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Summary
Mouse mammary tumor virus (MMTV) induces breast cancer in mice by transmission of virus from infected
mothers to susceptible offspring through milk. During milk-borne MMTV transmission, virus must be transferred
to B and T cells in the gut-associated lymphoid tissue, and these lymphocytes carry the infection to the mammary
gland. Wild-type MMTV strains have been selected for optimal virus expression in lactating mammary gland cells,
while minimizing gene expression and integration in other cell types. In particular, the MMTV transcriptional
control region contains binding sites for both transcriptional repressor proteins, e.g., SATB1 and CDP, and positive
factors, e.g., glucocorticoid receptor. Studies of MMTV transcriptional regulation may provide important lessons
for the design of effective and safe gene therapy vectors.

I. Introduction
Mouse mammary tumor virus (MMTV) is a

betaretrovirus that was shown in the 1930s to induce
breast cancer in mice (Bentvelzen et al, 1972; Nandi and
McGrath, 1973; Dudley, 1999). Female mice derived from
high-mammary-cancer incidence strains transmit the virus
to their offspring through the milk (Figure 1). More recent
experiments have shown that MMTV traverses the
gastrointestinal tract until the specialized M cells of the
small intestine take up the virus (Golovkina et al, 1999).
MMTV then infects B cells in the gut-associated lymphoid
tissue (Karapetian et al, 1994). These infected B cells
express a virally-encoded protein, called superantigen or
Sag, at the surface in conjunction with major
histocompatibility complex (MHC) class II antigen (Acha-
Orbea et al, 1991; Choi et al, 1991; Janeway, Jr., 1991).
Sag is a type II transmembrane glycoprotein (Korman et
al, 1992) that, upon recognition by the variable region of
the β-chain (Vβ) of the T-cell receptor (TCR), causes the

release of cytokines and proliferation of bystander B and T
cells (Acha-Orbea, 1992). It is widely thought that this
proliferation allows MMTV infection of additional
lymphoid cells that provide a means for viral trafficking to
epithelial cells in the mammary gland (Golovkina et al,
1992; Held et al, 1993; Beutner et al, 1994). Viral
replication in mammary gland epithelial cells of female
mice results in release of high levels of MMTV particles
into the milk (Nandi and McGrath, 1973). Genetically
engineered mice that lack B cells or Sag-reactive T cells
cannot be infected by milk-borne viruses (Golovkina et al,
1992; Held et al, 1993), and MMTV proviruses carrying a
frameshift mutation within the sag gene are not infectious
by the milk-borne route (Golovkina et al, 1995). These
results are consistent with a role for B and T cells in Sag-
mediated amplification of MMTV-infected lymphoid
cells. However, experiments also have shown that both B
cells and Sag-reactive T cells are required for MMTV
dissemination within the mammary gland
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Figure 1: Life cycle of MMTV. MMTV is produced in the mammary glands of infected female mice and is transmitted to newborn
pups through the mother’s milk. The ingested virus infects B and T cells in the gut-associated lymphoid tissues. The infected B cells
express a superantigen (Sag) that activates subsets of T cells and provide more targets for viral infection. In mammary gland, hormonal
stimulation during pregnancy and lactation dramatically increases MMTV replication and allows insertional mutagenesis of proto-
oncogenes and the development of mammary tumors.

(Golovkina et al, 1998), although the mechanism for
transmission is not clear. Therefore, the MMTV life cycle
requires virus replication in B cells, T cells, and mammary
gland cells.At the cellular level, MMTV particles bind to a
cell surface receptor that is believed to mediate viral
fusion with the plasma membrane. Two such receptors
(MTVR1 and MTVR2) have been described, but little is
known about the exact nature of the receptors or the
process of viral internalization (Hilkens et al, 1983;
Golovkina et al, 1998). The incoming viral genome,
consisting of two identical copies of single-stranded,
positive-sense RNA, is replicated using a virally-encoded
RNA-dependent DNA polymerase or reverse transcriptase
(Telesnitsky and Goff, 1997). The process of reverse
transcription in the cytoplasm generates a double-stranded
DNA or provirus that has characteristic long terminal
repeats (LTRs) that are not present in genomic RNA
(Figure 2). The provirus then enters the nucleus through
an unknown mechanism and integrates into the host cell
chromosomes at sites that are believed to be relatively
random (Pryciak et al, 1992; Withers-Ward et al, 1994;
Weidhaas et al, 2000). Entry into the nucleus is probably
dependent, or at least accelerated by nuclear envelope
breakdown during mitosis, and this may explain why Sag-
induced proliferation of lymphoid cells is necessary for
efficient viral dissemination during milk-borne infection
(Figure 1). A preintegration complex consisting of some
virion proteins, including the integrase protein or IN,
mediates integration. IN catalyzes cleavage of the ends of

the linear double-stranded DNA as well as a staggered
break in cellular DNA (Brown, 1997). Following
integration, the proviral 5’ LTR is recognized by host
RNA polymerase II and is transcribed into a full-length
RNA that is structurally identical to virion RNA. Thus,
complete retroviral replication requires both the
retrovirally-encoded reverse transcriptase and host
enzymes (Rabson and Graves, 1997).

The full-length MMTV RNA may take one of
several different pathways in infected cells. The RNA may
be spliced to give a sub-genomic RNA that encodes the
viral Env, yet a fraction of the genome-length RNA
always is exported directly to the cytoplasm. In the
cytoplasm, genomic RNA is translated into virion
structural proteins as well as the reverse transcriptase and
IN. Genomic RNA also is used directly for packaging by
the virion or Gag proteins, and for betaretroviruses, the
initial assembly into particles occurs in the cytoplasm
(Dickson and Peters, 1983). Envelope proteins are
translated on membrane-bound ribosomes, while
processing and glycosylation of Env proteins occurs in the
endoplasmic reticulum and Golgi prior to budding of
assembled particles (Swanstrom and Wills, 1997).

Synthesis of the Sag protein reportedly occurs using
viral RNAs originating from four different promoters,
including two within the LTR and two within the env gene
(Wheeler et al, 1983; Elliott et al, 1988; Miller et al, 1992;
Jarvis et al, 1994; Reuss and Coffin, 1995; Arroyo et al,
1997) (Figure 2). However, mutagenesis of a unique
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Figure 2: MMTV provirus structure and transcripts
Yellow boxes represent the proviral long terminal repeats (LTRs) and arrows represent viral transcripts. Portions of arrows that are
interrupted by V-shaped structures indicate regions removed by splicing. Reported MMTV promoters are shown by ovals. The sag open
reading frame in the 5’ LTR lacks a promoter. The thinner gray boxes show viral open reading frames. Splice donor sites (SD) and splice
acceptor sites (SA) are denoted by slashes. (Adapted from Mustafa et al, 2000.)

splice donor site within the viral env gene of an infectious
MMTV provirus is sufficient to eliminate production of
the Sag (Mustafa et al, 2000). These results indicate that
only the spliced mRNA originating within the env region
is required for Sag production. Since the promoter
controlling virion protein synthesis is located within the
LTR and an intragenic env promoter regulates Sag levels
(Mustafa et al, 2000), MMTV may dissociate these two
functions in some cell types (Wrona et al, 1998).

II. Factors that influence tissue-
specific MMTV transcription and disease

A. MMTV-induced mammary cancers
MMTV is known to induce mammary cancers in

mice, and the tumor incidence increases with increasing
numbers of pregnancies (Nandi and McGrath, 1973). The
relationship between tumor frequency and pregnancies
appears to be related to the higher numbers of proviral
insertions that occur with longer times for active MMTV
replication. If each single insertion has a relatively low
probability of affecting a given oncogene, then additional
insertions will improve the chance of oncogene activation.
Analysis of MMTV-induced mammary tumors has shown
that proviral insertions are frequently detected near a
subset of oncogenes, including Wnt-1/int-1, fgf-3/int-2,
notch-like/int-3, fgf-4/hst, aromatase/intH/int-5, int-6,
Wnt-10b, and fgf-8 (Morris et al, 1991; Kwan et al, 1992;
Lee et al, 1995; MacArthur et al, 1995; Marchetti et al,
1995). Since the probability of MMTV insertion near any
one gene is relatively small, the presence of proviral
insertions near two different oncogenes in a clonal tumor
population suggests that there is cooperativity between
such genes for tumor growth (Jonkers and Berns, 1996).

Such co-operativity between the Wnt-1 and fgf-3 genes has
been confirmed by the detection of dual insertions in
MMTV-induced breast cancers (Clausse et al, 1993) and
by experiments with transgenic mice (Shackleford et al,
1993; van Leeuwen and Nusse, 1995). Mice carrying the
Wnt-1 transgene display mammary gland hyperplasia, with
approximately 50% of the animals developing mammary
cancer (Brown et al, 1986; Rijsewijk et al, 1987). MMTV
infection of Wnt-1 transgenic mice increases the frequency
of mammary tumors, and these tumors often have proviral
insertions near fgf-3 and hst (Shackleford et al, 1993),
confirming their ability to co-operate with Wnt-1. Mice
carrying both fgf-3 and Wnt-1 transgenes also have an
increased incidence of mammary tumors compared to
mice carrying either transgene alone (Li et al, 2000).

B. MMTV-induced T-cell lymphomas
A number of MMTV variants induce T-cell

lymphomas in mice rather than mammary cancer
(Michalides et al, 1982; Dudley and Risser, 1984; Ball et
al, 1985; Lee et al, 1987). These MMTVs invariably have
a 350 to 500-bp deletion within the U3 region of the LTR
that overlaps with the transcriptional control region that
regulates the synthesis of virion structural genes as well as
the coding region for superantigen (Michalides et al, 1985;
Lee et al, 1987; Hsu et al, 1988; Ball et al, 1988) (Figure
3). Substitution of the U3 region converts a mammotropic
MMTV into a lymphomagenic virus, indicating that this
region is necessary and sufficient to alter the type of tumor
produced (Yanagawa et al, 1993). What then is the
molecular basis for this change in disease specificity?

Many experiments indicate that the MMTV U3
region has negative regulatory elements (NREs) that
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suppress viral transcription from the standard LTR
promoter (Morley et al, 1987; Hsu et al, 1988; Lee et al,
1991; Bramblett et al, 1995). At least two types of NREs
have been described that map within the region deleted in
lymphomagenic MMTVs (Lee et al, 1991; Bramblett et al,
1995). The first type of NRE has been mapped to several
elements localized between –364 and –427 and between
the proximal and distal hormone response elements (HRE)
(ca. –160 to –140) relative to the start of genomic RNA
(Langer and Ostrowski, 1988; Mink et al, 1990; Lee et al,
1991). Deletion of these elements has been shown to
elevate MMTV LTR-reporter gene expression in fibroblast
cells, but its effect in lymphoid cells is unknown (Lee et
al, 1991). The NRE region between –433 and –418 has
been reported to bind to a nuclear protein of
approximately 100 kDa purified from HeLa cells (Kang
and Peterson, 1999).

 A second type of NRE also was identified using
deletion analysis of an MMTV LTR-reporter construct
(Bramblett et al, 1995). In transient transfection
experiments in mink lung cells, sequential deletions
revealed that there were at least two NREs (called
promoter-proximal and promoter-distal) located between
–655 and –165 relative to the start of the genomic RNA, a
region encompassing the deletions found in
lymphomagenic MMTVs (Bramblett et al, 1995).
Transgenic animals expressing MMTV LTR-reporter
constructs have been shown to recapitulate the tissue-
specific expression of endogenous MMTV proviruses
resident within most mouse genomes (Ross et al, 1990). A
subset of LTR deletion constructs was used in transgenic
mouse experiments to confirm the presence of two NREs.
Deletion of either region was sufficient to allow MMTV
transcription in tissues where the wild-type virus was not
expressed (i.e., brain, heart, skeletal muscle, and liver)
(Henrard and Ross, 1988). Both wild-type and NRE-
deletion mutants were highly expressed in the most
permissive tissue, lactating mammary gland, and at lower
levels in a variety of semi-permissive tissues, including
lymphoid and reproductive tissues (Ross et al, 1990).
These experiments confirmed that deletion of specific
LTR sequences could dramatically alter MMTV
transcriptional specificity. Such results also suggested that
relief of MMTV transcriptional suppression in specific
tissues, e.g., lymphoid cells, could lead to increased
mutagenic insertions that result in leukemias (Bramblett et
al, 1995; Liu et al, 1997).

C. Molecular basis for disease specificity
Studies of MMTV disease variants indicated that a

key region within the LTR was responsible for tissue-
specific transcription and disease specificity (Michalides
and Wagenaar, 1986; Bramblett et al, 1995; Mertz et al,
2001). What is the molecular basis for tissue-specific
transcription and how can this affect the type of tumor
induced? Experiments in a variety of genetic systems
suggest that the binding of proteins to DNA regulatory

elements controls transcription (Beato, 1996). Since
retroviruses, including MMTV, have relatively simple
genomes that encode few genes, cellular protein factors
must mediate the majority of transcriptional events
(Rabson and Graves, 1997).

1. Steroid receptors
The MMTV LTR has served as a model

transcriptional element for many years, and early studies
indicated that viral transcription is inducible by
glucocorticoids and several other steroid hormones (Parks
et al, 1974; Payvar et al, 1981). Addition of glucocorticoid
hormones to MMTV-infected cells typically gives 10- to
50-fold increases in the level of viral RNA (Ringold et al,
1977). Subsequently, the HRE has been mapped upstream
of the transcription initiation site for genomic RNA
(Figure 3) (Groner et al, 1982; Majors and Varmus,
1983). Linkage of the HRE to heterologous promoters is
sufficient to confer hormone responsiveness (Hynes et al,
1983; Chandler et al, 1983).

The HRE consists of several independent receptor-
binding sites that have a similar consensus sequence,
TGTTCT (Buetti and Kuhnel, 1986; Kuhnel et al, 1986).
Ligand binding to the receptor (e.g., glucocorticoid
receptor or GR) allows entry into the nucleus and binding
to the HRE. Binding of hormone receptor to the MMTV
HRE results in nucleosomal changes near the promoter
that then lead to binding of nuclear factor 1 (NF1) (Beato,
1996) and recruitment of the basal transcription
machinery. Nucleosome A (Nuc-A) has been mapped over
the TATA box and the transcription start site, whereas the
octamer (OCT) motifs (see below) are located between
Nuc-A and Nuc-B (Figure 3). Upon addition of the
synthetic glucocorticoid, dexamethasone, transcription
from the MMTV LTR is increased and the DNA
encompassed by Nuc-B becomes hyper-sensitive to many
reagents, such as restriction enzymes, nucleases or
chemical probes (Zaret and Yamamoto, 1984; Archer et al,
1992), suggesting that Nuc-B acquires a more “open”
configuration. The hormone-induced MMTV promoter
also shows increased binding by NF1, Oct-1 (OTF-1), and
TBP (Lee and Archer, 1994), whereas in the absence of
hormone the positioning of Nuc-A and -B excludes
ubiquitous transcription factors from the promoter.
Hormone-activated GR modifies Nuc-B to allow binding
of NF1 and other factors, leading to formation of the
transcription initiation complex (Hager et al, 1993;
Archer, 1993). NF1 binds strongly to sites on free DNA
but is unable to bind in a nucleosomal context (Archer et
al, 1991). Conversely, GR has a lower affinity for sites in
free DNA than the same sites bound to nucleosomes.
However, in vivo footprinting experiments have not been
able to reproducibly detect GR bound to the HREs in the
presence of hormone (Lee and Archer, 1994). These
results suggest that GR interacts with its cognate sites in a
“hit and run” manner (Lee and Archer, 1994).
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Figure 3: Transcription factors that bind the MMTV LTR
A. Ovals and circles represent different transcription factors that bind to different regions in the MMTV LTR. The maximal deletion
observed in acquired MMTV proviruses from T-cell tumors is shown above the LTR. Numbers below the LTR refer to the distance (in
bp) from the transcriptional start site of genomic RNA (+1) (Brandt-Carlson et al, 1993). Circles do not indicate the size of the proteins
or their interactions with each other. Abbreviations: GR (glucocorticoid receptor), TFIID (transcription factor IID), RNAP (RNA
polymerase II), Oct-1 (octamer-binding protein 1), NF1 (nuclear factor 1), NF1*, a member of the NF1 family, CDP (CCAAT
displacement protein), SATB1 (special AT-rich binding protein 1), GABP (GA-binding protein), hormone responsive elements (HREs),
and NREs. There appear to be at least eight CDP-binding sites, two SATB1-binding sites, and six GR binding sites in the LTR U3
region. B. Relative positions of nucleosomes in the MMTV LTR. Nucleosomes A to F are indicated as ovals. (Adapted from Fletcher et
al, 2000.)

Hormone receptor binding is thought to contribute to
the high levels of MMTV RNA and virions produced in
the lactating mammary gland during milk-borne
transmission (Dudley, 1999). However, since functional
glucocorticoid receptors are found in many tissues,
including liver where MMTV RNA is not expressed
(Henrard and Ross, 1988; Ross et al, 1990), these
receptors do not explain the tissue-specific nature of
MMTV expression.

2. Special AT-rich binding protein 1
The LTR region deleted from leukemogenic MMTVs has
served as a starting point for the isolation of tissue-specific
transcription factors. Using probes derived from the LTR
NREs, gel shift experiments revealed the presence of two
DNA-binding complexes that were referred to as NBP and
UBP (Bramblett et al, 1995). The NBP complex was
present in both T-cell and lung-cell extracts, but was
absent in mammary cell extracts, whereas UBP was

present in all extracts tested. Purification of the NBP
complex showed that it was composed of a previously
identified protein, special AT-rich binding protein 1 or
SATB1, that was enriched in thymocytes and T-cells
(Dickinson et al, 1992; Liu et al, 1997).

SATB1 originally was isolated as a protein that binds
to nuclear matrix- or scaffold-associated regions (MARs
or SARs) localized in the immunoglobulin heavy chain
intronic enhancer (Dickinson et al, 1992); this factor
appears to bind to the MARs associated with the bases of
chromatin loops (de Belle et al, 1998). MARs are AT-rich
stretches of DNA that have been associated with binding
to the nuclear framework in the nucleus and serve to
regulate cellular processes such as transcription and DNA
replication (Boulikas, 1995). In addition to the MMTV
LTR, SATB1 binds to the regulatory elements of the CD8,
TCRβ, gp-phox, and immunoglobulin heavy chain genes
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Figure 4: CDP and SATB1 protein structure The Cut-like repeats A and B, atypical homeodomain (HD), and a MAR-binding domain
are shown in SATB1. The three Cut repeats (CR1, CR2, and CR3), a HD, and a leucine-zipper region are indicated within the human
CDP protein. The ovals show the C-terminal repression domains.

(Dickinson et al, 1992; Banan et al, 1997; Chattopadhyay
et al, 1998; Hawkins et al, 2001) and has been described
variously as a transcriptional repressor (Bramblett et al,
1997; Kohwi-Shigematsu et al, 1997; Liu et al, 1997) or
activator (Banan et al, 1997), depending on the regulatory
element analyzed.

SATB1 contains three DNA-binding domains,
consisting of two Cut-like repeats (A and B) and an
atypical homeodomain (Dickinson et al, 1997) (Figure 4).
However, the major MAR-binding domain appears to be
localized in the region of Cut-like repeat A (Nakagomi et
al, 1994). SATB1 has been shown to bind to the proximal
MMTV NRE, and mutation of the binding site at +924 (-
271 from the start of genomic RNA) upregulates MMTV
transcription from the standard LTR promoter (Liu et al,
1997). MMTV LTR-reporter genes that contain the
SATB1-binding mutation at +924 have been used for the
construction of transgenic mice that show the highest
levels of expression in lymphoid tissues, in contrast to
wild-type MMTV LTRs that have optimal expression in
lactating mammary gland (Ross et al, 1990; Liu et al,
1997). SATB1-null mice have stunted growth, small thymi
and spleens, and thymocyte development is blocked at the
CD4+CD8+ stage of differentiation (Alvarez et al, 2000).
Thus, SATB1 binding to the MMTV LTR appears to be a
major determinant of tissue-specific expression in
lymphoid cells.

3. CCAAT-displacement protein
The second major DNA-binding activity localized to

the MMTV NRE, initially called UBP (Liu et al, 1997),
was identified as the murine equivalent of the human
CCAAT-displacement protein or CDP (Neufeld et al,
1992). CDP is a 180 to 190 kDa protein that contains a
leucine-zipper region near the N-terminus, four DNA-
binding domains [three Cut repeat domains (CR1, 2, and

3) and a homeodomain (HD)], and two C-terminal
repression domains (Figure 4). Expression of individual
binding domains as GST-fusion proteins indicated that
each region bound to a slightly different AT-rich sequence
(Aufiero et al, 1994). More recent experiments suggest
that the DNA-binding domains function in pairs and that
CR1 and CR2 interact to induce the originally described
displacement activity for the CCAAT-binding factor
(CBF) on the sperm histone H2B-1 gene in sea urchin
embryos (Moon et al, 2000). Such results emphasize the
diversity of sites that may be recognized by CDP.

 The CUTL1 gene (encoding CDP) is also known as
cut in Drosophila, Clox in dogs, and Cux-1 in mice
(Blochlinger et al, 1988; Andres et al, 1992; Valarche et
al, 1993), and murine and avian cells contain a second
gene referred to as Cux-2 (Quaggin et al, 1996). The
Drosophila Cut protein is expressed in a variety of
embryonic and adult tissues, including the peripheral and
central nervous systems, Malpighian tubules, ovarian
follicle cells, cells of the wing margin, adepithelial cells of
the wing and leg discs, muscle cells, and cone cells of the
eye (Bodmer et al, 1987). Both lethal and viable cut
mutations have been identified, and the best characterized
of these mutations are the embryonic lethal type that allow
the transformation of external sensory organs into internal
chordotonal organs (Bodmer et al, 1987). Such mutations
indicate that Cut is a major determinant of cell-type
specification in Drosophila (Bodmer et al, 1987).
Similarly, a role for CDP in cell-type specification has
been suggested by experiments in mammalian cells, and
human CDP or murine Cux-1 can at least partially rescue
some of the cut mutations in flies (Ludlow et al, 1996).

The role of Cux/CDP in mammals has been
investigated by germ line manipulations of the gene in
mice. Initial attempts to knockout the gene yielded an
exon skipping mutant that produced a truncated form of
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the CUTL1 gene that lacked 246 amino acids in the CR1
DNA-binding domain (∆CR1), but was capable of binding
to DNA (Tufarelli et al, 1998). Mice homozygous for this
mutation had curly whiskers and wavy hair and exhibited
a failure to thrive among pups born to mutant females.
Although the exact nature of the defect was not
determined, preliminary experiments indicated a defect in
maternal milk that was associated with a decrease in ε-
casein expression (Tufarelli et al, 1998). More recently,
the CR3 and HD of the murine Cux gene have been
replaced by an in-frame lacZ gene to give homozygous
mutant mice that lack nuclear Cux expression and the
ability to repress a target reporter gene in transient assays
(Ellis et al, 2001). Mice homozygous for the CR3-HD
mutation died after birth due to defects in maturation of
the lung epithelium. The mutant phenotype was more
severe in an inbred background, and homozygous mutant
mice on an outbred background showed growth
retardation and defects of the hair follicles (Ellis et al,
2001). Our experiments using the ∆CR1 mice also suggest
that breeding of this mutation onto the BALB/c
background exacerbates the lethality of the CDP-mutant
phenotype (Zhu, Lozano, and Dudley, unpublished
results). Such data confirm the essential role of Cux/CDP
in the normal developmental program of several tissues,
including the lungs, hair follicles, and mammary glands.

CDP is a transcriptional repressor of multiple cellular
genes, including gp91-phox, TCRβ, CD8,
immunoglobulin heavy chain, and c-myc, as well as
several viral genomes, including MMTV and human
papilloma viruses (Skalnik et al, 1991; Dufort and
Nepveu, 1994; Banan et al, 1997; Pattison et al, 1997;
Chattopadhyay et al, 1998; Ai et al, 1999; Wang et al,
1999; Zhu et al, 2000). Several reports indicate that CDP
is expressed at high levels in undifferentiated cells, and
that upon terminal differentiation, CDP-mediated
repression is lost (Nepveu, 2001). Since MMTV is
expressed at high levels in differentiated cells of the
lactating mammary gland and at much lower levels in
virgin glands, we examined CDP binding to the NRE
using nuclear extracts derived from several different
developmental stages. These results showed that CDP
binding to the MMTV LTR was highest in virgin
mammary extracts, but was undetectable in extracts from
the lactating mammary glands (Liu et al, 1997; Zhu et al,
2000). Sp1 binding to a consensus sequence actually
increased during murine mammary development,
indicating that nuclear extracts from lactating mammary
gland were not degraded (Zhu et al, 2000). These results
suggested that there was an inverse relationship between
the presence of CDP and the transcriptional activity of the
MMTV LTR.

Transient transfection assays in mouse mammary
cells showed that the activity of an MMTV LTR-reporter
construct was diminished in a dose-dependent manner,
depending on the amount of CDP-expression vector
present (Zhu et al, 2000). Further experiments also

revealed that CDP could repress both basal and
glucocorticoid-induced levels of LTR-reporter expression
(Zhu and Dudley, in press). These data suggested that
MMTV RNA levels are highest in the lactating mammary
gland due to the presence of active steroid hormone
receptors to promote nucleosomal rearrangements near the
viral promoter and the absence of CDP that may interfere
with the function of steroid receptors and other positively-
acting factors.

Further experiments were performed to determine if
CDP-mediated repression of MMTV expression was a
direct result of DNA binding to the viral negative
regulatory elements. Multiple CDP-binding sites have
been mapped on the MMTV LTR by DNase I footprinting
and direct DNA-binding experiments (Zhu et al, 2000;
Zhu and Dudley, in press) (Figure 3). Mutation of two
independent binding sites, one in the proximal and one in
the distal NRE, were shown to greatly diminish CDP
binding to the MMTV LTR, and such mutations were
sufficient to elevate MMTV LTR-reporter gene activity in
both transient and stable transfection assays (Zhu et al,
2000; Zhu and Dudley, in press). If CDP is a
transcriptional repressor in undifferentiated mammary
gland, then CDP-binding site mutations should increase
virus transcription and replication in early stages of breast
development, thus decreasing the latency of tumor
development. Two of these mutations, one at +692 (-503)
and another at +838 (-357), have been transferred into the
LTR of an infectious MMTV provirus (Shackleford and
Varmus, 1988) and used for the inoculation of susceptible
BALB/c mice. Preliminary results indicate that the latency
of mammary tumors induced by CDP-mutant viruses is
reduced compared to tumors induced by the wild-type
virus. In addition, the growth rate and number of tumors
induced by the CDP mutants is accelerated relative to that
observed for the wild-type virus (Zhu, Lozano and
Dudley, in preparation).

These results confirm that CDP is a developmentally
regulated transcription factor that suppresses MMTV
expression in early stages of mammary gland
development. CDP-binding sites in the LTR presumably
are retained to minimize the number of mutagenic
integration events in the life of the mouse, thus allowing
transmission to increased numbers of offspring.

4. Other factors affecting tissue-specific
MMTV expression

Cell-type specific and ubiquitous factors also have
been shown to control MMTV expression in mammary
cells.  Stewart et al first reported the ability of the MMTV
LTR to direct mammary-specific transcription (Stewart et
al, 1984).  One enhancer-like element that localized to the
5’ end of the LTR (-1072 to -1052) bound to a mammary-
specific factor called MP-4.  Deletion of this region
decreased both glucocorticoid-induced and basal
transcription from the MMTV promoter (Haraguchi et al,
1997).  Transgenic mouse experiments defined a region
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between –1166 and –987 that directed MMTV LTR-
transgene expression in mammary and salivary gland
tissues (Mok et al, 1992).  This enhancer functioned in
both lactating and non-lactating mammary glands.  At
least six functional cis-acting elements have been mapped
to this enhancer, including mp4 and mp5 (Lefebvre et al,
1991; Mellentin-Michelotti et al, 1994) and F2, F3, F11,
and F12 (Mink et al, 1992). Some of the transcription
factors that bind to these elements appear to be related to
AP-2 and NF1/CTF (Mellentin-Michelotti et al, 1994;
Kusk et al, 1996).  The 5’ end of the LTR also contains a
sequence motif TTCGGAGAA that potentially binds to
mammary gland factor (MGF) (Gouilleux et al, 1994).
MGF (otherwise known as Stat5a) is a transcription factor
regulated by prolactin through phosphorylation by the
JAK family of tyrosine kinases (Wakao et al, 1994).  Stat5
or a related protein may also bind to an MMTV LTR
sequence near +520 (-675 relative to the start of MMTV
genomic RNA) (Qin et al, 1999).

Several transcription factors have been shown to
participate in T-cell or lymphoid-specific MMTV
transcription.  Some MMTV variants that induce T-cell
lymphomas, e.g., type B leukemogenic virus or TBLV,
have both the characteristic LTR deletion that removes the
negative regulatory elements as well as a triplication of
sequences flanking the deletion (Ball et al, 1988).  The
structure of the triplicated region is reminiscent of many
retroviral enhancer elements, and transient transfection
experiments have shown that the triplicated region in the
TBLV LTR allows greatly enhanced expression in T-cell
lines, but not other cell types tested (Mertz et al, 2001).
Linker scanning mutations within the LTR triplication
revealed a critical region for T-cell specific expression in
transient assays, and this region was used for the
identification of cellular DNA-binding factors.  At least
three DNA-binding activities were identified within this
region, including two unknown factors called NF-A and
NF-B, and AML-1/Runx1 (Mertz et al, 2001).
Overexpression of the transcriptionally active form of
AML-1 in mammary cells increased the activity of TBLV
LTR-reporter constructs, suggesting that AML-1
contributes to the T-cell specific nature of the TBLV
enhancer.

Other regulatory elements that affect tissue-specific
MMTV transcription also have been described.  Several
cellular binding activities have been mapped upstream of
the distal HRE and downstream of the known CDP-
binding sites; these activities have been referred to as DRa
and DRc (Cavin and Buetti, 1995).  DRa was present in
tissues that were permissive for MMTV transcription,
whereas DRc was ubiquitously expressed (Cavin and
Buetti, 1995).  One factor that binds to two areas located
between –139 and –164 appears to be the heterodimeric
Ets factor GA-binding protein (GABP).  GABP was
shown to increase the hormone-responsiveness of an
MMTV LTR-reporter gene in transient assays performed
in B cells (Aurrekoetxea-Hernandez and Buetti, 2000).

The MMTV LTR also contains three overlapping sites
related to the consensus octamer sequence ATGCAAAT
(Bruggemeier et al, 1991; Huang et al, 1993), and it has
been suggested that the transcription factor Oct-2
participates in B-cell specific MMTV transcription (Kim
and Peterson, 1995).

III. Implications for gene therapy
One of the many important issues of gene therapy is

tissue-specific expression of therapeutic genes. The
MMTV LTR is a well-characterized retroviral
transcriptional unit, and it is suitable for further
manipulations in both tissue culture and in mouse model
systems. In particular, the MMTV LTR clearly has been
subject to selection so that virus expression is optimal in
lactating mammary cells, but not in other cell types or
undifferentiated mammary cells. Although MMTV must
be transmitted through B and T lymphocytes to developing
epithelial cells in the mammary glands of offspring,
expression is suppressed in these cell types to minimize
potential mutagenic events that will shorten the life of the
infected mother. Furthermore, the LTR of an MMTV
variant (TBLV) shows high levels of expression in
lymphocytes. Such naturally occurring variants selected in
vivo can serve as potential tools for cell-type specific gene
delivery systems.

Recent data have indicated that the expression
pattern of the MMTV promoter during cellular
differentiation appears to result from overlapping and
sophisticated positive and negative elements in the LTR.
The dissection of viral cis-elements and identification of
cellular trans-factors, such as SATB1 and CDP that are in
turn developmentally regulated, make the MMTV LTR
amenable to further manipulation for specific purposes.
For example, inclusion or enhancement of MMTV
negative regulatory elements should minimize viral
expression in the majority of tissues, other than mammary
tissue. Conversely, disruption of negative regulation may
be required before the MMTV LTR can be used in
directing therapeutic gene expression in mammary tumor
cells that are relatively undifferentiated. In conclusion,
further studies of fundamental gene expression should
allow the development of additional strategies for the
design of effective and safe gene therapy vectors.
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