31d, was an
integrant from the same primary tumor DNA library as
T17T-22 (12). The prototype weakly oncogenic FeLV LTR
(G1) was derived from an infectious proviral clone (pFGA-5)
of FeLLV-A/Glasgow-1 (52), a virus which can induce a broad
spectrum of tumors, but usually after a protracted latent
period.

Northern (RNA) blot analysis. Total cellular RNA was
prepared by using standard protocols with the RNAzol
method (8), resolved by denaturing 1.2% agarose-formalde-
hyde gel electrophoresis, and transferred to nitrocellulose
filters. After prehybridization at 42°C, the blots were hybrid-
ized to a rat liver NF1 cDNA probe (kind gift of R. Cortese).
This was a 623-bp Pstl fragment corresponding to the
sequence coding for the highly conserved DNA binding
domain (nucleotides 98 to 711; amino acids 30 to 234 [38])
(14, 33, 38, 45). Blots were washed at a highest stringency of
1x SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium
citrate)-0.1% SDS at 22°C and resolved by autoradiography.

Oligonucleotides. The sequences of the double-stranded
oligonucleotides containing NF1 consensus binding sites
used are shown in Fig. 2A. NF1-Ad is based on the NF1-
binding site at the adenovirus replication origin (35) but is
altered by a single-base-pair change to make a perfect
inverted repeat and has previously been shown to compete
for the FeLV LTR NF1-binding site in footprint experiments
(13). NF1(b), which contains two NF1-binding sites, CG
CATTTGGCAGCTTGCCAAGGATCCTTGGCAGCTTGC
CAAG (16), was used in the antiserum gel shift assays.

aP2a contains the mouse a-globin gene promoter CCAAT
sequence (aP2A; GATCCAAACCAGCCAATGAGAACT
GCTCCA) which binds the ubiquitous CCAAT-binding pro-
tein (CBP) (40).

Plasmids. PstI-Kpnl restriction fragments containing
FeLV LTR sequences derived from FeLV-A/Glasgow-1
(G1) (13) and pT17T-22 were subcloned into pIC20H (31).
Plasmids were linearized by digestion with HindIII, treated
with calf intestinal phosphatase, and 5’ end labeled with
[y->?P]ATP and T4 polynucleotide kinase. The insert was
isolated for footprint experiments after secondary digestion
with EcoRI (13, 40, 41).

For functional analysis, the FeLV LTR enhancer and
promoter fragments were subcloned upstream of the human
growth hormone gene (pOGH) (46). This was achieved by
cloning PstI-Kpnl fragments into the pIC20H vector, and the
inserts were then excised with HindIII and cloned into the
HindIII site of the pOGH plasmid.

Site-directed mutagenesis. A commercially available site-
directed mutagenesis kit (SDM; BioRad Laboratories) was
used. The method involves a phagemid vector system with
positive selection for non-uracil containing mutant strands
(26). The mutagenic primer employed was 5'-CTCAAGC
TGGGGCCCAG-3'.

Growth hormone assay. DNA comprising nonspecific car-
rier (100 p.g), the appropriate growth hormone construct (5 to
50 ng), and B-galactosidase plasmid (pHSVBGAL [18]) (20
ng) was transfected into cells by electroporation in cold
growth medium (4°C) at 250 V, 960 pF. The cells were then
reseeded at a density of 10° cells per ml and grown for five
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days, at which time 100 wl of culture supernatant was
harvested and assayed by using the Allegro dual growth
hormone-specific monoclonal antibody system essentially as
recommended by the suppliers (Biogenesis Ltd.). Growth
hormone levels were calculated by means of a standard
curve using control human growth hormone following the
deduction of background counts (normal serum only). B-ga-
lactosidase activity was monitored in transfected cell lysates
(18) and used to correct for variations in transfection effi-
ciency.

Footprint analysis. Nuclear protein extracts were prepared
and footprint protection assays were performed as described
previously (13, 40, 41). Briefly, 0 to 80 .l of nuclear extract
(0 to 600 pg of protein) was incubated with 2 ng of 5’
end-labeled probe in the presence of 1 pg of poly(dl)-
poly(dC) and in the presence or absence of 100 ng of
double-stranded competitor oligonucleotide. After limited
DNase I digestion, nucleic acids were purified and resolved
by denaturing polyacrylamide gel electrophoresis and auto-
radiography. Markers were prepared from the same frag-
ment by the G+A chemical sequencing reaction (32).

NF1 antiserum. A highly specific rabbit polyvalent antise-
rum was raised against an epitope of mouse NF1 (4b).
Briefly, a CPDAGQQAGQVGFLNP amide peptide was
synthesized by Multiple Peptide Systems (San Diego, Calif.)
and conjugated to keyhole limpet hemocyanin by treatment
with glutaraldehyde. The conjugate was emulsified with
Freund’s adjuvant, and a rabbit was immunized by subcuta-
neous injection.

Gel shift analyses. Double-stranded oligonucleotides were
5’ end labeled and gel purified essentially as previously
described (40). Two protocols were employed. (i) Labeled
oligonucleotide (100 to 500 pg) was incubated on ice for 1 h
with 0 to 3 pl of nuclear extracts in the presence of 6 pg of
poly(dI)-poly(dC) and 0 to 200 ng of competitor oligonucle-
otide in a final volume of 20 ul of storage buffer (40). (ii)
Labeled oligonucleotide (100 pg), 0 to 2 pl of nuclear extract,
and 5 pg of poly(dI)-poly(dC) in 20 pl of 20 mM HEPES
(N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid) (pH
7.9>-5 mM MgCl,-0.1 mM EDTA-4% Ficoll-60 mM NaCl
were preincubated at room temperature for 20 min. Anti-
NF1 antiserum, preimmune serum, or antiserum which had
been preincubated with peptide was added and incubated for
a further 60 min at room temperature.

Nucleoprotein complexes were resolved by nondenaturing
5% polyacrylamide/0.25 to 0.5 X Tris-borate-EDTA gel elec-
trophoresis for 2 h on ice at 150 V, and the gel was dried for
autoradiography.

Western immunoblot analyses. Nuclear extracts (50 pl, 100
to 200 png) were resolved by sodium dodecyl sulfate (SDS)-
12.5% polyacrylamide gel electrophoresis and transferred to
nitrocellulose filters by semidry electroblotting (Startoblot
II-S; Sartorius).

Filters were pretreated for 30 min with 100 ml of Blotto
solution (phosphate-buffered saline containing 0.1% Nonidet
P-40 and 25 g of powdered milk per liter [Marvel]). The filter
was then incubated with the primary antibody (10 pl in 10 ml
of Blotto) for 4 h, washed three times with 100 ml of Blotto,
and incubated with the secondary antibody (Promega anti-
rabbit immunoglobulin G conjugated to alkaline phos-
phatase; 3 pl in 10 ml of Blotto) for 60 min. The filter was
washed three times with 100 ml of Blotto and twice with AP
buffer (0.1 M Tris-HCI [pH 9.5], 0.1 M NaCl, 5 mM MgCl,)
and developed in 50 ml of AP buffer containing 8 mg of
5-bromo-4-chloro-3 indolyl phosphate (Sigma) and 16 mg of
Nitro Blue Tetrazolium (Sigma).
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FIG. 1. Sequences of FeLV LTR fragments. The sequences shown are from the infectious pFGA-5 proviral molecular clone of
FeLV-A/Glasgow-1 (G1) (12) and two T-cell tumor-derived proviruses, T17T-22 and T17T-31 (12). The T17T-31d sequence was derived by
deletion of a direct repeat by using the conserved EcoRV site shown above the sequence. Also shown under the sequence are binding sites
designated CORE, NF1, and FLV1, which have been described previously (13), and several additional motifs which may be relevant for the
regulation of LTR activity: UCR (upstream control region), LVb (leukemia virus factor b) and GRE (glucocorticoid response element) (50).
The mutation within the NF1 motif is indicated by an inverted arrowhead above the sequence. The G1M site-directed mutant LTR sequence

differs from G1 only by the G—A change at this position.

RESULTS

A natural point mutation in the FeLV enhancer NF1 motif
reduces factor binding in vitro. The plasmid pT17T-22 was
the first FeLV proviral clone containing a transduced T-cell
antigen receptor B-chain gene to be characterized (12).
However, stable cotransfection experiments using feline
fibroblast (AH927) cells showed this clone to be poorly
expressed relative to other apparently identical integrated
proviral structures cloned from the same tumor (51a). DNA
sequence analysis of these integrants revealed that the LTRs
were heterogeneous (13). Unlike its sister clones, pT17T-22
had only a single copy of the enhancer element and carried a
G— A point mutation in a conserved NF1-binding motif (Fig.
1) which has been identified in the closely related MuLV
LTR as a possible NF1 protein-DNA contact point by
methylation interference analysis (50).

The consequence of the G—>A NF1 site mutation in the
T17T-22 LTR was addressed by using synthetic double-
stranded oligonucleotides (Fig. 2A) as competitors in gel
shift assays. Labeled NF1-Ad was bound to 3201B cell crude
nuclear extract in the presence or absence of competitor
oligonucleotides containing either the homologous NF1-Ad
sequence or the LTR NF1-binding sites of a prototype
FeLV-A/Glasgow-1 LTR (NF1-G1), T17T-22 (NF1-22), or
oligo NF1-G1M, which corresponds to the NF1-G1 se-
quence containing a single-base-pair G—A change. A broad
smear of nucleoprotein complexes seen on nondenaturing
gel electrophoresis is inhibited by either a 20- to 60-fold
molar excess of NF1-Ad or a 100-fold molar excess of
NF1-G1 competitor (Fig. 2B). Bands which are not com-
pletely competed out by NF1-Ad competitor (labeled A, Fig.
2A, 4, and 6A) are thereby defined as nonspecific. The
specific nucleoprotein complex migrates as a characteristic
smear, which presumably reflects the multiple forms of NF1
protein translated from alternatively spliced NF1 gene tran-
scripts (5, 17, 21, 33, 38, 45).

NF1-G1 is slightly less effective in competing for the
labeled NF1-Ad probe than the cold homologous NF1-Ad
competitor, although both completely abolish NF1 binding
at less than a 100-fold molar excess (Fig. 2B). However,
neither NF1-22 nor NF1-G1M competes at a 200- to 400-fold
molar excess. Since the only difference between NF1-G1
and NF1-G1M is a single G—A base pair change which is
also observed in NF1-22, this demonstrates that the single-
base-pair substitution is sufficient to reduce NF1 protein
binding significantly. NF1-22 also has an A—G base pair
change at the 3’ end of the sequence (Fig. 1 and 2A), but as
this occurs in the T17T-31 LTR which binds NF1 in vitro
(13), the 5’ G—A base pair change appears to be the critical
change which reduces NF1 protein binding.

The T17T-22 NF1 mutation confers markedly reduced LTR
promoter activity, but in a cell-type-dependent manner. To
examine the functional consequences of the NF1 mutation,
we generated constructs in which LTR promoter and en-
hancer elements (PstI-Kpnl) direct the expression of the
human growth hormone reporter gene (45). We first com-
pared the LTR of the NF1 mutant T17T-22 clone with the
T17T-31d LTR. The T17T-31d LTR is a deletion mutant of
the highly active T17T-31 LTR, in which one copy of the
enhancer repeat has been removed, yielding a primary
sequence very similar to that of T17T-22 apart from the NF1
mutation (Fig. 1). Deletion of the extra enhancer repeat
made a 1.6- to 2-fold difference in promoter activity, an
observation which is in accord with functional analyses of
similarly deleted MuLV LTRs (30). However, as shown in
Table 1, the T17T-22 LTR enhancer-promoter fragment is
markedly less active than that of T17T-31d.

To measure the functional effect of the NF1 mutation
alone, a mutant of the prototype FeLV-A/Glasgow-1 LTR
(G1) was constructed which differed only by a G—A muta-
tion at the NF1 site (G1M; Fig. 1 and 2A). The activity of the
G1M LTR was also impaired relative to its wild-type control,
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FIG. 2. Gel shift analysis of variant NF1 sequences. End-labeled
NF1-Ad oligonucleotide probe (500 pg) was incubated with 1 ul of
3201B cell nuclear extract—6 pg of poly(dI)-poly(dC) in a final
volume of 20 pl of storage buffer in the presence or absence of a 20-
to 400-fold molar excess (10 to 200 ng) of cold competitor oligonu-
cleotide NF1-Ad, NF1-G1, NF1-22, or NF1-G1M (A). NF1-Ad is an
adenovirus NF1-binding site and includes a match to the consensus
(TGG-N¢_;-GCCA). The other oligonucleotides were based on the
FeLV LTR binding sites shown in Fig. 1. Nucleoprotein complexes
were resolved by nondenaturing gel electrophoresis and autoradiog-
raphy (B). The specific NF1 nucleoprotein complexes (labeled NF1)
and the nonspecific artifact bands (labeled A) are shown.

although this was more marked in some cell types than in
others (Table 1). Impairment was greatest in 3201B cells
(10-fold), least in T3 cells (less than 2-fold), and intermediate
in AH927 cells (almost 4-fold). In general, the impairment of
T17T-22 relative to T17T-31d followed a cell-specific pattern
similar to that of G1/G1M. Presumably, some of the other
mutational differences between T17T-22 and T17T-31d ac-
count for the lack of complete correlation. In this respect, it

TABLE 1. LTR-driven growth hormone expression in feline
T-cell lines and fibroblast cell lines®

Growth hormone levels

LTR
3201B T3 AH927
T-31 5.00 2.86 2.33
T-31d 3.65 1.54 1.26
T-22 0.65 0.91 0.77
Gl 1.00 1.00 1.00
GIM 0.10 0.54 0.28

2 LTR/growth hormone gene chimeric constructs were expressed in three
cell lines as indicated. Growth hormone gene expression is expressed relative
to the Gl (FeLV-A/Glasgow-1) prototype FeLV LTR. Transfection effi-
ciencies were normalized relative to B-galactosidase activity (see Materials
and Methods). Values represent the mean of three independent experiments.
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FIG. 3. Footprint analysis of the G1 LTR enhancer sequence. 5’
end-labeled G1 probe was incubated with 1 pg of poly(dI)-poly(dC)
and 0 or 80 pl of nuclear extract from either T17 or AH927 cells and
in the presence (+) or absence (—) of 100 ng of cold competitor
oligonucleotide NF1-Ad. After limited DNase I digestion, nucleic
acids were resolved by denaturing gel electrophoresis and autoradi-
ography. The simian virus 40 (SV40) core enhancer- and NF1 and
FLV1 protein-binding sites, identified in previous studies (13), are
shown. Size markers are the G+A chemical sequencing (32) reac-
tion products of the same probe.

was also interesting to note that the activity of the NF1
mutant T17T-22 LTR was almost as high as that of NF1
wild-type G1l. Experiments are underway to define which
change(s) compensates for the T17T-22 NF1 mutation.

NF1 DNA-binding activity is down-regulated in FeLV-
derived T-cell lymphoma cells. The cell-type specific effect of
the NF1 mutation implied that some difference existed in the
nature and/or abundance of factors interacting with the NF1
site. Furthermore, footprint analyses with T-cell nuclear
extracts indicated that NF1 DNA-binding activity was low
compared with that in the fibroblastic cell line (AH927). This
is illustrated in Fig. 3 in which, as in previous analyses (13),
the AH927 nuclear extract identified three major protein-
binding sites: the simian virus 40 core enhancer-binding site,
the NF1-binding site, and FLV1, a sequence which is
homologous to the PEA2 binding site of the polyomavirus
enhancer. Both the NF1 and FLV1 footprints are inhibited
by cold competitor NF1-Ad double-stranded oligonucleotide
(Fig. 2A) (13) which contains a high-affinity NF1-binding site
from the adenovirus origin of replication (35). Although the
T17 nuclear extract protects the core site, little or no binding
to either the NF1 or FLV1 site is detected, suggesting that
these transcription factors are in a low abundance in the T17
extract.

Levels of NF1 DNA-binding activity were analyzed fur-
ther by gel shift analysis (Fig. 4A) using labeled NF1-Ad
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FIG. 4. Gel shift analysis of NF1 and CBP in the feline extracts.
Nuclear extracts and 6 pg of poly(dI)-poly(dC) were incubated with
100 pg of 5' end-labeled oligonucleotide NF1-Ad (A) (Fig. 2A) or
oligonucleetide aP2a (B) in the presence (+) or absence (—) of cold
competitor oligonucleotide, and nucleoprotein complexes were re-
solved by nondenaturing gel electrophoresis and autoradiography.
The specific CBP and NF1 complexes are shown. Bands marked
‘“A’’ are nonspecific artifacts. The amounts of nuclear extract used
were as follows (in microliters): AH927, 1; T3, 1.5; 3201B, 1; T17,
2.5; FL74, 1; and F9, 1.5.

probe bound to crude nuclear extracts prepared from three
FeL V-containing leukemia cell lines (T3, T17, and FL74)
and from a control feline fibroblastic cell line (AH927) and a
FeLV-negative lymphoma cell line (3201B).

Comparison of the levels of nuclear extract NF1 DNA-
binding activities revealed high levels of NF1 activity in the
AH927 and FeLV-negative T-cell tumor (3201B) lines,
whereas NF1 levels were approximately 10-fold lower in the
FeLV-positive T3, T17, and FL74 tumor cell lines (Fig. 4A).
Furthermore, a similar low level of NF1 activity was ob-
served in the F9 murine embryonal carcinoma cell line,
confirming results described by others (5, 17, 50). Mouse
erythroleukemia cells transformed by the Friend spleen
focus-forming type C retrovirus (SFFVa) have high levels of
NF1 (data not shown) (5, 17). The modular organization of
the SFFVa LTR is similar to that of the FeLV LTR and
other MuLV LTRs (15), and the LTR contains a similar
conserved NF1-binding site, indicating that low NF1 DNA-
binding activity is neither an invariant feature of retrovirus-
transformed cells per se nor a prerequisite for transforma-
tion.

To allow quantitative comparisons of transcription factor
DNA-binding activities in different nuclear extracts we used
three criteria. First, all gel shift experiments were performed
with nuclear extracts on the basis of approximately the same
numbers of cell nuclei. Second, nuclear extracts were ana-
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FIG. 5. Northern blot analysis of NF1 mRNA transcripts. Total
cellular RNA (20 pg) from various cell lines (labeled at top) was
resolved by denaturing agarose gel electrophoresis and transferred
to nitrocellulose filters. The blot was probed with the 623-bp PszI
restriction fragment of the rat liver NF1 cDNA (38). The molecular
size marker was an ethidium bromide-stained RNA ladder from
Bethesda Research Laboratories. Apparent differences in mobility
were not reproducibly observed.

lyzed by SDS-polyacrylamide gel electrophoresis and
Coomassie blue staining, and there was less than a twofold
difference in the protein concentrations in the various ex-
tracts and no obvious evidence of proteolytic degradation
(data not shown). Third, we monitored the levels of the CBP
(45) in gel shift experiments by using a double-stranded
oligonucleotide containing the mouse a-globin gene pro-
moter CCAAT sequence. CBP is present in essentially
equivalent amounts in nuclear extracts from a variety of cell
lines and tissues from different species (40). Levels of CBP
binding activity were comparable in all the extracts exam-
ined and were specifically inhibited by excess CCAAT
competitor oligonucleotide (Fig. 4B). Similarly, footprint
analyses of the FeLV LTR core site suggest that binding
activity at this site is not significantly different (at least
quantitatively) in the various extracts (Fig. 3) (13) (data not
shown). The low levels of NF1 in the T3, T17, FL74, and F9
nuclear extracts do not therefore reflect a general loss of
transcription factors. ,

Although we cannot exclude the possibility that down-
regulation differentially affects some minor subpopulation(s)
of NF1 mRNA or protein, the use of a high-affinity binding
site in the gel shift assays ensures that the bulk of NF1
DNA-binding activity was detected.

Down-regulation of NF1 in feline leukemia cells and F9
embryonal carcinoma cells is posttranscriptional. To deter-
mine whether low levels of NF1 DNA-binding activity were
reflected in low levels of mRNA available for translation,
steady-state NF1 mRNA levels in total cellular RNA were
assayed on Northern blots by using a 623-bp restriction
fragment probe encoding the conserved DNA-binding do-
main of a rat liver NF1 gene cDNA clone (38). A major
transcript of 5 kb (Fig. 5) was detected in approximately
equivalent amounts in all cell lines tested. Multiple minor
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FIG. 6. Western blot analysis of nuclear NF1. (A) Antiserum raised to a synthetlc peptide based on the NF1 gene sequence was tested
in a gel shift assay. 5’ end-labeled oligonucleotide NF1(b) (100 pg) was incubated in the absence of nuclear extract (Con) or with nuclear
extract (1 pl) from AH927 or 3201B cells and 5 ug of poly(dl)-poly(dC) in the absence (—) or presence of 1 ul of antiserum (Ab), 1 pl of
antiserum which had been preincubated with 1 g of the synthetic peptide used to raise the antiserum (Ab+pept), or 1 pl of preimmune serum
(PreImm). Nucleoprotein complexes were resolved by nondenaturing gel electrophoresis and autoradiography. The NF1 nucleoprotein (NF1)
and specific NF1-antibody (NF1-Ab) complexes are shown. Bands marked A and B are nonspecific artifact bands. (B) Nuclear extracts (50
wl) were resolved by gel electrophoresis, transferred to nitrocellulose, and probed with the anti-NF1 serum. The blot was then incubated with
anti-rabbit immunoglobulin G-alkaline phosphatase conjugate and developed as described in Materials and Methods. Molecular size markers

are prestained markers from GIBCO/BRL.

RNA species were also observed, especially at reduced
hybridization and washing stringencies. This is consistent
with the expression and differential splicing of the NF1 gene
family (38, 44, 45), but again no obvious differences in the
levels of NF1 mRNA transcripts were detected among cell
types. The down-regulation of NF1 DNA-binding activity
therefore appears to be predominantly posttranscriptional.

Nuclear extracts were next analyzed for total NF1 protein
by Western blotting. The antiserum used was a rabbit
antipeptide serum raised against a 16-amino-acid synthetic
peptide containing an epitope (CPDAGQQAGQVGFLNP)
which is conserved in the mouse, chicken, and rat NF1
proteins (38, 44, 45) (4a). Gel shift analysis (Fig. 6A) showed
that the antiserum bound to and shifted the electrophoretic
mobility of the feline AH927 and 3201 cell NF1 nucleopro-
tein complexes. The specificity of interaction was shown by
the lack of binding with preimmune serum and by the
inhibition of binding when the antiserum was preabsorbed
with the synthetic peptide used to raise the antiserum. The
nucleoprotein complex B (Fig. 6A) is nonspecific, as it only
occurs in the presence of serum. Similar results have been
obtained with mouse and chicken NF1 protein (4a).

Western blot analysis of nuclear extracts of the feline
T-cell lines (3201B, T3, T17, and FL74), the feline fibroblast
cell line (AH927), the murine F9 and erythroleukemia cell
line (MEL), and human HeLa cells using the antiserum is
shown in Fig. 6B. Three major polypeptides (43, 65, and 68
kDa) were detected in the nuclear extracts. Similar analyses
with preimmune serum and antiserum blocked by preincuba-
tion with synthetic peptides indicated that the 43-kDa pro-
tein was detected nonspecifically. The 65- to 68-kDa poly-
peptides have apparent molecular sizes similar to those of
NF1 proteins detected elsewhere (17, 21, 45).

The 65- to 68-kDa proteins were readily detected in the
nuclear extracts of the AH297, 3201B, T3, HeLa, and MEL
nuclear extracts but not in the T17, FL74, and F9 extracts
(Fig. 6B). Therefore, except for the T3 nuclear extract, the
lack of detectable 65- to 68-kDa proteins correlates with the
loss of NF1 DNA-binding activity. NF1 proteins were not
detectable in whole-cell extracts, presumably because the
molar representation of NF1 protein is at least 10- to 20-fold
lower than in the comparatively enriched nuclear extracts.

‘We therefore cannot distinguish whether the down-regu-
lation of NF1 activity arises from a high turnover rate of
protein, a translational block, or a failure of nuclear trans-
port. The T3 nuclear extract has measurable levels of NF1
protein, but although T3 NF1 DN A-binding activity is some-
what above the levels seen in T17, FL74, and F9 cells (13)
(Fig. 4), its specific activity of binding is clearly much lower
than in AH927 and 3201 cells. It is possible that the FeLV-
derived T-cell lines and F9 cell lines down-regulate NF1
DNA-binding activity by more than one mechanism.

DISCUSSION

A naturally occurring point mutation in the FeLV LTR
(T17T-22) was shown to impair nuclear factor binding and in
vitro promoter function, demonstrating that the conserved
FeLV LTR enhancer binding site is necessary for maximal
promoter activity. Paradoxically, NF1 DN A-binding activity
is posttranscriptionally down-regulated in three FeLV-posi-
tive T-cell leukemia lines.

In vitro protein binding and functional studies on the
modular MuLV (37, 50, 51, 53) and FeLV (13) LTRs have
revealed a limited number of nuclear protein-binding sites.
In FeLV (12), these binding sites include a simian virus 40
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core enhancer consensus sequence (core site), an NF1-
binding site, and the FLV1 site which is similar to the
PEA2-binding site of the polyomavirus enhancer (5, 25). We
have found that nuclear extracts from tumor cells are de-
pleted in NF1 and FLV1 DNA-binding activities but retain
high levels of core binding and CBP activities. Several
distinct factors have been shown to bind to the core motif in
the highly leukemogenic MuLV SL3-3, which is essentially
identical to that of FeLV (9, 22, 27), but the predominant
binding activity in murine lymphoid cells appears to be a
distinct factor called SEF-1 (53) or S/CBF (4). It is presum-
ably the feline homolog of this factor which accounts for the
strong core-binding activity in the feline tumor cell lines.

A natural mutation in a highly conserved NF1-binding site
in the FeLV LTR which abolishes factor binding in vitro is
associated with significantly decreased promoter activity
when introduced to a prototype FeLV LTR. Our results
therefore indicate that NF1 can act as a positive regulator of
FeLV transcription and concur with studies on the analo-
gous site in murine retroviral LTRs (37, 51). The cell
type-dependent effects of the LTR NF1 mutation presum-
ably reflect the relative activities of NF1 and other transcrip-
tion factors which interact with LTR sequences in the
recipient cell lines. The severity of the NF1 mutant pheno-
type appears to be inversely proportional to the abundance
of NF1 DNA-binding activity in the cells tested, albeit to a
very rough approximation. The least significant impairment
was in the T3 tumor cell line which of the three transfectable
cell lines (3201B, AH927, and T3) has the lowest levels of
NF1 DNA-binding activity. Conversely, mutation of the
analogous Moloney MuLV NF1 motif has been noted to be
particularly deleterious in 3T3 fibroblast cell lines (51),
which are reported to have high levels of NF1-binding
activity (17).

The posttranscriptional regulation of transcription factors
has been documented and embraces a number of distinct
levels of modulation, including nuclear transport (1, 47),
phosphorylation (7, 34, 55), and heat induction (20, 24, 28).
Although the low level of NF1 DNA-binding activity in
embryonal carcinoma cells has been recorded by others (5,
17, 50), its posttranscriptional regulation has not to our
knowledge been described before. Other transcription fac-
tors, such as AP1, are also down-regulated in embryonal
carcinoma cells (25), but in contrast, this appears to operate
at the level of c-fos and c-jun mRNA abundance (10). To
extend the parallel between F9 embryonal carcinoma cells
and the feline leukemia tumor lines, it is possible that low
NF1 levels reflect the fixation of an immature but essentially
normal cell phenotype. However, it is possible that two
different mechanisms conferring low nuclear NF1 DNA-
binding activity are operative here: (i) low levels of total NF1
protein were observed in T17, FL74, and F9 cells; we cannot
as yet determine whether this represents a block to transla-
tion, NF1 protein stability, or nuclear transport; and (ii) high
levels of nuclear NF1 protein were detected in T3 cells
despite low levels of NF1 DNA-binding activity, suggesting
that the NF1 protein in T3 cells is of low activity. The
suggestion that two different mechanisms can depress NF1
activity raises the suspicion that this is an aberrant tumor
phenotype. In this respect, it is interesting to note that an
NF1-binding site mediates the response of a type I collagen
gene promoter to the growth regulator TGF@ (43). Although
this is an isolated example as yet, it is tempting to speculate
that loss of NF1-binding activity in feline leukemia cells
diminishes responsiveness to growth-limiting or differentia-
tion-promoting signals.
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Two of the three feline tumor cell lines (T3 and T17) with
low NF1-binding activity also harbor FeLV proviruses with
duplications of the enhancer domain. Such LTR enhancer
duplications are frequently found in primary T-cell tumors
induced by FeLV; the duplications are unique to each isolate
but have a common 35-bp domain including the core-binding
site. The NF1 site is often but not invariably part of the
repeat unit (13). Similar duplications of the core site have
been observed in T-cell leukemogenic isolates of MuLV,
while in contrast viruses which transform other cell lineages
show preferential duplication of the NF1 site (e.g., FBJ-
murine sarcoma virus (15). We suggest that tandem duplica-
tions of specific protein-binding sites in the LTR may be
selected on the basis of relative abundance of positive
regulators of viral transcription in the target tissue. In feline
leukemia cell lines, reduced levels of NF1 activity would
then favor a compensating duplication of the adjacent core-
binding site. A virus carrying such duplications may there-
fore replicate more efficiently in the leukemogenic target cell
or perhaps favor cell growth by increased enhancer activa-
tion of cellular proto-oncogenes. These alternatives may be
distinguishable by further functional analyses of the variant
FeLV LTRs.
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