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The transcriptional enhancer of the Moloney murine leukemia virus (MoMLV) is organized as a 75-base-pair
repeat, and in each copy of the repeat there are multiple binding sites for nuclear factors. We have introduced
point mutations into each of the known nuclear factor-binding sites in the MoMLV enhancer, in both copies of
the direct repeat, and have analyzed the transcriptional activity conferred by the mutated enhancers by
transient-expression assays in both hematopoietic and nonhematopoietic cell lines. Mutation of individual
binding sites in the MoMLV enhancer has moderate effects (<2-fold to 20-fold) on transcription in six
independent cell lines. Several mutations decreased transcription from the MoMLV enhancer ubiquitously (the
leukemia virus factor b site and the glucocorticoid response element), whereas others affected transcription
specifically in lymphoid cell lines (core motif) or, more significantly, in fibroblasts (nuclear factor 1 site). The
transcriptional activity of the MoMLV enhancer can be induced 8- to 10-fold by 1,3-phorbol myristate acetate
in Jurkat T cells. Mutations in any of three adjacent binding sites (leukemia virus factor b and c sites and the
core motif) within a 28-base-pair region in the center of the direct repeat sequence of the MoMLV enhancer
completely attenuate the response to 1,3-phorbol myristate acetate.

The transcriptional enhancers of murine type C retrovi-
ruses are usually present as a direct repeat of a sequence
roughly 50 to 100 base pairs (bp) in length and are located
about 200 to 350 nucleotides 5' of the cap site (27). Because
enhancers play such an important role in viral gene expres-
sion, it is not surprising that these sequences encode deter-
minants of many interesting viral phenotypes. Perhaps most
interesting in the case of the nondefective murine type C
viruses is the role of enhancers as determinants of viral
pathogenesis. Naturally occurring murine type C viruses
differ dramatically in their ability to cause leukemias, in
the latency period of disease induction, and in the types
of hematopoietic tumors they induce (61). The long
terminal repeat and, in several cases, more specifically, the
retroviral enhancer have been shown to specify these phe-
notypes, as well as the related properties of organ-tropic or
cell-type-specific viral replication (4, 5, 9, 12, 21, 22, 26,
30-32, 46). To better understand how enhancer elements
encode viral phenotypes, we and others have undertaken
detailed genetic and biochemical analyses of these elements
(3, 15, 22, 33, 54, 55).

In vitro biochemical analyses have revealed a complex
organization of binding sites for nuclear factors on type C
murine leukemia virus (MLV) enhancers (33, 54). The en-
hancer from Moloney MLV (MoMLV), for example, con-
tains three glucocorticoid response elements (GRE), the
binding site for hormone receptors, four binding sites for
nuclear factor 1 (NF1), and two copies of a conserved viral
core motif [TGTGG(A/T)(A/T)(A/T)G] also found in the
simian virus 40 (SV40) and polyomavirus enhancers that is
the binding site for both the CCAAT/enhancer-binding pro-
tein (C/EBP) and activating protein 3 (AP-3) (8, 24, 34, 35,
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54, 60). In addition, there are binding sites for factors that
were identified as binding activities in unfractionated nuclear
extracts, originally named leukemia virus factors a, b, and c
(LVa, LVb, and LVc), and the corresponding sites are called
the LVa-, LVb-, and LVc-binding sites, respectively (54). It
is now apparent, both by analogy to other systems and from
further characterization of the MoMLV enhancer, that mul-
tiple proteins can bind to some of these sites in vitro, and in
some cases both tissue-specific and ubiquitously expressed
proteins bind to the same site (25, 33, 54; N. R. Manley,
M. A. O'Connell, and N. Hopkins, unpublished results). The
assembly of proteins on the intact enhancer in vivo, how-
ever, is presumably determined by the availability of pro-
teins specific for each site in the nucleus of the infected cell,
as well as by interactions with proteins binding to adjacent
sites on the enhancer. It is supposedly this assembly of
nuclear factors on the intact enhancer in vivo that, by some
mechanism, confers a distinct disease phenotype to the
virus.
To study the contribution of individual protein-binding

sites to viral enhancer function, and with the goal of ulti-
mately understanding the role of these proteins in specifying
disease phenotypes, we have introduced point mutations at
several nucleotides in each of the identified binding sites on
the MoMLV enhancer. The specific nucleotides that were
mutated were chosen from among those previously deter-
mined by methylation interference assays to be critical
contacts for protein-DNA complex formation (54). In this
report, we describe the effects of these mutations on both the
basal level of transcriptional activity of the MoMLV en-
hancer in established cell lines and the inducibility of tran-
scription by 1,3-phorbol myristate acetate (TPA) in Jurkat T
cells. The effect of the mutations on the disease-inducing
phenotype of MoMLV will be described elsewhere (N. A.
Speck, B. Renjifo, E. Golemis, T. N. Fredrickson, J. W.
Hartley, and N. Hopkins, Genes Dev., in press).

543



544 SPECK ET AL.

MATERIALS AND METHODS

Cell lines. The following cell lines were used in transfec-
tion experiments: EL4, a mouse T cell line; Rat-1, a rat
embryonic fibroblast line; S194, a mouse B cell line; NIH
3T3, mouse fibroblasts; Jurkat, a human T cell lymphoma;
and MEL, a mouse erythroleukemia line. EL4, Jurkat,
MEL, and Rat-1 cells were grown in Dulbecco modified
Eagle medium (DMEM) containing 10% inactivated fetal calf
serum (IFCS) plus 100 U of penicillin per ml and 10,ug of
streptomycin per ml. S194 was maintained in RPMI 1640
plus 5% IFCS. NIH 3T3 cells were grown in DMEM plus
10% newborn calf serum.

Plasmids and mutations. The 384-bp Sau3AI-KpnI frag-
ment of the MoMLV U3 region, containing the 75-bp repeat
and extending 30 bp 3' to the viral cap site was subcloned
into the polylinker of pUCCAT to generate the plasmid
pMoCAT (Fig. 1A). This plasmid was then used to generate
gapped duplexes for mutagenesis. The mutagenic oligonu-
cleotides (0.4,ug) were annealed to 1,ug of heteroduplex
pMoCAT plasmid- carrying a single-stranded gap covering

the U3 region. Annealed products were repaired for 1.5 h at
room temperature with Klenow DNA polymerase and T4
DNA ligase in 50 mM Tris hydrochloride (pH 7.6)-10 mM
MgCl2-10 mM dithiothreitol-1 mM spermidine-1 mM ATP-
0.1 mg of bovine serum albumin per ml. The repaired
products were transformed into bacteria, and mutants were

selected by colony filter hybridization with the end-labeled
mutagenic oligonucleotide probe (29, 64). Sequences from
Sau3AI to KpnI of the enhancer mutants were confirmed by
dideoxy-chain termination (Sequenase) (48).

Enhancers containing mutations in both copies of the
direct repeat were assembled from enhancers that were

mutated in either the promoter-proximal or promoter-distal
repeat by substituting the internal EcoRV-EcoRV fragment
from an enhancer that contained a mutation in sequences

flanking the internal EcoRV fragment, with the 75-bp EcoRV
fragment from an enhancer with a mutation within the
EcoRV restriction sites. For mutations at LVb, LVb/core,
and LVb/LVc, which destroy the EcoRV site, enhancers
were assembled from HindIII-PvuII, PvuII-PvuII, and
PvuII-KpnI fragments, cloned into the pUCCAT vector at

HindIII-KpnI. All plasmids used for transfection were

banded two to four times by equilibrium density gradient
centrifugation in CsCl. The migration of unrestricted plas-
mids in agarose gels, minus ethidium bromide, was analyzed
to confirm that each plasmid had an approximately equiva-
lent distribution of form I, II, and III DNA.

Transfection and CAT assays. Transient transfection of
EL4, Jurkat, and S194 cells was performed by the DEAE-
dextran method (20). Cells (5 x 106 to 1 x 107) were

suspended in 1 ml of TS (8 g of NaCl per liter, 0.38 g of KCl
per liter, 0.1 g of Na2HPO4. 7H20 per liter, 3.0 g of Tris per

liter, 0.1 g of MgCl2 per liter, 0.1 g of CaCl2 per liter) (pH 7.4)
containing 2 ,ug of the appropriate plasmid plus 8 ,ug of
sheared salmon sperm DNA, and 250 ,ug of DEAE-dextran
(Mr 5 x 105; Pharmacia, Inc.) for 20 min at room tempera-

ture. Medium (10 ml) containing 5% IFCS plus 100 ,uM
chloroquine diphosphate (Sigma Chemical Co.) was then
added. The cells were incubated for 40 min at 37°C in capped

tubes. The cells were then pelleted, suspended in 10 ml of

medium plus 10% IFCS and antibiotics, and incubated for 48

h at 37°C under 7.5% CO2.
NIH 3T3 and Rat-1 cells were transfected by the CaPO4

method (14). Cells (5 x 105) were plated on 100-mm dishes 24

h before transfection. The cells were transfected with 2 jig of

plasmid DNA plus 8,ug of sheared salmon sperm DNA. The
CaPO4 DNA precipitates were left on the cells for 4 h and
then replaced with fresh media.
MEL cells were transfected by electroporation (42, 63).

Cells (1 x 107 in 0.7 ml of DMEM plus 10% IFCS) were
mixed in a sterile cuvette (Bio-Rad Laboratories) along with
20,ug of plasmid DNA in 0.1 ml of 10 mM Tris-1 mM EDTA.
Electroporation conditions were 960 F and 250 V. Following
electroporation, cells were left in the cuvette for 5 to 10 min
and then transferred to a flask containing 30 ml of DMEM-
IFCS.

Inductions with TPA (Sigma) were conducted in DMEM
containing 10% IFCS. TPA was added to the cells 24 h
posttransfection, at a final concentration of 10-7 M (1 RI of
a 10-3 M stock in dimethyl sulfoxide plus 10 ml of medium).
At 48 h later, all cells were pelleted, washed in phosphate-

buffered saline, and suspended in 100 ml of 0.25 M Tris (pH
7.8). Cell lysates were prepared by three freeze-thaw cycles,
and protein concentrations of the supernatants were deter-
mined (Bio-Rad Laboratories) (17). Assays were standard-
ized to 10 to 100,ug of protein for each sample and incubated
with 0.1,uCi of [14C]chloramphenicol for 0.5 to 3 h at 37°C.
The conversion of chloramphenicol to its mono- and diacety-
lated derivatives was monitored by thin-layer chromatogra-
phy (17). Transfections were normalized by repeated trans-
fections (n = 2 to 6), with three to five parallel plates
transfected for each mutant in each experiment.

RESULTS

Introduction of point mutations in the MoMLV enhancer. A
DNA fragment from the MoMLV U3 region, including
sequences from the Sau3AI restriction site immediately 5' to
the direct repeat, to the KpnI site 30 bp 3' to the viral cap site
at the 5' boundary of the R region, was subcloned into a
pUC13-based vector containing the gene encoding the bac-
terial enzyme chloramphenicol acetyltransferase, to gener-
ate the plasmid pMoCAT (Fig. 1A). This plasmid was then
used to prepare gapped duplexes for site-directed mutagen-
esis by using synthetic oligonucleotide primers. The nucle-
otides that were mutated were chosen on the basis of results
of methylation interference data that identified important
bases for protein-DNA complex formation (54). In addition,
the mutations introduced at the core site included a T -- C
transition that had been suggested by Clarke et al. to be an
important determinant for transcriptional activity of MLV
enhancers (7). A summary of the specific mutations that
were introduced is shown in Fig. 1A.
We ultimately plan to correlate the effect of the enhancer

mutations on gene expression with the effect on leukemoge-
nicity. Since it had been directly demonstrated that removal
of one copy of the MoMLV direct repeat significantly
increased the latent period of disease onset by MoMLV, we
opted to retain both copies of the direct repeat in all of the
constructs (31). Therefore, we introduced identical point
mutations into nuclear factor-binding sites in each copy of
the repeat in pMoCAT. The binding sites that were mutated
are indicated in parentheses [e.g., pMo(LVa)CAT contains
mutations in both LVa sites]. The panel of mutated enhanc-
ers is illustrated schematically in Fig. 1B, with vertical lines
indicating the two- or three-point mutations introduced into
each binding site.

Basal transcriptional activity conferred by the mutated
MoMLV enhancers. The transcriptional activity of the mu-
tated MoMLV enhancers was analyzed by transient trans-
fections of all of the constructs into a variety of cell lines,
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FIG. 1. Structure of the plasmids used for mutagenesis and transfections. (A) Sequences from Sau3AI-KpnI (nucleotides 7910 to 8296,
numbering from the 5' end of the viral RNA genome [61]) encompassing a 384-bp region from the MoMLV U3/R region, including the 75-bp
repeat and extending 30 bp 3' to the viral cap site, were subcloned into the BamHI-KpnI site of the pUC18 polylinker in pUCCAT to generate
the plasmid pMoCAT. A DNA fragment from XbaI at position 8113 to KpnI at position 8296, containing the MoMLV promoter-proximal
sequences minus the 75-bp repeat, was also subcloned into the XbaI-KpnI site of pUCCAT to generate pMoPCAT (diagram not shown).
Synthetic oligonucleotides containing base substitutions were annealed to a 400-bp single-stranded region of a gapped duplex prepared from
pMoCAT, from HindIll in the pUC18 polylinker to KpnI. The sequence at the bottom of this panel represents the promoter-distal copy of
the direct repeat, from Sau3AI to the end of the first repeat. The binding sites for nuclear factors are boxed. The mutations are shown above
the sequence; multiple base changes were introduced into each site. The notations a, b, or c (e.g., NFlb or NFlab) refer to the location of
these sites within the 75-bp repeat. Abbreviations: H, HindIll; S, Sau3AI; P, PvuII; RV, EcoRV; X, XbaI; K, KpnI; dr, direct repeat. (B)
Diagram of the 75-bp repeat and the corresponding enhancer mutations. A vertical line is drawn to indicate the position of the mutation in
these plasmids.
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TABLE 1. Relative transcriptional activity of MoMLV
enhancer mutations

% Wild-type activity'
Mutant

Rat-1 NIH 3T3 EL4 Jurkat S194 MELb

pMoCAT 100 100 100 100 100 100
pMo(LVa)CAT 175 177 117 125 139 NDC
pMo(LVb)CAT 33 30 37 14 21 74
pMo(CORE)CAT 133 94 34 12 43 104
pMo(LVc)CAT 152 150 80 87 37 145
pMo(LVb/CORE)CAT 9 ND 9 ND ND ND
pMo(LVb/LVc)CAT 39 ND 17 ND ND ND
pMo(CORE/LVc)CAT 46 ND 33 ND ND ND
pMo(NF1b)CAT 34 4 77 58 66 59
pMo(NFlab)CAT 22 ND 51 78 ND ND
pMo(GREbc)CAT 32 27 63 18 42 71
pMoPCATd ND 3 <0.1 <0.1 3 ND

a Values are represented as percent activity of pMoCAT for each cell line.
Absolute percent conversions of chloramphenicol to acetylated forms for
pMoCAT in each experiment are as follows: Rat-i, 48.5% (n = 4), 18.5% (n =
4), 26.0% (n = 5), 40.7% (n = 5), 27.6% (n = 5), 11.0% (n = 5); NIH 3T3,
38.8% (n = 5), 18.5% (n = 3), 27.9%o (n = 5); EL4, 15.6% (n = 5), 30.6% (n
= 4), 30.3% (n = 4), 12.0% (n = 4), 59.8% (n = 4); Jurkat, 3.8% (n = 5), 6.2%
(n = 3), 14.8% (n = 4), 5.4% (n = 5), 20.2% (n = 3); S194, 15.5% (n = 5),
10.5% (n = 4), 27.9% (n = 5); MEL, 1.7% (n = 3), 2.6% (n = 3). Values in
parentheses indicate the number of independent cultures transfected per
construct for each experiment. F ratios were determined for each experiment;
in all but one case the null hypothesis was rejected at the P < 0.01 level of
significance.

b Results of one experiment significant at P < 0.05.
c ND, Not done.
d pMoPCAT contains promoter-proximal sequences from MoMLV, minus

the direct repeat (see the legend to Fig. 1 for a description).

followed by CAT enzyme analysis. Table 1 is a summary of
data from transfections into Rat-1 embryonic fibroblasts,
NIH 3T3 fibroblasts, Jurkat and EL4 T cells, S194 B cells,
and MEL erythroid cells. The values in Table 1 represent the
activity of the mutated enhancers normalized to that of the
wild-type plasmid, pMoCAT.
Mutation of both copies of a particular binding site re-

sulted in relatively small but reproducible differences in
basal transcriptional activity relative to the wild-type
MoMLV enhancer (pMoCAT). The magnitude of the effect
is not surprising, given the multiplicity of binding sites on the
enhancer, and is consistent with similar mutational analyses
of the 72-bp repeat from SV40 (39, 62). Several of the
MoMLV enhancer mutations altered the transcriptional ac-
tivity relative to pMoCAT similarly in both hematopoietic
and nonhematopoietic cell lines. Mutation of the binding site
for LVa [pMo(LVa)CAT], for example, increased the tran-
scriptional activity of the MoMLV enhancer in Rat-1, NIH
3T3, EL4, Jurkat, and S194 cell lines, indicating that the
association of a protein to the LVa site mildly represses
transcription from the enhancer. Mutation of the LVb site
[pMo(LVb)CAT] decreases transcriptional activity in all cell
lines, except MEL cells, relative to pMoCAT. This is
consistent with previous in vivo analyses that localized
important cis-acting sequences for the transcriptional activ-
ity of the closely related Moloney murine sarcoma virus
enhancer at or several nucleotides immediately 5' to the
EcoRV sites in the 75-bp repeat, by both 5' deletions and
linker insertion into the EcoRV site (50).

Mutation of the core motif [pMo(CORE)CAT] had a
differential effect on transcription in lymphoid and nonlym-
phoid cell lines; the transcriptional activity relative to
pMoCAT was attenuated in EL4 and Jurkat T cells and S194
B cells, but was equivalent to or slightly greater than that of
the wild-type enhancer in Rat-1 and NIH 3T3 fibroblasts and

MEL cells. Mutation of the LVc site [pMo(LVc)CAT]
decreased the transcriptional activity of the MoMLV en-
hancer in S194 B cells, did not significantly decrease tran-
scription in T cells, and increased transcription in fibroblasts
and MEL cells. Mutation in two or in all four of the binding
sites for NF1 [pMo(NFlb)CAT and pMo(NFlab)CAT, re-
spectively] decreased the basal level of transcription in all
cell lines, but most dramatically in Rat-1 and NIH 3T3
fibroblasts.

Mutation in the binding sites for hormone receptor
[pMo(GREbc)CAT] also decreased the basal transcriptional
activity of the enhancer in all cell lines. All experiments were
performed in the absence of exogenous hormone; however,
occasional impurities in phenol red preparations can have a
mild steroid effect and could conceivably contribute to the
basal level of transcription of constructs with wild-type GRE
sites by activating the hormone receptor (1). To eliminate
this possibility, we also determined the transcriptional activ-
ity of pMoCAT and pMo(GREbc)CAT in DMEM minus
phenol red indicator. No difference in the relative transcrip-
tion of pMoCAT or pMo(GREbc)CAT was seen in the
presence or absence of phenol red, as analyzed in NIH 3T3
cells (data not shown). Since the nuclear translocation and
hence the transcriptional activation by hormone receptors is
dependent on the hormone ligand (23), we conclude that
proteins distinct from hormone receptors may also bind to
sequences in the GRE sites and contribute to the basal level
of transcription from the MoMLV enhancer in the absence
of exogenous hormone. In support of this conclusion,
Grundstrom has identified multiple proteins specific for the
GRE sites in the SL3-3 MLV enhancer. One of these
proteins, called SL3-3 enhancer factor 2, was determined to
be distinct from hormone receptors (T. Grundstrom, per-
sonal communication).
We also analyzed the transcriptional activity of enhancers

containing mutations at two different binding sites, both LVb
plus core, core plus LVc, or LVb plus LVc. An enhancer
with mutations at both LVb plus core [pMo(LVb/CORE)
CAT] showed a significant decrease in transcriptional activ-
ity compared with pMoCAT, pMo(LVb)CAT, or pMo-
(CORE)CAT in both EL4 and Rat-1 cells. Mutations at LVb
plus LVc and core plus LVc [pMo(LVb/LVc)CAT and
pMo(CORE/LVc)CAT] also attenuated transcription rela-
tive to pMoCAT in Rat-1 and EL4 cells. In Rat-1 cells,
mutation of LVb plus core or core plus LVc decreased
transcription more than would have been predicted from the
effects of mutations in either site alone. For example, neither
mutations in the core nor those in LVc attenuate transcrip-
tion in Rat-1 cells, yet mutation in both sites decreases
activity by a factor of 2. This effect was not seen in EL4
cells; thus, mutation of the core motif, either alone or in
combination with mutations in either the adjacent LVb or
LVc sites, had a differential effect on transcription in lym-
phoid and nonlymphoid cell lines. Together, these data
provide genetic evidence that distinct proteins interact with
the core sequence in the cell lines that were analyzed.

Identification of a TPA-responsive element. Elsholtz et al.
reported that transcription from the MoMLV enhancer-
promoter is inducible by TPA and by epidermal growth
factor (11). We determined the effect of the mutations we
had constructed on the inducibility of transcription of the
MoMLV enhancer-promoter by TPA in Jurkat T cells.
Figure 2A shows a representative experiment, and Fig. 2B is
a summary of data from several experiments. Addition of
1o-7 M TPA to Jurkat T cells cultured in 10% serum 24 h
before the cells are harvested results in an 8- to 10-fold
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FIG. 2. Effect of mutations in the MoMLV enhancer on transcriptional activation by TPA. (A) Representative chloramphenicol
acetyltransferase assay of transfections of MoMLV enhancer mutations into Jurkat T cells, following addition of TPA (+), versus

unstimulated control cultures (-). (B) Summary of TPA induction experiments. Absolute percent conversions of chloramphenicol to
acetylated forms for pMoCAT in noninduced cultures are the same as reported in Table 1. The bars represent the relative activity of each
extract compared with the noninduced wild-type enhancer, pMoCAT. Values on the right-hand side indicate the induction by TPA of each
construct relative to its basal activity. Results are significant at P < 0.01.

induction of chloramphenicol acetyltransferase activity from
the wild-type enhancer, pMoCAT. Mutations in the LVa or
GRE sites [pMo(LVa)CAT and pMo(GREbc)CAT] do not
affect the induction by TPA. In contrast, mutations in the
LVb-, core-, or LVc-binding sites eliminate the TPA re-

sponse. Mutations in two or four of the NF1 sites
[pMo(NFlb)CAT and pMo(NFlab)CAT] reduce the TPA
induction twofold relative to pMoCAT, suggesting that the
association of NF1 is necessary for the maximal TPA
response, or, alternatively, that the TPA-responsive element
extends into the adjacent NFl-binding sites.

DISCUSSION

Mutations introduced into previously identified binding
sites for nuclear factors on the MoMLV enhancer have
identified both positive and negative cis-acting regulatory
sequences. Mutation of either the LVb or GRE sites atten-
uated transcription in most cell lines. Several mutations
caused differential effects in different cell lines: mutation of
the conserved core sequence decreased transcription in B
and T cell lines, but not in fibroblasts or MEL cells;
conversely, mutations in the binding sites for NF1 decreased
transcription more significantly in fibroblasts than in hema-
topoietic cell lines.

The finding that the viral core sequence confers a tran-
scriptional preference in T cells corroborates results ob-
tained by Thornell et al. (55) and Boral et al. (3) for the
analogous core sequence from the SL3-3 MLV enhancer. In
vivo transcriptional analyses demonstrated that the SL3-3
core motif (TGTGGTIAA) conferred two- to fivefold more

activity in T cells than did the core sequence from either
Akv-MLV (TGTGGTCAA) or a mutated core sequence
(TGTGTQGAA) (3, 55). Both investigators reported that the
SL3-3 MLV core sequence was preferentially transcribed in
T cells compared with B cells. Our results suggest that the
transcriptional attenuation upon mutating the MoMLV core

sequence is lymphoid specific (B plus T) rather than T-cell
specific, as was seen for the core motif from SL3-3 MLV.
Two distinct proteins have been purified that can bind to

the conserved core sites in both the SV40 and Moloney
murine sarcoma virus enhancers. Neither of these proteins,
AP-3 or C/EBP, appears to be specifically expressed in T
cells; AP-3 was purified from an epithelial cell line (HeLa),
and the expression of C/EBP appears to be restricted to cells
that rapidly metabolize lipid and cholesterol-related com-

pounds (2, 6, 24, 34, 36). Thornell et al., however, have
identified a protein-DNA complex in unfractionated nuclear
extracts that binds the core sequence from SL3-3 MLV and

A.

B.
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that is relatively more abundant in nuclear extracts prepared
either from T cell lines or from primary thymus and spleen
cells than in non-T-cell lines or primary kidney and liver cells
(55). Competition analysis indicated that this protein(s),
called SL3-3 enhancer factor 1, specifically binds to the core
sequence from the SL3-3 and MoMLV enhancers but not to
theSV40 core sequence and, by this criterion, appears to be
distinct from both C/EBP and AP-3 (55; Grundstrom, per-
sonal communication). Serfling et al. have also described a
protein from EL4 T cells that binds to an oligonucleotide
containing the core site, that can be chromatographically
resolved from AP-3 (52). Interestingly, both this T-cell-
specific factor and AP-3 bind to sequences that appear to
contribute to the T-cell-specific and TPA-inducible expres-
sion of the interleukin-2 gene (52).
Mutation of the recognition sequences for NF1 dramati-

cally decreased transcription of the MoMLV enhancer in
fibroblasts [20-fold attenuation in NIH 3T3 cells for
pMo(NF1b)CAT], suggesting that NFl-binding sites on
MLV enhancers might be necessary for propagation of
MLVs in fibroblasts. In fact, we were unable to reproducibly
obtain viral stocks upon transfection of MoMLV viral ge-
nomes into NIH 3T3 cells when all four NFl-binding sites
were mutated (N. A. Speck and N. Hopkins, unpublished
observations). Interestingly, examination of the enhancer
sequence of the thymotropic, nonfibrotropic Kaplan radia-
tion leukemia virus [(F-)BL/VL3V-13], which has been
shown to confer poor growth in fibroblasts, reveals an
absence of NFl-binding sites with the sequence 5'-TGG
N6_7GCCA-3' (10, 28, 38, 45). The absence of NF1 sites on
this enhancer may, in part, account for the inability of (F-)
BL/VL3V-13 to be propagated in fibroblasts.

In several cases we have demonstrated that the mutations
we introduced disrupt the binding of nuclear factors to the
enhancer. The mutations in the core site eliminate binding of
the C/EBP (B. Graves and N. A. Speck, unpublished re-
sults); mutations in the GRE sites disrupt binding of purified
glucocorticoid hormone receptor (N. A. Speck, unpublished
results); and mutations in the LVb and LVc sites disrupt
binding of a factor, detected in unfractionated T cell extracts
and designated LVt, that binds to these sites but appears to
be distinct from either the LVb or LVc factor (N. R. Manley,
N. A. Speck, and N. Hopkins, unpublished results). We
have not yet determined that the mutations affected the
formation of the LVa, LVb, LVc, or NF-1 protein-DNA
complexes as they were originally defined in mobility shift
assays (54).
Mutation in sequences previously identified as three ad-

joining binding sites, LVb, core, and LVc, attenuated induc-
tion by TPA, thus defining a minimal 28-bp cis-acting se-
quence that confers the TPA response of the MoMLV
enhancer. This organization of multiple binding sites in the
TPA-responsive region from the MoMLV enhancer bears a
striking resemblance to that of the serum response element
(SRE) found in the c-fos enhancer. Figure 3 shows a com-
parison of the sequence of the TPA-responsive region of the
MoMLV enhancer and the sequence of the SRE. The SRE
contains a central motif, the CArG sequence (CCATATT
AGG), that binds the p67 serum response factor (p67/SRF)
(14, 18, 43, 44, 49, 57-59). Experiments by Shaw et al. (53)
and Ryan et al. (47) indicate that additional proteins (p62)
interact with the 5'-flanking sequences of the p67 binding
site, either by binding the DNA directly or through the
formation of a ternary complex with p67/SRF. At eight of
nine nucleotides the 5'-flanking sequence of the SRE (CAG
GATGTC) is homologous to the LVb sequence of the

A

Mo-MLV

SRE

x.x x x
@ 0 10 00 I

CAGGATAT CTGTGGTAAGCAGTTCTGC
1 I 4

GTCCTATAGACACCATTCGTCAAGGACG
I bOI I xVx

LVb CORE LVc

B _ p62 p67/SRF

CAGGAT GT CCATATTAGGACATC
I 1--*1

GTCCTACAGGTATAATCCTGTAG

1- - 1° A I
CArG

FIG. 3. Comparison of the TPA-responsive sequences of the
MoMLV enhancer (A) with the SRE of c-fos (B). The binding sites
for nuclear factors are indicated by boxes. Bold type represents the
sequence homology between the LVb site of the MoMLV enhancer
and the 5'-flanking sequences of the SRE. Symbols: 0, methylation
interference pattern generated by a protein that elutes in a 0.25 M
KCl step fraction of a nuclear extract from WEHI 231 mouse B cells
from a phosphocellulose column to the LVb and LVc sites in the
MoMLV enhancer (54); 0, methylation interference pattern ob-
tained over the core sequence of the MoMLV enhancer; EJ, meth-
ylation interference pattern of the SRE generated by association of
p67/SRF (14, 53);*, extension of that pattern into the 5'-flanking
sequences of the SRE upon addition of p62 (53); x, mutations in the
MoMLV enhancer that attenuated the TPA response; -*, <-, dyad
symmetry of the CAGGA(A/T) motif in the LVb and LVc sites on
the MoMLV enhancer and the dyad symmetry in the SRE.

MoMLV enhancer (CAGGATATG), suggesting that a pro-
tein similar to p62 may interact with the LVb sequence. The
sequence of the LVb-binding site is remarkably well con-
served in the enhancers from exogenous type C murine,
feline, and primate retroviruses, with 32 of 35 retroviruses
maintaining the exact sequence. In all cases the LVb site is
found immediately 5' to a core element (16).

In MoMLV, the 5' half of the LVb sequence [CAGGA
(T/A)] is present as a dyad. The other half of the dyad
appears in the same orientation on the noncoding strand in
what was originally described as the LVc site; mutation of
the two G nucleotides in either the LVb or the noncoding
strand of the LVc site attenuates the TPA response. This
sequence, CAGGA(T/A), is also found in the polyomavirus
a domain, where it flanks a binding site for activating protein
1 (AP-1) (41). Thus, the CAGGA(T/A) sequence is juxta-
posed to three different protein-binding sites (core, CArG,
and AP-1) in three enhancers (type C MLVs, c-fos, and
polyomavirus, respectively).

Transcription from the enhancer of human immunodefi-
ciency virus is also activated in T cells and promonocytic
cells by TPA through the nuclear factor KB (NF-KB)-binding
site (19, 37, 51, 56). Transcription of human immunodefi-
ciency virus is also activated in T cells, promonocytic cells,
and macrophages by several cytokines, including granulo-
cyte-macrophage colony-stimulating factor, interleukin-1,
and tumor necrosis factor ox, through NF-KB-dependent and
independent pathways (13, 19, 40). It has been proposed that
T cell or macrophage activation during the course of immu-
nological responses would transiently activate the expres-
sion of HIV in latently infected cells and thus might contrib-
ute to pathogenesis by the virus. We have attempted to
correlate the effects on transcription of mutations in the
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MoMLV enhancer with their impact on disease induction
(Speck et al., in press). As one might expect, our results
indicate that there is an inverse correlation between the
basal level of transcription of the MoMLV enhancer in T
cells and the latent period of disease induction by MoMLV.
In other words, enhancer mutations that attenuate transcrip-
tion in T cell lines also increase the latent period of disease
induction by MoMLV. Surprisingly, however, a virus that
contains, in the LVc site, mutations that attenuate the TPA
response but not the basal transcriptional activity of the
MoMLV enhancer in T cells, has a latent period and disease
specificity indistinguishable from those of the wild-type
MoMLV. It appears, therefore, that TPA inducibility of viral
gene expression may not be an important determinant of
disease latency or specificity in MoMLV.
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