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The enhancer sequences in the Moloney murine leukemia virus (M-MuLV) long terminal repeat (LTR) are
of considerable interest since they are crucial for virus replication and the ability of the virus to induce T
lymphomas. While extensive studies have identified numerous nuclear factors that can potentially bind to M-
MuLV enhancer DNA in vitro, it has not been made clear which of these factors are bound in vivo. To address
this problem, we carried out in vivo footprinting of the M-MuLV enhancer in infected cells by in vivo treatment
with dimethyl sulfate (DMS) followed by visualization through ligation-mediated PCR (LMPCR) and gel
electrophoresis. In vivo DMS-LMPCR footprinting of the upstream LTR revealed evidence for factor binding
at several previously characterized motifs. In particular, protection of guanines in the central LVb/Ets and
Core sites within the 75-bp repeats was detected in infected NIH 3T3 fibroblasts, Ti-6 lymphoid cells, and
thymic tumor cells. In contrast, factor binding at the NF-1 sites was found in infected fibroblasts but not in
T-lymphoid cells. These results are consistent with the results of previous experiments indicating the impor-
tance of the LVb/Ets and Core sequences for many retroviruses and the biological importance especially of the
NF-1 sites in fibroblasts and T-lymphoid cells. No evidence for factor binding to the glucocorticoid responsive
element and LVa sites was found. Additional sites of protein binding included a region in the GC-rich
sequences downstream of the 75-bp repeats (only in fibroblasts), a hypersensitive guanine on the minus strand
in the LVc site (only in T-lymphoid cells), and a region upstream of the 75-bp repeats. These experiments
provide concrete evidence for the differential in vivo binding of nuclear factors to the M-MuLV enhancers in

different cell types.

Moloney murine leukemia virus (M-MuLV) is a simple ret-
rovirus that has been extensively studied in terms of molecular
biology and leukemogenesis. M-MuLV induces T lymphoma
when inoculated into neonatal mice. The integrated proviral
DNA form of M-MuLV contains long terminal repeats (LTRs)
at either end that are generated during the process of reverse
transcription. As for all retroviruses, the M-MuLV LTR con-
tains the sequences that govern viral transcription. In particu-
lar, the U3 region of the M-MuLV LTR contains a strong
transcriptional enhancer that is located approximately 150 bp
upstream from the start site of transcription and consists of two
directly repeated 75-bp sequences. As in many viral and cellu-
lar enhancer elements, each 75-bp repeat contains binding sites
for multiple nuclear proteins (see Fig. 1). These binding factors
have been defined and characterized by in vitro methods in-
volving incubation of naked DNAs with nuclear extracts or
purified proteins (11, 26, 40). Such experiments have identified
a complex array of proteins that bind to the M-MuLV en-
hancer (1, 13, 14, 26, 35, 43, 44, 46-48). The facts that some
enhancer sequences have been shown to bind multiple proteins
and that binding sites for other proteins overlap previously
characterized motifs make it unlikely that all of the known
factors simultaneously bind the M-MuLV enhancers in any
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given infected cell. A better understanding of the biology of
M-MuLV will require an understanding of which motifs in the
M-MuLV enhancers are occupied by nuclear proteins in dif-
ferent infected cell types. It seems likely that M-MuLV provi-
ral enhancers in different cell types may bind different nuclear
factors.

Previous experiments have identified the LTR enhancers
as primary determinants of M-MuLV pathogenesis. Chime-
ras between M-MuLV and related viruses of different disease
specificities (e.g., Friend MuLV [erythroleukemia specific]) or
pathogenic potentials (e.g., endogenous ecotropic MuLV [non-
leukemogenic]) (2, 3, 5-7, 19, 22, 24) showed that both the
disease specificity and leukemogenic potential are largely de-
termined by the enhancers of the different viruses. Further mu-
tagenesis studies implicated individual nuclear protein binding
sites within the 75-bp repeats in M-MuLV leukemogenesis.
Speck et al. (41) demonstrated that mutations in most binding
sites simply increase the time of disease onset without altering
disease specificity; however, mutations in the central LVb/Ets
and Core elements relaxed the T-cell disease specificity such
that a high percentage of erythroleukemias resulted. The im-
portance of the central LVb/Ets-Core region for viral replica-
tion was also confirmed by sequence alignment; the LVb/Ets-
Core region is highly conserved among 35 members of the type
C retrovirus family (12).

Advances have been made in the purification, cloning, and
characterization of proteins that bind to the M-MuLV en-
hancer elements (1, 13, 14, 26, 35, 43, 44, 46-48). For instance,
the LVD site has been shown to bind many proteins of the Ets
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transcription factor family, including Ets-1 and Ets-2 (30), LVt
(41), GA binding protein, Fli-1, and a yet to be identified factor
the size of Elf-1 (13). In addition, several proteins have been
shown to bind the Core site, including activating protein 3 (27),
the CAAT-enhancer binding protein (20), and the Core bind-
ing factor (CBF), which consists of a heterodimer between
AMLI1 (CBF-a) and CBF-B (25, 48). CBF has been indepen-
dently characterized for other viral systems and is also known
as the SL3 and AKV Core binding factor (1), the polyomavirus
enhancer binding protein 2 (38), and the SL3 enhancer factor
1 (45). However, the actual proteins that bind to these indi-
vidual motifs in infected cells remain to be elucidated for
T-lymphoid cells (the target cells for leukemogenesis) and for
the cells that are infected by M-MuLV in vivo or in vitro (e.g.,
fibroblasts).

In this study, we have used in vivo genomic footprinting by
dimethyl sulfate (DMS) treatment and ligation-mediated PCR
(LMPCR) to investigate which enhancer binding sites are oc-
cupied in infected fibroblasts, T lymphocytes, and virus-in-
duced primary thymic tumor cells. We found hallmarks for in
vivo protein interactions at the LVb/Ets and Core sites in all
cell types analyzed. In addition, striking footprints at the NF-1
sites were observed in M-MuLV-infected fibroblasts but they
were absent in infected lymphoid cells. The results were con-
sistent with genetic evidence for the central importance of the
LVDb/Ets and Core regions in M-MuLV replication, and they
indicate that different arrays of proteins bind to the M-MuLV
enhancers in different cell types.

MATERIALS AND METHODS

Cell lines. In vivo footprinting was performed on the following cell lines:
uninfected NIH 3T3 fibroblasts; 43-D, an NIH 3T3 fibroblast cell line produc-
tively infected with M-MuLV (23); and Ti-6-M-MuLV (34), a mouse T-cell
lymphoma likewise productively infected with M-MuLV. The fibroblast cell lines
were grown in Dulbecco modified Eagle medium with the addition of 10% calf
serum. The Ti-6-M-MuLV cell line was grown in RPMI 1640 plus 10% fetal
bovine serum.

In vivo DMS treatment of M-MuLV-infected cells. (i) DMS treatment of
M-MuLV-infected adherent fibroblasts. To achieve partial methylation of gua-
nines within infected cells in vivo, two 15-cm-diameter plates of subconfluent
43-D cultures were treated with 1% DMS in growth medium at 37°C for 2 min.
The treatment was stopped by aspiration of the DMS-containing medium, fol-
lowed by an immediate rinse with 25 ml of phosphate-buffered saline (PBS)
prewarmed to 37°C and two successive 30-s washes with 25 ml of PBS at 37°C.
Genomic DNA was harvested by the addition of 3 ml of cell lysis solution (300
mM NaCl, 50 mM Tris-Cl [pH 8.0], 25 mM EDTA [pH 8.0], 0.2% [vol/vol]
sodium dodecyl sulfate, 0.2 mg of proteinase K per ml); this mixture was allowed
to incubate for 5 min before the cell slurry was removed into a test tube by gentle
scraping. As a control, genomic DNA was also harvested from untreated 43-D
cultures in parallel. Both samples were incubated at 37°C from 4 h to overnight,
after which the genomic DNA was phenol-chloroform extracted and ethanol
precipitated.

(ii) DMS treatment of M-MuLV-infected T-lymphoid suspension cultures.
Cells in exponentially growing suspension cultures of M-MuLV-infected Ti-6
cells were counted and harvested by centrifugation at 500 X g. To obtain partial
DMS methylation in vivo, three individual samples of 10° cells each were treated
with 1 ml of growth medium containing 1% DMS for 1 min at 37°C. Exposure to
DMS was stopped by the addition of 49 ml of ice-cold PBS followed by imme-
diate low-speed centrifugation. Residual DMS was removed by an additional
PBS wash. The pelleted cells were resuspended in 0.3 ml of PBS, and the
genomic DNA was obtained by the addition of 2.7 ml of the cell lysis solution.
DNA was also harvested from untreated cells and processed in parallel.

(iii) DMS treatment of M-MuLV-induced thymic tumor cells. Moribund M-
MuLV-infected mice were euthanized, and tumor cell suspensions were obtained
from enlarged thymic tissue by extrusion through a stainless steel mesh into
ice-cold RPMI 1640 containing 10% fetal bovine serum. The thymic tumor cells
were counted, and 10%-cell samples were made in triplicate and immediately
treated with DMS as described above for the infected Ti-6 cultures.

In vitro DMS treatment of DNA. Extracted genomic DNA from control cul-
tures was subjected to DMS treatment in vitro by incubation with 1% DMS in
H,O for 1 min at 25°C. The reaction was stopped by the addition of ice-cold
DMS stop buffer (1.5 M sodium acetate [pH 7.0], 1 M B-mercaptoethanol, 100
wg of Saccharomyces cerevisiae tRNA per ml), which was immediately followed
by the addition of 2.5 volumes of ethanol on dry ice. Samples were precipitated
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by incubation for at least 30 min at —70°C and pelleted by microcentrifugation
for 15 min at 4°C. DNA pellets were allowed to air dry for 10 min and resus-
pended in 200 wl of 1 M piperidine in H,O for 15 min at room temperature prior
to cleavage.

Piperidine cleavage. Following in vivo and in vitro DMS treatment, extracted
genomic DNA from each cell type was cleaved at all methylated guanines by
incubation in 200 pl of 1 M piperidine for 30 min at 90°C. The piperidine was
removed by lyophilization, and the cleaved DNA pellets were resuspended in 360
wl of TE buffer (10 mM Tris-Cl, 1 mM EDTA; pH 7.5). Residual piperidine was
removed by two successive ethanol precipitations. The first entailed addition of
40 pl of 3 M sodium acetate followed by 1 ml of 100% ethanol and incubation
for 30 min at —70°C. DNA samples were pelleted by microcentrifugation for 15
min at 4°C and resuspended in 500 ul of TE buffer. The DNA pellets were
ethanol precipitated a second time by the addition of 170 pl of 8 M ammonium
acetate and 670 pl of isopropanol and incubation for at least 30 min at —70°C.
The precipitated samples were pelleted by microcentrifugation as described
above, washed with 500 wl of 75% ethanol, and microcentrifuged for 5 min at
room temperature. The resulting DNA pellets were resuspended in double-
distilled water to a final concentration of 0.4 pg/wl.

LMPCR. Two micrograms of DMS-treated and piperidine-cleaved genomic
DNA was used for LMPCR as described previously (10, 29, 32) with minor
modifications. Single-stranded DNA fragments with guanine residues at both
termini result from the DMS treatment and piperidine cleavage. To provide
appropriate substrates for linker ligation, double-stranded, blunt-ended mole-
cules were generated by primer extension from an M-MuLV-specific oligonu-
cleotide (oligonucleotide 1A) (see Fig. 1). This first-strand primer extension was
accomplished by incubation of 2 pg of DMS-treated and piperidine-cleaved
DNA with 0.3 pmol of oligonucleotide 1A, 1X Vent DNA polymerase buffer
(New England Biolabs), 4 mM MgSO,, 0.25 mM each deoxynucleoside triphos-
phate, and 0.5 U of Vent DNA polymerase (New England Biolabs) in a total
volume of 30 pl. The DNA was denatured at 95°C for 5 min, annealed by
incubation at 55°C for 20 min, and extended by a subsequent incubation of 10
min at 72°C. Ligation of the unidirectional linker described by Mueller and Wold
(linker oligonucleotide 1B) (29) (see Fig. 1) was completed by the addition of 20
wl of 110 mM Tris-Cl (pH 7.5)-17.5 mM MgCl,—50 mM dithiothreitol, 25 pl of
10 mM MgCl,—20 mM DTT-3 mM ATP (pH 7.0)-4 M unidirectional linker (in
50 mM Tris-Cl [pH 7.7]), and 3 U of T4 DNA ligase (Gibco/BRL). This mixture
was incubated at 17°C overnight, after which the DNA was recovered by ethanol
precipitation. The precipitated DNA pellet was resuspended in 50 pl of H,O,
and PCR amplification was accomplished by the addition of 50 pl of 2X Vent
buffer-8 mM MgSO,-5 mM deoxynucleoside triphosphate mix-1 pmol of M-
MuLV oligonucleotide 2A (Fig. 1)-1 pmol of oligonucleotide LMPCR.1-1 U of
Vent DNA polymerase. These samples were placed in a thermocycler and cycled
17 times with a profile of 95°C for 1 min, 66°C for 2 min, and 72°C for 1 min, with
a final extension of 10 min at 72°C. Following amplification, M-MuLV-specific
PCR products were labeled by the addition of 5 pl of labeling buffer (2 mM each
deoxynucleoside triphosphate, 1X Vent polymerase buffer, 8§ mM MgSO,, 1 U of
Vent polymerase, 2.3 pmol of an M-MuLV-specific *P-end-labeled oligonucle-
otide [oligonucleotide 3A] [Fig. 1]) and subjected to two rounds of 95°C for 1
min, 69°C for 2 min, and 72°C for 1 min. Each reaction mixture was then
subjected to phenol-chloroform extraction and ethanol precipitation prior to
electrophoresis on a 6% sequencing polyacrylamide gel. The reactions were
visualized by autoradiography with Kodak BioMax MR film and also by Phos-
phorImagery on a Molecular Dynamics 445 SI PhosphorImager.

The oligonucleotide sequences of the nested M-MuLV primer set used for the
analysis of the proviral sense strand by LMPCR were oligonucleotide 1A, 5'-T
CTCCCGATCCCGGACGA-3'; oligonucleotide 2A, 5'-GGGGCACCCTGGA
AACATCTGATGGT-3'; and oligonucleotide 3A, 5'-GGGGCACCCTGGAAA
CATCTGATGGTTCT-3". Oligonucleotide 1A is complementary to nucleotides
+170 to +153 in the M-MuLV genome, while oligonucleotides 2A and 3A are
complementary to nucleotides —118 to —143 and —118 to —146 in the M-MuLV
LTR, respectively. Oligonucleotide sequences of the nested primer set used to
analyze the minus strand by LMPCR were oligonucleotide 1C, 5'-GACCCCAC
CTGTAGGTTTGGC-3' (from —442 to —422); oligonucleotide 2C, 5'-GGCA
AGCTAGCTTAAGTAACGCCATTTTGC-3' (from —424 to —395); and oligo-
nucleotide 3C, 5-GCAAGCTAGCTTAAGTAACGCCATTTTGCAAGG-3'
(from —423 to —392). The unidirectional linker oligonucleotide sequences have
been described by Mueller and Wold (29) and are as follows: LMPCR.1, 5'-G
CGGTGACCCGGGAGATCTGAATTC-3', and LMPCR.2, 5'-GAATTCAGA
TC-3'.

RESULTS

The nuclear factor binding sites within the M-MuLV direct
repeats identified in previous studies are shown in Fig. 1. These
sites were identified by incubation in vitro of different DNA
fragments with purified proteins or nuclear extracts from dif-
ferent cell types. As shown, at least eight sites for protein
binding have been mapped to each copy of the 75-bp repeats.
The central LVb/Ets-Core motif is highly conserved in the
enhancers of many retroviruses (12), which has suggested that
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FIG. 1. Nuclear factor binding sites in the M-MuLV enhancers. A schematic representation of the M-MuLV LTR with the nuclear protein binding sites (bracketed
sequences) and sequence-specific DNA proteins known to bind to them (in boxes) in one copy of the 75-bp direct repeats is shown. (These data are taken from Manley
et al. [26]). The nested oligonucleotide primer set (1A, 2A, and 3A) used for LMPCR is shown below. Oligonucleotide 1A enabled preferential analysis of the 5" LTR
without interference from signal due to binding sites at the 3" LTR. The sequence of the linker oligonucleotide used in the LMPCR (1B) is also shown. Oligo,

oligonucleotide.

factors bound at these sites are key for enhancer function for
these viruses.

To determine those sites within the M-MuLV enhancers that
bind nuclear factors in vivo, we employed in vivo footprinting
using DMS and LMPCR (see Materials and Methods for de-
tails) (10, 28, 29, 31, 36, 37). In this technique, M-MuLV-
infected cells were treated in vivo with DMS, which resulted in
partial methylation of guanines at the N-7 position. DNA was
then extracted from the cells and cleaved at the methylated
bases by treatment with piperidine. A primer extension reac-
tion with an M-MuLV-specific oligonucleotide (1A in Fig. 1)
resulted in synthesis of a series of double-stranded DNA frag-
ments terminated at formerly methylated guanines within M-
MuLV DNA. Blunt-end ligation of a double-stranded primer
(oligonucleotide 1B in Fig. 1) yielded a series of fragments that
could be extended and further amplified by nested PCR (prim-
er 2A in Fig. 1). The PCR products were labeled by a final primer
extension reaction with a *?P-end-labeled M-MuLV-specific
oligonucleotide (primer 3A) and visualized by polyacrylamide
gel electrophoresis on a DNA sequencing gel followed by au-
toradiography or by PhosphorImaging. For comparison, DNA
was extracted from the same infected cells and the naked DNA
was treated in vitro with DMS and processed in parallel.

The results of in vivo footprinting are analogous to the
results of in vitro footprinting whereby proteins are bound to
specific double-stranded DNAs in vitro and then treated with
DMS. If proteins are bound to a specific region of DNA,
the guanines within the binding site are protected from DMS
methylation. This protection is reflected in specific decreases

in the intensities of fragments corresponding to guanines on
the sequencing gel relative to the corresponding intensities of
guanines of naked DNA treated with DMS. In addition, hy-
persensitivity to DMS methylation is also observed at specific
bases where proteins are bound to DNA. This may have re-
sulted from an increase in the local concentration of DMS
created by hydrophobic pockets at the interface between a glob-
ular protein domain and DNA (18). In addition, increased DMS
access can result from alterations in the local DNA topology
induced by protein binding.

In vivo footprinting of M-MuLV proviruses in infected fi-
broblasts. The initial in vivo footprinting was carried out on
NIH 3T3 fibroblasts productively infected with a molecular
clone of M-MuLV (23). The 43-D cells contain multiple copies
of provirus and produce high levels of infectious M-MuLV.
The 1A, 2A, and 3A oligonucleotide primers were designed for
LMPCR analysis of the upper (sense) strand of the M-MuLV
LTR. The location of the initial extension oligonucleotide
primer (1A) was in viral sequences outside the LTR. Thus,
only PCR amplification from the upstream M-MuLV LTR
took place and the resulting in vivo footprints reflected pro-
teins bound to the upstream LTR only.

A representative autoradiogram from the in vivo footprint
analysis of 43-D cells by LMPCR is shown in Fig. 2. As pre-
dicted, the lane containing naked DNA treated with DMS in
vitro followed by LMPCR gave a fragment pattern correspond-
ing to an M-MuLV-specific guanine sequencing ladder gener-
ated by chemical cleavage (29). In addition, LMPCR amplifi-
cation from uninfected-cell DNA gave no labeled fragments,
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FIG. 2. In vivo DMS footprinting of the M-MuLV 5’ LTR in fibroblasts. An
autoradiogram from gel electrophoresis of labeled LMPCR products obtained
from M-MuLV-infected 43-D fibroblasts is shown. The autoradiogram is repre-
sentative of multiple analyses with the same nested oligonucleotide primer set.
The portion of the gel shown corresponds to nucleotides —182 to —343 in the
upstream M-MuLV LTR. The relative positions of previously characterized
nuclear protein binding sites are indicated on the left. Both 75-bp direct repeats
of the M-MuLV enhancer are displayed, and the region of interest is expanded
at the right. The boxed sequences at the far right correspond to the NF-1, LVb,
and Core sites. Comparisons between the in vitro-DMS-treated DNA control in
the lane to the left and the in vivo-DMS-treated sample in the lane to the right
indicated protection of certain guanine bases and hypersensitivity of other gua-
nine bases in the infected cells. Guanine-specific protection is indicated by
arrows pointing away from bands, and guanine or adenine hypersensitivity to
DMS is indicated by arrows pointing towards the bands. Other investigators have
previously reported hypersensitivity of adenines in in vivo DMS-LMPCR foot-
printing. The lengths of the arrows indicate the relative magnitudes of the
protection or hypersensitivity.

which confirmed that M-MuLV proviruses were being ana-
lyzed (not shown). As shown, comparison between the in vivo-
treated and in vitro-treated DNA samples revealed several
footprints in the M-MuLV direct repeats. The most visible foot-
prints were evident at the four NF-1 sites (two in each repeat).
The upstream NF-1 sites in both repeats contained two strong-
ly hypersensitive central guanines as well as two strongly pro-
tected guanines. The downstream NF-1 sites showed essen-
tially the same pattern of protection and hypersensitivity, with
the exception of having three protected guanines instead of two;
this was due to the presence of one more guanine in the
downstream sites.

Footprints were also observed over the central LVb/Ets and
Core sites as well. The LVb site showed protection of the two
central guanines, as well as hypersensitivity of an adjacent
adenine and an adenine at the upstream boundary with the
NF-1 site. All three guanines in the Core site showed protec-
tion as well. The protection of the guanines in the LVb/Ets and
Core sites was not absolute, which may have resulted from the
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sites in some proviruses not being occupied (see Discussion).
Similar results were obtained in three independent experi-
ments.

The results indicated that there are proteins bound in vivo at
the NF-1, LVb/Ets, and Core sites in the M-MuLV 75-bp re-
peats in fibroblasts. Moreover, in vivo footprints were not de-
tected at any of the glucocorticoid responsive element (GRE)
sites or LVa sites, suggesting that they were not occupied.
Occupation of the LVc/Ets site was difficult to ascertain with
the sense-strand-specific primer set. The one guanine in this
site was methylated poorly even in naked DNA, and in vivo
footprinting provided no evidence for further protection at this
site in infected cells. Even though the complementary DNA
strand contains two centrally located guanines at the LVc/Ets
site, no evidence for protein interactions at these bases was
obtained when this strand was analyzed (see below). On the
other hand, a guanine between the LVc/Ets site and the up-
stream Core site did show enhanced methylation on the sense
strand. This may have resulted from protein binding to the
Core site or from a conformational change in the DNA due to
binding at a distant site.

In vivo footprinting of M-MuLV proviruses in infected T-
lymphoid cells. Since M-MuLV induces T-lymphoid tumors in
infected mice, and it has also been shown that the M-MuLV
enhancers are preferentially active in T-lymphoid cells (39, 42),
the nature of proteins bound to the M-MuLV enhancers in T
cells was of great interest. Initially, we tested Ti-6 cells infected
with M-MuLV. These cells are derived from a chemically in-
duced T lymphoma (34) and are readily infectable by M-MuLV.
As shown in Fig. 3A, in vivo DMS footprinting and LMPCR
indicated that the LVb/Ets and Core sites in the M-MuLV en-
hancers were occupied. The patterns of protection observed
for these two sites were the same as those observed in the in-
fected 43-D fibroblasts, although the degrees of protection were
greater in infected Ti-6 cells than in 43-D fibroblasts. The hy-
persensitive guanine between the Core and LVc/Ets sites was
also evident. However, in contrast to what occurs in 43-D cells,
no evidence for in vivo protein binding at the NF-1 sites was
found for the infected Ti-6 cells. Neither the hypersensitive nor
the protected guanines in these sites were observed. Densito-
metric scanning of the sequencing gels confirmed the protec-
tion in the LVb/Ets and Core sites and the lack of protection
or hypersensitivity of the NF-1 sites (Fig. 3B). Thus, M-MuLV
proviruses in NIH 3T3 and Ti-6 cells differed in the proteins
bound to the upstream enhancers. Proviruses in both cells showed
binding at the central LVb/Ets and Core sites, but protein was
bound at the NF-1 sites only in the infected fibroblasts.

We also directly examined proviruses in primary M-MuLV-
induced thymic tumor cells. Moribund mice were sacrificed and
single-cell suspensions were prepared from thymic tumors. The
suspended cells were then directly treated with DMS and an-
alyzed as described above. As shown in Fig. 4, the in vivo foot-
print for the primary tumors was the same as for the infected
Ti-6 cell line. Thus, the two predominant sites occupied in
M-MuLV proviruses in thymic tumors are the central LVb/Ets
and Core sites. It should be noted that the in vivo-treated tu-
mor DNA samples had an overall background with low levels
of LMPCR fragments corresponding to many nucleotides.

In vivo footprinting in the GC-rich sequences. We previ-
ously described genetic evidence for the importance of a GC-
rich region downstream from the 75-bp repeats for M-MuLV
pathogenesis. When this region (—174 to —151) of the M-
MuLV LTR was deleted, the disease specificity of M-MuLV
was relaxed to include 42% erythroid and myeloid leukemias
(15). This result suggested that tissue-specific factors binding
to the GC-rich sequences contribute to the T-lymphoid cell
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FIG. 3. In vivo DMS footprinting of the M-MuLV 5’ LTR in infected lymphoid cells. (A) In vivo DMS-LMPCR footprinting analogous to that described for Fig.
2 was carried out with M-MuLV-infected Ti-6 lymphoid cells. Infected Ti-6 cells were subjected to LMPCR after two independent in vivo DMS treatments. In this
figure, the LMPCR fragments were visualized by PhosphorImaging. The same convention as that described for Fig. 2 was used, with arrows indicating protected and
hypersensitive sites. (B) Digital densitometric analysis of the PhosphorImaged sequencing gel in panel A was performed. The positions of the NF-1, LVb/Ets, and Core

sites are indicated. The portion of the Ti-6 gel analyzed is aligned above the graph.

specificity of the M-MuLV LTR. Thus, in vivo footprinting of
the GC-rich region was of interest. By in vivo footprinting, we
found evidence for protein interactions in a novel region lo-
cated at the downstream border of the GC-rich sequences (Fig.
5). Two guanines at positions —157 and —154 were differential-
ly protected from in vivo methylation within the sequence
CAGCAG in fibroblasts but not in the infected T-cell line or
primary thymic tumor cells. Although the symmetry of this re-
gion is suggestive of a protein recognition sequence, it did not
correspond to any known binding sites in the TRANSFAC
DNA-binding protein database (16). However, the protected
guanine located at position —154 was at the beginning of the
sequence AGTTTC, which was found to be highly conserved in
35 members of the type C retrovirus family (12). In addition, the
two protected bases are contained within the sequence CAGC
AGTTT, which corresponds to a half-site for the MLpal(MCF-
13LTR palindrome) binding factor that has been noted in
several MuLV LTRs (4, 50).

A summary of the in vivo footprints of the 75-bp repeats for
the sense strand of M-MuLV proviruses in fibroblasts and
T-lymphoid cells is shown in Fig. 6. The footprints at the LVb/
Ets and Core sites were the same in infected NIH 3T3 cells,
Ti-6 cells, and M-MuLV-induced thymic tumor cells. In addi-
tion, both NF-1 sites in each repeat showed strong footprints in
infected NIH 3T3 cells (43-D) but not in the lymphoid cells.

Comparison of in vivo footprinting and in vitro methylation
interference. In light of the detection of in vivo footprints in
the M-MuLV proviruses studied, it was of interest to deter-
mine if the in vivo DMS footprinting detected protection at the
same bases shown to be protein-DNA contact points by in vitro
methylation interference reactions. Figure 7 shows a compar-

ison between the in vivo DMS footprints of the downstream
NF-1 sites detected in Fig. 2 and the results obtained by Speck
and Baltimore (40) for in vitro methylation interference of the
same DNA sequence with extracts from WEHI 231 cells (a
mouse B-lymphoid cell line). The same three guanines that
were shown to be protein contact points by in vitro methylation
interference showed protection from methylation in the in vivo
footprinting experiments. Moreover, the two adjacent gua-
nines that were not protein-DNA contact points were hyper-
sensitive to methylation in vivo. Thus, the patterns of in vivo
methylation protection and in vitro methylation interference
were very consistent and suggested that the same factor (pu-
tatively NF-1) detected in the previous in vitro experiments
was bound to the NF-1 sites in vivo in 43-D cells.

With regard to the LVb/Ets and Core sites, all guanines in
these two sites showed protection from methylation in vivo. In
in vitro experiments with naked DNA containing the LVb/Ets
and Core sites, the same guanines were found to be protein-
DNA contact points by methylation interference when nuclear
extracts from multiple cell types (including T-lymphoid cells)
were used (40). In addition, the pattern of in vivo protection at
the LVDb and Core sites obtained here agreed with the in vitro
methylation interference data generated when recombinant
Ets-1 and CBF were used (49).

In vivo footprinting on the minus strand of the M-MuLV
LTR. The in vivo footprinting analyses described in the pre-
ceding paragraphs all characterized protein-DNA contacts on
the sense (plus) strands of the M-MuLV enhancers. It was also
of interest to examine the minus strands for protein-DNA
contacts. However, there were two technical issues. First, the
known nuclear factor binding sites in the M-MuLV 75-bp re-
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FIG. 4. In vivo DMS footprinting of the M-MuLV 5’ LTR in primary M-
MuLV-induced tumor cells. M-MuLV-induced T-lymphoma cells were treated
in vivo with DMS and analyzed in the same manner as described for the 43-D and
infected Ti-6 cells shown in Fig. 2 and 3. PhosphorImaging was employed to
visualize data. In this experiment, the intensity of the entire in vitro lane was
uniformly decreased to equalize the amounts of samples loaded and to aid in
footprint visualization.

peats have relatively few guanines on the minus strand, so that
in vivo DMS-LMPCR footprinting is less likely to detect con-
tacts here than on the plus strand. In addition, it was not pos-
sible to design an initial oligonucleotide primer (equivalent to
oligonucleotide 1A) (Fig. 1) that would allow analysis of the
minus strand in the upstream LTR only.

In any event, a set of primers that allowed analysis of the
lower strand of the M-MuLV LTR was designed as shown in
Fig. 8. These primers were able to produce LMPCR amplifi-
cation products from both the upstream and downstream
LTRs. In vivo DMS-LMPCR footprinting with this primer set
was carried out on M-MuLV-infected 43-D fibroblasts and
M-MuL V-infected primary thymic tumor cells as shown in Fig.
9. No in vivo DMS protection was detected on the lower
strand. However, several minus-strand guanines and adenines
showed in vivo hypersensitivity to DMS methylation. Two hy-
persensitive A bases (one present in each 75-bp repeat) were
located between the LVb/Ets and Core sites, and they were
detected in both infected fibroblasts and thymic tumor cells. In
addition, a hypersensitive adenine was present in sequences
upstream of the 75-bp repeats and was detected in both in-
fected lymphocytes and fibroblasts. Two other hypersensitive
guanines (one present in each 75-bp repeat) were located on
the downstream side of the LVc sites and were present in
infected thymic tumor cells but not in infected 43-D fibroblasts.
Furthermore, four hypersensitive guanines (two in each 75-bp
repeat) were located at the start of the downstream NF-1 sites
in fibroblasts and not in T-lymphoid cells. The upstream NF-1
sites in each 75-bp repeat did not show hypersensitive sites at

J. VIROL.

the equivalent positions, most likely due to the absence of
guanines at those positions. These results indicated that pro-
tein contacts were detected on the lower strand of the M-
MuLV LTR, although only hypersensitive sites were observed.
Moreover, there was evidence for the presence of an LTR
binding factor in M-MuLV-induced primary thymic tumor
cells that was not detected in infected fibroblasts. Figure 8B
shows a composite of the in vivo DMS footprints for both
strands in the enhancer region of the M-MuLV LTR.

DISCUSSION

In this study, we analyzed by in vivo DMS footprinting the
M-MuLV LTR enhancers in fibroblasts, thymic tumor cells,
and a T-lymphoid cell line to identify nuclear factor binding
sites that were occupied in vivo. We obtained evidence for in
vivo binding to three of the multitude of binding sites identified
by in vitro binding of nuclear extracts to naked DNA. The
conserved central LVb/Ets and Core sites showed in vivo DMS
footprints in all cells tested. In addition, strong footprints at all
four NF-1 sites were observed in NIH 3T3 cells but not in the
lymphoid Ti-6 cell line or in primary M-MuLV-induced T-
lymphomas. No evidence for in vivo factor binding at the LVa
or GRE site was obtained, but it was possible that binding at
LVc occurred, particularly in T-lymphoid cells.

The binding of factors at the central LVb/Ets and Core sites
in both lymphoid cells and fibroblasts was consistent with re-
sults of previous in vitro studies. As mentioned above, the
LVDb/Ets and Core sites are highly conserved both in sequence
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) )
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FIG. 5. In vivo DMS footprinting in the GC-rich sequences. The regions
from DMS footprinting gels analogous to those shown in Fig. 2 and 4 and
corresponding to the GC-rich sequences downstream of the 75-bp repeats are
shown for thymic tumor DNA and 43-D infected fibroblasts. Evidence for pro-
tein interactions at positions —153 and —155 in the sequence CAGCAG was
obtained for fibroblasts but not for M-MuLV-infected Ti-6 cells or the primary
thymic tumor cells. Infected Ti-6 cells showed the same pattern as the thymic
tumor cells (no protection [data not shown]). The relative positions of the
protected bases in the GC-rich sequences are shown.
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FIG. 6. Summary of DNA-protein interactions on the sense strand obtained by in vivo footprinting by LMPCR. The same convention described for Fig. 2 was used
to summarize all interactions observed in Fig. 2 to 5. Arrows in the LVb-Core region represent interactions observed in both lymphoid cells and fibroblasts infected
with M-MuLV; those pointing upward indicate sites hyperactive to DMS, and those pointing downward indicate protection of specific guanines. Other interactions were

observed only in M-MuLV-infected fibroblasts.

and in their proximity to each other among different retroviral
LTRs (12). Moreover, cooperative in vitro binding of Ets-1 and
CBF-a and -B to the LVb-Core sequences has been demon-
strated (49). These previous results have suggested that bind-
ing at the central LVb/Ets and Core sites is essential for LTR
activity of many retroviruses. The finding of in vivo foot-
printing in this region of the M-MuLV LTR in both fibroblasts
and lymphoid cells supports this notion.

It was particularly noteworthy that the in vivo footprinting
indicated occupation of the NF-1 binding sites in fibroblasts
but not in lymphoid cells. This finding was consistent with re-
sults obtained by mutational analysis of the M-MuLV enhanc-
ers. In a study performed by Speck et al. (42), when two or all
four NF-1 sites were mutated, transcriptional activity was de-
creased to a greater extent in NIH 3T3 fibroblasts than in
T-cell lines. In addition, in SL3-3 MuLV, which also induces
T-lymphoid leukemias, the NF-1 sites have been shown to
stimulate transcription in fibroblasts and inhibit transcription
in T cells (8). Furthermore, feline T-lymphoid lines from feline
leukemia virus-induced tumors were found to express NF-1
transcripts but no NF-1 DNA binding activity was detectable.
This disparity was apparently due to lymphoid-cell-specific post-
translational modification of NF-1 (33). Taken together, these
results all suggest that the NF-1 binding sites are not important
for M-MuLV infection of T-lymphoid cells. When M-MuLV
with NF-1 mutations in the LTRs were tested for leukemoge-
nicity in mice, T lymphoma was still induced (41). On the other
hand, these mutants showed extended latency of disease (41).
One explanation for this may be that in animals, cells other
than T-lymphoid cells that are important for propagation of
M-MuLV may use the NF-1 binding sites. Thus, during pre-
leukemic times, the M-MuLV mutant in NF-1 might not es-
tablish viral loads as high as those acheived by wild-type M-
MuLV, which in turn may extend the latency of the disease.

It should also be noted that for several of the binding sites in
the M-MuLV 75-bp repeats, more than one protein may have
bound the same site. For instance, the central LVb site has
been reported to bind several Ets family proteins in vitro,
including Ets-1, GABP, FLI-1, LVt (expressed predominantly
in T lymphocytes), and MCREF-1 (13, 30, 43). Since some of
these factors (LVt and Ets-1) show the same pattern of in vitro
methylation interference as observed in the in vivo foot-
printing, it was not possible to deduce which of these factors
bound in vivo. However, in the case of MCREF-1, one of the
possible binding modes observed in vitro overlaps the up-
stream NF-1 and LVb sites (Fig. 1). In T lymphocytes, it is
clear that MCREF-1 binding to the upstream site did not occur

in vivo, since no footprint over the NF-1 sites was observed.
The in vivo footprinting experiments also did not distinguish
between binding of potential NF-1 isoforms (21).

The results also provided evidence for binding of a factor to
the GC-rich sequences downstream of the 75-bp repeats in the
M-MuLV LTR. The positions of the protected guanines did
not correspond to any known binding patterns for proteins
binding to potential motifs in these sequences (e.g., E-box or
Sp-1). Thus, a novel binding factor might have been bound. It
was also somewhat surprising that the footprint was found in
fibroblasts but apparently not in primary thymic tumor cells. In
previous mutational analyses, we and others have suggested
that the GC-rich sequences may increase the T-lymphoid-cell
specificities of the M-MuLV enhancers, since their deletion or
mutation yields viruses that show relaxed disease specificities
(11, 15). No protected or hypersensitive sites on the minus
strands of the GC-rich sequences were observed, subject to the
limitations discussed below.

In vivo DMS-LMPCR footprinting of the minus strands of
the M-MuLV LTRs also provided interesting information. As
mentioned in Results, the limitations of the analysis were that
it was not possible to design lower-strand oligonucleotide
primers that would amplify fragments only from the upstream
LTR without amplifying sequences from the downstream LTR
as well. Thus, if the upstream and downstream LTRs had
different arrays of proteins bound (or not bound), the resulting
LMPCR patterns combined the data for both of them. For
instance, if the upstream LTR had nuclear factors bound at
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FIG. 7. Comparison of in vivo footprints and in vitro methylation interfer-
ence results. Nuclear protein interactions at the NF-1 site reported by Speck and
Baltimore (40) detected by methylation interference with WEHI 231 nuclear
extracts are shown in the lower sequence (stars indicate G residues that inter-
acted with protein). The results of in vivo DMS footprinting are shown in the
upper sequence. Guanine bases protected in vivo (arrows pointing away from
bases) correspond to guanines shown to be protein contact points by methylation
interference.
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FIG. 8. DNA-protein interactions on the minus strand obtained by in vivo footprinting. (A) The nested oligonucleotide primer set used for the minus-strand in vivo
footprinting (1C, 2C, and 3C) is shown. A summary of the minus (lower)-strand bases hypersensitive to in vivo DMS methylation in fibroblasts and primary thymic tumor
cells was compiled analogously to that shown in Fig. 6. These results were taken from the in vivo footprinting analysis shown in Fig. 9. Asterisks indicate bases
hypersensitive to DMS methylation in infected fibroblasts, the star indicates a hypersensitive base specific to primary thymic tumor cells, and arrows indicate sites
hyperactive to DMS. (B) A summary of in vivo protein-DNA interactions observed for both DNA strands is shown. Arrows pointing away from bases on either strand
indicate DMS protection, while arrows pointing towards bases indicate DMS-hypersensitive sites. Note that protein interactions on the minus strand were evident only
as hypersensitive sites. The data for the sense (upper) strand are specific for the upstream LTR, while the data for the minus strand are composites of the upstream
and downstream LTRs. Stars indicate T-lymphoid-cell-specific bases, and asterisks indicate fibroblast-specific bases.

some of the sites but the downstream LTR did not, then any
protected sites in the upstream LTR needed to be visualized
above a background of unprotected fragments emanating from
the downstream LTR. This might explain the lack of observed
guanine protection in the lower-strand analysis. On the other
hand, a site that gave hypersensitive guanine methylation
would probably be readily visible even in the presence of frag-
ments that do not show hypersensitivity. This possibility would
be compatible with the detection of hypersensitive guanines
shown in the in vivo footprinting of Fig. 9.

The location of hypersensitive guanines on the minus
strands complemented and extended the upper-strand analysis.
The presence of a hypersensitive adenine between the LVb/Ets
and Core sites would be consistent with the sense-strand pro-
tection indicating occupancy of both of those sites. More-
over, the presence of the hypersensitive adenines in the LTRs
from both infected fibroblasts and thymic tumor cells was con-
sistent with occupation of those sites in both cell types. On the
other hand, the presence of a hypersensitive guanine on the
minus strand of the LVc site in thymic tumor cells but not in
fibroblasts suggested that this site is occupied by a factor in T
lymphocytes but not in fibroblasts. As discussed above, the
presence of a hypersensitive sense-strand guanine between the
Core site and the LVc site might have reflected binding of
some factor to the LVc sequences. However, the upper-strand
hypersensitive guanine was detected in both infected primary
thymic tumor cells and fibroblasts but the minus-strand hyper-
sensitive guanine was detected only in infected thymic tumor
cells. Thus, either the LVc site is occupied by different factors

in fibroblasts and T lymphocytes or the LVc site is occupied
only in T lymphocytes and the hypersensitive sense-strand gua-
nine does not reflect factor binding at LVc. In fibroblasts, but
not in thymic tumor cells, there were two hypersensitive minus-
strand guanines immediately upstream of the downstream
NF-1 site in each 75-bp repeat. This finding strongly supported
the conclusion from the plus-strand analysis that the NF-1 sites
are occupied in vivo in fibroblasts but not in T-lymphoid cells.

The in vivo lower-strand analysis also identified a hypersen-
sitive A base in sequences upstream of the 75-bp repeats. The
hypersensitive A base was present in both fibroblasts and lym-
phoid cells. Sequences surrounding this base were scanned for
known or potential factor binding sites, but none was identified
in the immediate vicinity. A site for binding of a negative reg-
ulatory factory approximately 30 bp upstream from the hyper-
sensitive A base has been reported (9), but it seems unlikely
that binding at such a distant site would induce hypersensitive
methylation. It is possible that an unidentified factor binds in
the vicinity of the upstream hypersensitive guanine.

The status of in vivo binding site occupation in the down-
stream LTR is also of great interest. The downstream LTRs of
retroviruses are much less transcriptionally active than the
upstream LTRs in vivo (17), so it seems possible that fewer or
different proteins are bound to them. Experiments to in vivo
footprint the plus and minus strands of the downstream M-
MuLV LTR are being designed.

It should be noted that the cell lines and tumors used in
these experiments had more than one integrated M-MuLV
provirus. Some of these proviruses are transcriptionally active
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FIG. 9. In vivo footprinting of the M-MuLV LTR minus strand. Infected
43-D fibroblasts and thymic tumor cells treated in vivo or in vitro with DMS were
analyzed by cleavage and LMPCR by using the minus-strand-specific primers
shown in Fig. 8A. Arrows indicate bases hypersensitive to in vivo DMS methyl-
ation in each respective cell type. DNA templates were the same as those used
for the sense-strand analysis.

(since the cells are productively infected), but others might not
be transcribed. The analyses carried out in this study represent
the average state of occupation for the binding sites for all of
the proviruses. Where no footprints or extremely strong foot-
prints were detected, the results probably reflect the status for
most of the proviruses. Thus, the NF-1 sites in most of the
proviruses are occupied in fibroblasts but not in lymphocytes.
However, the in vivo footprints over the LVb/Ets and Core
sites were not complete, particularly for fibroblasts. This might
reflect the fact that some but not all of the proviruses contain
factors bound at these sites in the infected cells; a possible
distinction may be the transcription state of the proviruses.
Alternatively, all of the proviruses might have factors bound
at the LVb/Ets-Core sites, but in vivo protection from DMS
methylation by these factors might not be absolute. It will be
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interesting to design experiments where the in vivo footprints
over the LTRs of individual proviruses can be examined.
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