
MOLECULAR AND CELLULAR BIOLOGY, June 2004, p. 4810–4823 Vol. 24, No. 11
0270-7306/04/$08.00�0 DOI: 10.1128/MCB.24.11.4810–4823.2004
Copyright © 2004, American Society for Microbiology. All Rights Reserved.

The Homeodomain Protein CDP Regulates Mammary-Specific Gene
Transcription and Tumorigenesis

Quan Zhu,1† Urmila Maitra,1 Dennis Johnston,2 Mary Lozano,1 and Jaquelin P. Dudley1*
Section of Molecular Genetics and Microbiology and Institute for Cellular and Molecular Biology,

The University of Texas at Austin, Austin, Texas 78712,1 and Department of Biomathematics,
The University of Texas M. D. Anderson Cancer Center, Houston, Texas 770302

Received 22 August 2003/Returned for modification 3 November 2003/Accepted 6 March 2004

The CCAAT-displacement protein (CDP) has been implicated in developmental and cell-type-specific reg-
ulation of many cellular and viral genes. We previously have shown that CDP represses mouse mammary
tumor virus (MMTV) transcription in tissue culture cells. Since CDP-binding activity for the MMTV long
terminal repeat declines during mammary development, we tested whether binding mutations could alter viral
expression. Infection of mice with MMTV proviruses containing CDP binding site mutations elevated viral
RNA levels in virgin mammary glands and shortened mammary tumor latency. To determine if CDP has direct
effects on MMTV transcription rather than viral spread, virgin mammary glands of homozygous CDP-mutant
mice lacking one of three Cut repeat DNA-binding domains (�CR1) were examined by reverse transcription-
PCR. RNA levels of endogenous MMTV as well as �-lactalbumin and whey acidic protein (WAP) were elevated.
Heterozygous mice with a different CDP mutation that eliminated the entire C terminus and the homeodomain
(�C mice) showed increased levels of MMTV, �-casein, WAP, and �-lactalbumin RNA in virgin mammary
glands compared to those from wild-type animals. No differences in amounts of WDNM1, �-casein, or
glyceraldehyde-3-phosphate dehydrogenase RNA were observed between the undifferentiated mammary tissues
from wild-type and mutant mice, indicating the specificity of this effect. These data show independent contri-
butions of different CDP domains to negative regulation of differentiation-specific genes in the mammary
gland.

The CCAAT displacement protein (CDP) family constitutes
a highly conserved group of homeoproteins that are involved in
cell growth, differentiation, and development. CDP (also
known as Cut in Drosophila melanogaster, Clox in dogs, and
Cux in mice) is a transcriptional repressor that contains four
DNA-binding domains, three Cut repeats (CR1, -2, and -3),
and a homeodomain (32). CDP is involved in suppressing
transcription from many cellular genes, including c-myc, trans-
forming growth factor � type II receptor, phox, CD8, immu-
noglobulin heavy chain, and T-cell receptor �-chain (3, 7, 12,
19, 22, 46), as well as viral genes, including those from mouse
mammary tumor virus (MMTV) and human papillomaviruses
(HPVs) (1, 55). In addition, CDP has been implicated as a
tumor suppressor gene in human breast carcinomas and uter-
ine leiomyomas (28, 47, 53).

Many genes regulated by CDP are expressed in highly dif-
ferentiated cells. CDP DNA-binding activity is downregulated
during B-cell and myeloid cell development (22, 46), and CDP
expression in the kidney is inversely related to the degree of
cellular differentiation (44). We have shown that CDP is a
repressor of MMTV long terminal repeat (LTR) reporter gene
expression in cultured cell lines and that CDP-binding activity
to the LTR declines during mammary gland development (55).

These results suggest that CDP functions as a transcriptional
repressor that inhibits expression of differentiation-specific
genes in several tissues.

The retrovirus MMTV is a paradigm for hormone-regulated
gene expression in the mammary gland. Virus is transmitted
exogenously from mothers to offspring through virally infected
milk (11). Gut-associated B and T lymphocytes are infected by
MMTV and amplified by virally encoded superantigen (Sag)
prior to transmission of virus to mammary cells during puberty.
Hormonal stimulation during pregnancy and lactation in-
creases MMTV transcription and replication, allowing muta-
genic integration events and the development of mammary
tumors (11). MMTV also is transmitted through the germ line
of most inbred mouse strains as endogenous proviruses (8).
Because most viruses specify very few genes, they must rely on
their host cells for replication. In particular, many retroviruses
show cell-type-specific replication and tumorigenesis, and stud-
ies of such viruses have elucidated many aspects of diverse
cellular processes.

Current evidence suggests that tissue-specific MMTV repli-
cation is controlled primarily at the transcriptional level using
host factors (24). Lymphomagenic MMTV strains invariably
have a deletion of 350 to 500 bp of negative regulatory ele-
ments (NREs) within the LTR U3 region (18). These deletions
remove the binding sites for two homeodomain-containing
transcriptional repressors, special AT-rich binding protein 1
(SATB1) and CDP (23, 24). Studies in transgenic mice showed
that mutation of a SATB1-binding site within the MMTV LTR
elevates viral transcription in lymphoid tissues (24). Two CDP
binding sites have been mapped to the promoter-proximal
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portion of the MMTV NRE, and mutation of either of these
binding sites elevated reporter gene expression from the
MMTV LTR (55). Other functional CDP binding sites have
been mapped to the promoter-distal NRE (54). These data
indicate that negative regulation of transcription is a primary
method for regulating tissue-specific MMTV expression.

Since CDP binding to MMTV NREs is high in virgin mam-
mary glands, we predicted that loss of CDP binding would
increase MMTV transcription in early stages of mammary de-
velopment, thereby altering the kinetics of virally induced tu-
mors. To test whether CDP has a direct role in MMTV-specific
transcription and tumorigenesis, we constructed infectious
proviruses with different CDP binding site mutations. Mice
infected with these mutants showed increased MMTV expres-
sion in the virgin mammary gland and accelerated appearance
of breast tumors. To determine specific effects by CDP on
transcription in the mammary gland, we also analyzed gene
expression in two different strains of CDP-mutant mice, lack-
ing either CR1 or the entire C terminus including the home-
odomain (42, 43). RNA levels of endogenous MMTV, whey
acidic protein (WAP), and �-lactalbumin, but not glyceralde-
hyde-3-phosphate dehydrogenase (gapdh) or WDNM1, were
elevated in virgin mammary glands of both mutant strains
compared to wild-type controls. However, only animals with
one-half the wild-type CDP levels had increased �-casein ex-
pression. These results indicate that different CDP domains
contribute to negative regulation of differentiation-specific
genes in the mammary gland.

MATERIALS AND METHODS

Plasmid constructions. CDP binding site mutations were transferred into an
infectious, MMTV hybrid provirus, HYB-MTV (41), that had been engineered
to contain a hygromycin resistance cassette (30). To create HP691, HP692,
HP837, and HP838, p691-LUC, p692-LUC, p837-LUC, and p838-LUC were
digested with AseI, and the fragments containing the mutations were gel purified
using spin columns (QIAGEN). Subsequently, these fragments were substituted
into the AseI site of the HYB-MTV construct. The correct orientation was
determined by KpnI restriction enzyme digestion.

Cell culture and transfections. Conditions for growth of XC rat fibroblasts
have been described previously (54). Cells (2 � 105) were plated in each well of
six-well plates and incubated overnight until the cells were ca. 50% confluent.
The test plasmid containing the hygromycin resistance gene in 0.5 ml of Dul-
becco’s modified Eagle’s medium (DMEM) without serum was added to 12 �l of
DMRIE-C reagent (Invitrogen) in an equal amount of medium, mixed, and
incubated at room temperature for 45 min. The cells were washed with DMEM
without serum, the DNA solution was incubated with the cells for 8 h at 37°C,
and then 1 ml of complete DMEM with 20% fetal bovine serum was added. After
further incubation for 48 h, cells were selected in 0.5 mg of hygromycin (Invitro-
gen)/ml for 3 weeks. Three wells of the six-well plates containing ca. 150 colonies
were pooled and assayed. Expression levels were normalized for DNA uptake in
each pool using a quantitative PCR assay with primers specific for the C3H
MMTV LTR (155�, 5� GGC ATA GCT CTG CTT TGC 3�; 548-, 5� TAC TTC
TAG GCC TGT GGT CA 3�) (49). DNAs from transfected cells were tested by
PCR for transfer of C3H LTR sequences from the 3� LTR to the 5� LTR. PCR
was performed using primers specific for Mtv1 (plus strand starting at �883; 5�
ACA GTA GAG AGG AGG CCA AAA G 3�; minus strand, Gag620-, starting
at �2254 of the proviral DNA, 5� CCT CCA AAT CAT CCC AAT CCT C 3�).
PCR also was performed using primers specific for C3H MMTV (plus strand
starting at �910, 5� GGC TGG ACT AAT AGA ACA TTA TTC 3�; minus
strand, Gag620-).

RNase protection assays. RNase protection assays were performed as de-
scribed by Wrona et al. (48). To prepare a C3H LTR-specific riboprobe, a DNA
fragment containing C3H LTR sequence from �843 to �1099 was cloned into a
pGEMT-Easy vector (Promega). The plasmid was linearized with NdeI prior to
in vitro transcription. Riboprobe templates for gapdh were purchased from

Ambion. Riboprobes were prepared using Riboprobe System-T7 (Fisher Scien-
tific).

Animals and virus infection experiments. BALB/cJ mice (from Jackson Lab-
oratories) were bred and maintained in the Animal Resources Center at the
University of Texas at Austin. Sentinel mice were tested for pathogens at inter-
vals to eliminate spurious effects on T-cell deletion during MMTV infection. XC
cells expressing MMTV proviral constructs were treated with dexamethasone
(DEX; 10�6 M) for 48 h, harvested in phosphate-buffered saline (PBS), and
washed twice with PBS. For each injection, 2 � 107 XC cells were resuspended
into 0.5 ml of PBS and injected into mice intraperitoneally at 5 to 6 weeks of age.
Mice were observed weekly for the appearance of mammary tumors. The �CR1
and �C mice were kindly provided by Richard Scheuermann and Ellis Neufeld
on an outbred background (43); these animals were backcrossed to BALB/c mice
for at least nine generations before mammary tissues were obtained. RNA was
extracted as described previously (50). Tumor DNAs were tested for the pres-
ence of the virus used for inoculation by PCR with primers specific for C3H
MMTV (155� and 548-). Primers specific for the 838 mutation also were used
(155� and minus strand starting at �838 in the LTR, 5� TAA CCC ACC TAT
CCC AGT TC 3�). Primers specific for the 692 mutation were as follows (155�
and minus strand starting at � 693, 5�TTC CTG TTC CTA GAT AGA TGT AG
3�).

Antibody staining and FACS analysis. Lymphocytes were isolated and ana-
lyzed as described previously (31). Antibodies used for staining were obtained
from Pharmingen. Samples were analyzed using a FACSCalibur flow cytometer
and CELLQuest software (Becton Dickinson). Instrument settings were deter-
mined using fluorescence-activated cell sorter (FACS) Brite calibration beads
(Becton Dickinson). Lymphocyte populations were selected for analysis based on
their characteristic forward and side scatter, and at least 20,000 lymphocytes
were analyzed. To determine the percentage of T cells positive for a particular
V� chain, the number of CD4-positive, T-cell receptor V�-positive events was
divided by the sum of the number of single-positive events for CD4 and the
number of double-positive events.

Immunoprecipitations and Western blotting. Tissue culture cells were har-
vested and lysed in radioimmunoprecipitation assay (RIPA) buffer (15). Partic-
ulate material was removed by centrifugation at 16,000 � g in a microcentrifuge
for 10 min at 4°C. The lysates (100 �g each) were precleared by addition of 150
�l of a 50% (vol/vol) suspension of formalin-fixed Staphylococcus aureus (Sigma)
and 10 �l of preimmune serum and then incubated at 4°C for a minimum of 1 h
on a roller wheel. After brief centrifugation, supernatants were incubated with 1
�l of immune or preimmune serum and 40 �l of protein A-agarose beads (50%
in RIPA buffer; Sigma) at 4°C for 12 h on a roller wheel. Immune complexes
were washed three times with RIPA buffer, resuspended in sodium dodecyl
sulfate-polyacrylamide gel electrophoresis loading buffer, and boiled for 5 min.
After centrifugation, supernatants were immediately analyzed by Western blot-
ting using antibodies specific for MMTV CA (1:500 dilution; National Cancer
Institute Biological Carcinogenesis Branch Repository, National Institutes of
Health) or actin (1:150 dilution; Sigma) as previously described (30). Proteins
were visualized using the ECL Western blotting detection system (Amersham
Pharmacia Biotech). Western blot assays also were performed with nuclear
extracts from tissues of �CR1 and �C mice using CDP-specific antibodies as
previously described (55).

Semiquantitative and real-time RT-PCR. Total RNA (10 �g) was treated with
DNase I and then incubated with SuperScript II reverse transcriptase (Invitro-
gen) for 1 h at 42°C, followed by heat inactivation for 15 min at 70°C. The cDNA
was used to measure the expression of different mammary gland differentiation-
specific genes by reverse transcription-PCR (RT-PCR) using Jumpstart REDAc-
cuTaq DNA polymerase (Sigma) and 25 �M concentrations of primers specific
for �-casein (�, 5� CCT TGC CAG TCT TGC TAA TC 3�; �, 5� GAA TGT
GGA GTG GCA G 3�); WAP (�, 5� TCA GTT CAG TCC ATG TTC CA 3�;
�, 5� GGA GCA TTC TAT CTT CAT TGG 3�); ε-casein (�, 5� AAA TGG
AAT CTG TTG AAG CTC 3�; �, 5� CTG GTA TTG ATG GAG AAG C 3�);
WDNM1 (�, 5� ATG AAC AAT GCA CAG GAG AT 3�; �, 5� GTC TAA
GGA GGA GCC AAG CA 3�); �-lactalbumin (�, 5� GCA GCA CAG AGT
ACG GAC 3�; �, 5� CTC AGG GCT TCT CAC AAC G 3�); and MMTV Env
(�), 5� CCT TGC GAA GAG CCT TGA C 3�; LTR(�), 5� GAG TTC AAC
CAT TTC TGC TG 3�). The gapdh primers were gapdh(�) (CAT GTT TGT
GAT GGG TGT GAA CCA) and gapdh(�) (GTT GCT GTA GCC GTA TTC
ATT GTC).

The resulting reaction mixtures were analyzed on 1% agarose gels and stained
with ethidium bromide, and the band intensities were measured semiquantita-
tively using gel documentation Quantity One software version 4.4.0 (Bio-Rad). A
series of cDNA dilutions were used to ensure that the amplification of the PCR
product was in the linear range. The identity of bands for different PCR products

VOL. 24, 2004 CDP AND MAMMARY-SPECIFIC TRANSCRIPTION 4811



was confirmed by sequencing. As an internal control, the RNA levels of different
genes were normalized to those of gapdh and plotted relative to the levels in
wild-type mice (assigned a value of 1). Some cDNAs (1 �l) also were used in a
real-time PCR containing 20 �l of SYBR Green PCR master mix (Applied
Biosystems) and 10 �M concentrations of primers. The results were analyzed
using ABI Prism 7700 sequence detection system software (Applied Biosystems).
The standard curve method was used for quantitation. As an internal control, the
levels were normalized to those of gapdh.

EMSAs. Nuclear extracts from mammary glands were used in electrophoretic
mobility shift assays (EMSAs) with an end-labeled probe (pNRE4) containing
four copies of a 22-bp sequence spanning the imperfect inverted repeat in the
promoter-proximal MMTV NRE as previously described (55). Specificities of
shifted bands were determined by antibody inhibition experiments using 0.1 �l of
anti-CDP or preimmune serum (24).

Statistical analysis. Results were analyzed by using SPSS version 10 (SPSS,
Inc.).

RESULTS

Infection of XC cells with CDP binding site mutants. Pre-
vious results have indicated that the homeodomain-containing
transcription factor CDP is a repressor of MMTV transcription
in mammary cells (55). We also have demonstrated that CDP
is regulated during development of the mammary gland, since
full-length CDP levels are highest in the virgin mammary gland
and lowest in lactating mammary gland (55), a tissue with the
highest levels of MMTV expression (13). Such results sug-
gested that mutations that interfere with CDP binding to the
MMTV LTR also would increase viral expression early during
mammary gland development. Therefore, we engineered mu-
tations into two different CDP binding sites within the 3� LTR
of an infectious MMTV provirus, HYB-MTV (41) (Fig. 1A).

Prior experiments established that mutations in the promot-
er-distal and promoter-proximal NREs that disrupted CDP
binding elevated reporter gene expression (54). Two such CDP
binding site mutations in the distal NRE (691 and 692) and two
mutations in the proximal NRE (837 and 838 [previously
named 838S4]) were substituted into the infectious MMTV
provirus, HYB-MTV, as described in Materials and Methods
(for sequence, see Fig. 1B). These recombinant hybrid provi-
ruses (HP691, HP692, HP837, and HP838) were transfected
into rat XC fibroblasts. After selection for antibiotic resistance,
a large pool of colonies was tested for expression of the hybrid
viruses. Because RT of the transfected proviruses should du-
plicate in the 5� LTR any mutations introduced in the 3� LTR,
we performed PCR with DNA extracted from provirus-trans-
fected or untransfected XC cells. These results confirmed that
RT transferred the predicted wild-type or mutant C3H se-
quences to the 5� LTR of introduced proviruses (data not
shown).

RNA was extracted from pooled colonies and subjected to
RNase protection assays (RPAs) using a probe specific for the
C3H MMTV LTR. The results showed that all mutants were
expressed in XC cells at levels greater than the wild-type HYB-
MTV (Fig. 2A and data not shown). Using phosphorimager
analysis, mutant MMTVs showed two- to fivefold overexpres-
sion of RNA after normalization for the amount of gapdh
RNA present in the same reaction.

Because the standard MMTV LTR promoter is upregulated
in the presence of glucocorticoids, stable transfectants were
treated with 10�6 M DEX for 48 h prior to extraction of RNA.
RPAs then were repeated for all four mutants and quantitated
by phosphorimaging (Fig. 2B and data not shown). All mutants

showed two- to fivefold RNA overexpression relative to the
wild-type virus transfectants. This level of overexpression is in
good agreement with results obtained in stable transfections of
reporter plasmids containing these mutations in the MMTV
LTR promoter (54). Therefore, RPAs in the presence and
absence of glucocorticoids indicated that four mutations in two
different sites that disrupted CDP binding to the MMTV LTR
resulted in an increase in RNA expression, presumably due to
relief of CDP-mediated transcriptional repression.

To further characterize the effect of CDP binding site mu-
tations on MMTV protein expression, transfected cells grown
in the presence of DEX were lysed and immunoprecipitated
with antibody specific for MMTV Gag proteins, and precipi-
tates were analyzed by Western blotting using the same anti-
sera (Fig. 2C). The mutant viruses showed three- to fivefold
elevation of Gag protein expression in transfected cells after
normalization for actin expression in the same lysate. Together
with results from RPAs, these data indicated that mutations in
at least two CDP binding sites in the MMTV LTR increased
viral RNA and protein expression in the context of an infec-
tious provirus.

In vivo infection with MMTVs containing CDP binding site
mutations. To determine if the CDP binding site mutations
that upregulated virus expression in vitro would affect virus
expression in vivo, we inoculated XC transfectants into suscep-
tible BALB/c mice as initially described by Shackleford and
Varmus (41) (Fig. 1). Only the HP692 and HP838 mutants
were analyzed, since these mutations allowed preservation of
Sag protein expression that is necessary to allow efficient milk-
borne virus transmission from the gut to the mammary gland
(16).

Expression of the MMTV-specific protein Sag leads to virus
amplification in the lymphoid population and deletion of Sag-
specific T cells (9). To follow the infection in wild-type and
mutant-infected mice, we tested for Sag-specific deletion of
V�14�CD4� T cells at several different times after inoculation
of infected cells. As expected, wild-type virus-infected animals
showed specific deletion at 6 weeks postinoculation compared
to uninfected BALB/c mice; a greater deletion was observed in
both HP692 and HP838 mutant-infected mice (Fig. 3A). De-
letion of T cells increased with time, but at 16 and 26 weeks
postinfection HP838-infected mice showed significantly
greater deletion (P 	 0.05) relative to wild type-infected or
HP692-infected mice. The Tukey honestly significant differ-
ence mean comparison post-hoc tests showed that the differ-
ence in the degree of deletion between the HP838-infected and
HYB-MTV-infected mice was statistically significant (P 	
0.05). These experiments confirmed that the CDP binding site
mutants were infectious for BALB/c mice, that the introduced
mutations did not affect the sag gene open reading frame, and
that the CDP binding site mutation at �838 affected MMTV
viral replication in lymphocytes.

To determine if CDP-binding mutations in the LTR ele-
vated MMTV expression, we quantified virus replication in
vivo (Fig. 4). CDP effects on the LTR should be greatest in
undifferentiated compared to differentiated mammary tissues
because of high DNA-binding activities for the MMTV NREs
and lack of hormonal stimulation (55). Therefore, total RNA
from virgin mammary glands was extracted and used for RPAs
6 weeks after injection. A C3H-specific riboprobe protected a
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band of the correct size using RNA from an MMTV-infected
mammary gland tumor (Fig. 4A, lane 9) but not when using
RNA from an uninfected BALB/c mammary gland (Fig. 4A,
lane 10). However, the intensity of the C3H-specific band from
mice injected with HP692 (lanes 1, 2, 5, and 6) and HP838
(lanes 3 and 7) was 5.8- and 4.0-fold higher, respectively, than
that obtained with the wild-type virus (lanes 4 and 8) after
quantitation by phosphorimager and normalization to gapdh
RNA (Fig. 4B). Both mutant viruses had statistically higher
RNA levels than the wild-type virus in the virgin mammary
glands, whereas RNA from salivary glands and hearts of the
same mice showed no detectable differences in expression lev-
els (Fig. 4C and data not shown). Therefore, CDP binding site

mutations elevated MMTV RNA expression specifically in un-
differentiated mammary glands.

Infected mice also were monitored for the appearance of
mammary tumors (Fig. 3B). With wild-type-infected animals,
mammary tumors were first detected 5.5 months after the
infection, and 50% of mice developed tumors by 9.6 months.
However, in mutant-injected mice, breast tumors were first
detected at 5 months after infection and 50% of HP692-in-
jected animals developed tumors after 7.5 months. The HP838-
injected mice first developed mammary tumors after 4.5
months, and 50% of the mice developed tumors after 7.2
months. Statistical tests (Kaplan-Meier survival analysis) were
performed to analyze the difference in tumor-free time be-

FIG. 1. Experimental design for MMTV proviruses with CDP binding site mutations. (A) Scheme for analysis of CDP binding site mutants. The
5� half of the hybrid infectious provirus is composed of the 5� LTR and gag-pol genes from the endogenous Mtv-1 provirus, whereas the 3� end is
composed of the env and 3� LTR from a C3H MMTV provirus. An inverted triangle represents the CDP binding site mutations within the U3
region of the LTR. Transfection of proviral DNA leads to integration and transcription from the 5� LTR by RNA polymerase II followed by RNA
packaging into virions. Subsequent infection will allow RT of viral RNA so that the 3� LTR mutations are duplicated in the 5� LTR of the provirus.
BALB/c mice were injected with XC cells containing the stably transfected proviruses and analyzed for T-cell deletion and the appearance of
tumors. (B) Positions of mutations introduced in the distal NRE (dNRE) and proximal NRE (pNRE) of MMTV proviruses.
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tween each group of infected animals. Such analysis showed
that HYB-MTV-infected mice had significantly higher tumor-
free time (P 	 0.05) than HP692-infected mice. The HP838-
infected mice also showed a trend toward accelerated mam-
mary tumorigenesis; however, this was not statistically
significant, presumably due to the relatively high mortality that
was unrelated to mammary tumors (e.g., birthing problems).
These results suggested that mutations of CDP binding sites in
the promoter-distal NRE accelerated MMTV-induced mam-
mary cancers.

To determine viral levels in different tissues of wild-type-
and mutant-infected mice, we performed PCR using DNA
extracted from infected mice. Using primers that distinguish
between the infecting C3H wild-type or mutant viruses and the
endogenous MMTVs, a PCR product was detected both in
salivary glands and a mammary tumor obtained from HYB-
MTV-infected mice (Fig. 5A, lanes 1 and 2), but also the same
tissues from HP838-infected (lanes 3, 4, and 5) and HP692-
infected (lanes 6, 7, and 8) mice. As expected, DNA from
uninfected BALB/c mice was negative for C3H MMTV-spe-
cific sequences in PCR assays (lane 9). To determine if the

viruses in mammary tumors retained the original mutations, we
also tested salivary gland and mammary tumor DNA by PCR
with mutation-specific primers. Primers specific for the 838
mutation detected DNA in mammary gland and mammary
tumors of HP838-infected mice (Fig. 5B, lanes 4 and 5),
whereas no products were detectable in DNA extracted from
tissues of mice infected with HYB-MTV (wild type) or HP692,
or uninfected mice. Similarly, PCRs with primers specific for
the 692 mutation only detected products using DNA from a
mammary gland tumor from HP692-infected mice (Fig. 5C,
lane 8), but not other tissues or tumors from mice infected with
the wild-type virus or other mutants. Together with previous
results, these data indicated that the mammary tumors induced
by the HP692 and HP838 proviruses retained the original mu-
tations.

Increased endogenous MMTV expression in CDP-mutant
mice. Our results with CDP-binding mutations in the MMTV
LTR suggested that reduced CDP levels would elevate viral
transcription in undifferentiated mammary glands, where
CDP-binding activity is highest (55). Thus, we measured
MMTV expression in CDP-mutant mice. Previous experiments

FIG. 2. MMTV proviruses with CDP binding site mutations show
elevated viral RNA and protein levels in transfected cells. (A and B)
Total RNA was harvested from XC cells without (A) or with treatment
of 10�6 M DEX for 24 h (B). RNA samples (50 �g in lanes 4 to 7) from
normal XC cells (lane 4), XC cells stably transfected with HYB-MTV
(lane 5), HP692 (lane 6), or HP838 (lane 7) were subjected to an RPA
using riboprobe specific for the C3H LTR (5 � 105 cpm) and a gapdh
riboprobe (5 � 103 cpm) as an RNA loading control. Lane 1 shows
RNA molecular weight standards; lanes 2 and 3 show the position of
the gapdh and LTR probes, respectively. Lane 8 (panel A) shows RNA
from HP838-transfected XC cells hybridized to C3H LTR riboprobe in
the absence of the gapdh riboprobe. (C) CDP-binding mutants show
elevated viral protein levels. After treatment with 10�6 M DEX for
24 h, XC cell lysates containing wild-type virus (HYB-MTV) (lanes 2
and 6) or mutant provirus with a CDP binding site mutation in the
proximal NRE (HP838 and HP837) (lanes 4 and 7) or in the distal
NRE (HP692 and HP691) (lanes 3 and 8) were harvested and incu-
bated with protein A. Precleared lysates (40 �g each) were analyzed by
Western blotting using MMTV CA-specific antibody. XC rat cells
(lanes 1 and 5) lack endogenous MMTVs.
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have shown that mice harboring a knockout of the CR1 DNA-
binding domain of the Cutl1 gene (�CR1) have a defect in milk
composition and production of ε-casein (43), suggesting that
CDP has a critical role in regulation of mammary gland dif-
ferentiation-specific genes. Experiments using either splenic or
thymic nuclear extracts also indicated that �CR1 homozygous
and heterozygous mice produce a truncated protein by exon
skipping that retains DNA-binding activity for the gp91-phox
promoter (43). Since the �CR1 mutation originally was char-
acterized on a mixed background, we bred the mutation onto
the BALB/c background. Characterization of progeny from
heterozygous parents revealed that only 4.6% of pups were
homozygous for the mutation, compared to the expected fre-
quency of 25% (Table 1). These results indicate that the �CR1
mutation was more lethal in the BALB/c background, since a
normal segregation ratio was observed prior to inbreeding
(43). Although equal numbers of female and male �CR1 ho-
mozygotes were observed, these animals often had reduced life
span and fertility. Results from EMSAs revealed that the
�CR1 protein binds to the promoter-proximal NRE of the
MMTV LTR in the presence or absence of the wild-type pro-
tein when using nuclear extracts from virgin mammary glands
(data not shown).

If CDP is a transcriptional repressor of genes known to be
upregulated in differentiated mammary gland, e.g., MMTV
genes, then expression of endogenous MMTVs should be ele-
vated in the undifferentiated mammary tissue of CDP-mutant
mice. Therefore, semiquantitative RT-PCR was used to assess
expression of endogenous MMTV using RNA extracted from
virgin mammary glands of wild-type (�/�), heterozygous (�/
�), and homozygous (�/�) �CR1 mice on the BALB/c back-

ground. Using tissue from wild-type animals to establish rela-
tive MMTV RNA levels of 1.0, virgin glands from
heterozygous and homozygous mutant animals had relative
viral RNA levels of 1.3 and 3.1, respectively, after normaliza-
tion for levels of gapdh RNA in each sample (Fig. 6A). Similar
results were obtained using the more sensitive real-time RT-
PCR method, except that virgin mammary glands of heterozy-
gous and homozygous mutant animals showed relative MMTV
RNA levels of 1.4 and 5.5, respectively, compared to wild-type
animals (relative value of 1) (data not shown).

The �C mutation, which removes the entire CDP C termi-
nus, including the homeodomain (�C), and gives high postna-
tal mortality in the homozygous state (42), also was bred onto
the BALB/c background. By comparison to previous results
where mating of heterozygous animals led to 5.4% homozy-
gous �C progeny in a mixed background, we obtained 0.8%
homozygous pups from the same cross (Table 2). Therefore,
two different Cutl1 mutations appeared to give a more severe
phenotype on the inbred BALB/c background.

Previous results differ with respect to the localization of the
�C protein (26, 42). To examine the location of the �C protein
in tissues from animals on the inbred BALB/c background,
nuclear extracts from thymi and virgin mammary glands of
wild-type and �C heterozygous mice were analyzed by Western
blotting (Fig. 7A). In agreement with previous results from
lung extracts of mixed background mice (26), approximately
one-half the level of wild-type protein was detected in both
tissues tested. However, the mutant protein of ca. 123 kDa was
not observed. Using the more sensitive EMSA, we also tested
nuclear extracts from virgin mammary glands for the presence
of binding activity to the promoter-proximal NRE in the

FIG. 3. Kinetics of infection and tumorigenesis by wild-type or CDP binding site mutants. (A) Deletion of C3H MMTV-specific Sag-reactive
T cells in mice infected with wild-type or mutant viruses. BALB/c mice were injected intraperitoneally with XC cells that were stably transfected
with wild-type MMTV proviruses (HYB-MTV) or CDP binding site mutants (HP692 and HP838), and lymphocytes were tested at 6, 16, and 26
weeks postinjection. Peripheral blood lymphocytes were stained with fluorescein isothiocyanate-conjugated antibodies to V�14 and phycoerythrin-
conjugated antibodies to CD4. The lymphocyte population was determined by forward and side scatter using FACS analysis. Stars indicate values
that were statistically different (P 	 0.05) from those for wild-type virus-injected animals by Student’s t tests and Tukey honestly significant
difference mean comparison post-hoc tests at the same times after inoculation. (B) Mammary tumor development in mice infected by CDP binding
site mutants. BALB/c weanling mice were injected intraperitoneally with XC cells that were stably transfected with wild-type hybrid MMTV
proviruses (HYB-MTV) or CDP binding site mutants (HP692 and HP838) and monitored for tumor development. There was no detectable
difference in the histology of mammary tumors induced by the wild-type virus compared to the mutants. Tumorigenesis results were analyzed by
the Kaplan-Meier survival analysis technique using a log-rank test of significance. Symbols (�) represent animals that died for reasons other than
mammary tumors and may represent more than one animal.
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MMTV LTR (Fig. 7B). These assays also revealed only full-
length CDP in heterozygous extracts as determined by relative
mobility and reactivity with anti-CDP, but not preimmune,
sera. Furthermore, our previous results using BALB/c mice
indicated that full-length CDP levels decline during mammary
differentiation, followed by appearance of a 150-kDa truncated
protein during pregnancy and lactation, as determined by
Western blotting (55). Analysis of �C heterozygous females
also revealed a decrease in full-length CDP protein in nuclear
extracts prepared at different stages of mammary development
(Fig. 7C). The �C protein was not detected and did not appear
to affect the decline in wild-type CDP levels or the differenti-
ation-specific appearance of the 150-kDa protein.

To determine if deregulation of MMTV expression in the
mammary gland was specific to the �CR1 mutation, we also
tested endogenous MMTV RNA levels in the undifferentiated
mammary tissue of �C mice. Because of the severity of the
phenotype observed in �C homozygotes (Table 2), virgin
mammary glands only were available from wild-type and �C
heterozygous mice. Semiquantitative RT-PCR revealed that

endogenous MMTV expression was increased 2.5-fold in �C
�/� animals compared to wild-type mice (P 	 0.05) (Fig. 8A).
These experiments indicated that endogenous MMTV expres-
sion in the mammary gland, like that of milk-borne MMTV,
was regulated by full-length CDP levels in two independent
strains of Cutl1-mutant mice.

Increased expression of specific cellular genes in the mam-
mary gland of CDP-mutant mice. Retroviruses rely on cellular
RNA polymerase II for transcription of integrated proviral
DNA (35). These viruses encode relatively few genes and,
therefore, transcriptional regulation of retroviral expression
depends on factors encoded by the host genome. Since tran-
scription of endogenous and milk-borne exogenous MMTVs
appears to be developmentally controlled by CDP during
mammary gland differentiation, it is likely that CDP also con-

FIG. 4. Expression of wild-type and mutant MMTVs in virgin
mammary glands of inoculated mice. (A) Total RNA was extracted
from virgin mammary glands 6 weeks after injection with virus-pro-
ducing XC cells. RNA samples were subjected to an RPA using ribo-
probes specific for the C3H MMTV LTR (5 � 105 cpm) and gapdh (1
� 104 cpm) as an RNA loading control. Lane 9 contains 20 �g of
mammary gland tumor (MGT) RNA from a BALB/c mouse that was
infected by foster nursing on a C3H mother (BALB/cfC3H). Lane 10
contains 40 �g of BALB/c mammary gland (MG) RNA. Lanes 11 and
12 show the position of the LTR and gapdh probes, respectively. Lane
13 contains 40 �g of yeast tRNA. (B) Quantitation of relative levels of
C3H riboprobe-protected bands from RPAs. RNA samples from in-
dividual HYB-MTV- (n 
 3), HP692- (n 
 5), and HP838- (n 
 4)
injected mice were analyzed by RPAs, and the intensities of C3H and
gapdh riboprobe protected bands were quantitated using a phospho-
rimager and normalized to gapdh levels. The average for each group is
indicated by a horizontal bar. Stars indicate values that were statisti-
cally different (P 	 0.05) from those of wild-type virus-injected animals
by Student’s t test. (C) Total RNA was extracted from salivary glands
6 weeks after injection with virus-producing XC cells. RNA samples
(70 �g in lanes 1 to 6) from HP692 (lanes 1 and 2), HP838 (lanes 3 and
4), and HYB-MTV (lanes 5 and 6) virus-injected mice were subjected
to an RPA as described for panel A. Lane 7 contains 70 �g of salivary
gland (SG) RNA from a BALB/c mouse. Lane 8 contains 35 �g of
salivary gland RNA from a BALB/c mouse infected by foster nursing
on a C3H mother (BALB/cfC3H).
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trols the expression of mammary-specific cellular genes. Thus,
we determined the RNA levels of five such genes, the ε-casein,
WAP, �-casein, �-lactalbumin, and WDNM1 genes, in the
virgin mammary glands of �CR1 mice (Fig. 6B to F) (6, 17, 29,
45, 51).

RNA derived from individual wild-type, �CR1 heterozy-
gous, and homozygous mice was subjected to semiquantitative
RT-PCR and normalized for the level of gapdh RNA. Levels of
�-lactalbumin and WAP were both increased three- to sixfold
in virgin mammary glands of homozygous mutant mice relative
to those from wild-type mice (P 	 0.05) (Fig. 6C and E). This
effect was tissue specific, since we did not observe elevation of

these genes in the spleens or thymi of the same animals (data
not shown). In contrast, levels of ε-casein, �-casein, and
WDNM1 RNA were not significantly different in the virgin
mammary glands of wild-type and �CR1 (�/�) animals (P �
0.05). The steady-state RNA levels of all genes tested in un-
differentiated mammary tissues of �CR1 heterozygous mice
was not detectably different from that of wild-type mice (Fig.
6).

The levels of these same genes also were tested in �C het-
erozygous mice (Fig. 8). Levels of �-casein RNA were most
profoundly affected in virgin mammary glands (ca. sevenfold
increases in �C heterozygotes compared to wild-type animals)
(P 	 0.05) (Fig. 8D). Western blotting confirmed that �-casein
protein was elevated in lactating mammary glands of �C het-
erozygotes compared to that in wild-type mice (P 	 0.05) (data
not shown). Levels of WAP and �-lactalbumin RNA also were
significantly higher in �C (�/�) undeveloped mammary tis-
sues relative to those in wild-type mice (Fig. 8C and E, respec-
tively). This effect was tissue specific, since upregulation of the
same genes was not detected in spleens and thymi (data not
shown). Like �CR1 virgin glands, the levels of ε-casein and
WDNM1 RNA were unaffected compared to wild-type ani-
mals. The quantity of gapdh RNA did not vary significantly in

FIG. 5. In vivo infection by CDP binding site mutants detected
using PCR. Genomic DNA was extracted from different tissues in mice
that were injected with XC transfectants of wild-type (HYB-MTV;
lanes 1 and 2) or CDP binding site mutant proviruses (HP692, lanes 6
to 8; HP838, lanes 3 to 5). (A) PCR products detected with primers
specific for C3H MMTV. The C3H-specific band was 393 bp. (B) PCR
products detected with primers specific for the HP838 mutation. The
HP838-specific band was 703 bp. (C) PCR products detected with
primers specific for the HP692 mutation. The HP692-specific band was
561 bp. Reaction mixtures contained 100 ng of DNA, except for those
shown in panel A, lanes 1 and 6 (200 ng) and lane 7 (400 ng). DNA
from an uninjected BALB/c mouse was used as a negative control (lane
9). MG, mammary gland; MGT, mammary gland tumor; SG, salivary
gland.

TABLE 1. Genotyping of �CR1 weanling mice by PCRa

Animals
tested

No. of wild type/
no. tested (%)

No. of
heterozygotes/
no. tested (%)

No. of
homozygotes/
no. tested (%)

Females 108/308 (35.1) 184/308 (59.7) 16/308 (5.2)
Males 125/340 (36.8) 201/340 (59.1) 14/340 (4.1)
Total 233/648 (36.0) 385/648 (59.4) 30/648 (4.6)

a Typing of progeny from crosses of heterozygous females and males inbred on
the BALB/c background.
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undeveloped mammary glands of wild-type and CDP-mutant
mice (Fig. 6G and 8G). These results indicate that CDP is a
negative regulator of specific cellular and viral genes that are
developmentally expressed during mammary gland differenti-
ation.

DISCUSSION

CDP binding site mutations enhance MMTV expression and
tumorigenesis. Our previous results indicated that CDP is a
transcriptional repressor of MMTV expression in mouse mam-
mary cells (55) and rat fibroblasts (54). CDP overexpression in

FIG. 6. Increased RNA levels of endogenous MMTVs and mam-
mary-specific genes in virgin mammary glands of �CR1 mice. RNA
levels in virgin mammary glands of individual animals (each repre-
sented by a symbol) were detected by semiquantitative RT-PCR. Six
wild-type (�/�), four �CR1 heterozygous (�/�), and five homozy-
gous �CR1 (�/�) mice were tested. The average for each group of
age-matched mice is indicated by a horizontal line. The average for the
wild-type animals was assigned a value of 1, and the RNA levels of the
heterozygous and homozygous �CR1 mice were assigned values rela-
tive to the wild-type levels after normalization for gapdh levels in
individual samples. No significant differences in gapdh levels were
observed between mammary glands from wild-type or mutant animals
(G). RNA levels of the following genes are shown: endogenous
MMTV (A), ε-casein (B), WAP (C), �-casein (D), �-lactalbumin (E),
WDNM1 (F), and gapdh (G) genes. An asterisk indicates that the
values for the wild-type and mutant mice were statistically different (P
	 0.05) as determined by the two-tailed Student t test.
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these cells suppressed MMTV LTR-reporter activity, and mu-
tations that inhibited CDP binding to the MMTV LTR in-
creased viral transcription (54, 55). We also have shown that
CDP is developmentally regulated in the mammary gland and
that CDP-binding activity for the MMTV LTR is high in virgin
mammary gland, where MMTV expression normally is re-
pressed (55). Conversely, CDP-binding activity for the LTR is

undetectable in lactating mammary gland, a tissue that shows
the highest levels of MMTV transcription (24, 55). These re-
sults suggested that introduction of CDP binding site muta-
tions into the LTR of an infectious MMTV clone would ac-
celerate the development of MMTV-induced mammary
cancers by increasing viral transcription and insertional mu-
tagenesis at early stages of mammary gland development.

To test this hypothesis, we selected several CDP binding site
mutations in the MMTV U3 region that had been shown to
increase reporter gene expression from the MMTV LTR (54).
We confirmed that these mutations greatly reduced CDP bind-
ing to the MMTV LTR prior to introduction into the 3� LTR
of HYB-MTV, an infectious MMTV proviral clone (40). Sub-
sequently, the mutant proviruses, HP692 and HP838, were
stably transfected into rat fibroblast cells and shown to over-
express both viral RNA and proteins (Fig. 2). Inoculation of
these transfectants into susceptible BALB/c mice revealed that
all inoculated viruses expressed the MMTV-encoded protein

FIG. 7. CDP protein levels and DNA-binding activity in �C mutant
mice. (A) Western blotting of nuclear extracts from tissues of �C
wild-type and heterozygous animals. Extracts from virgin mammary
glands (MG; 50 �g; lanes 1 and 2) or thymi (TH; 25 �g; lanes 3 and 4)
were analyzed on a 6% polyacrylamide gel containing sodium dodecyl
sulfate followed by Western blotting and detection with CDP-specific
antibody. The same blots were stripped and incubated with antiactin as
a loading control (lower panel). (B) DNA-binding activity of nuclear
extracts from virgin mammary glands of �C mice. Extracts (5 �g) from
wild-type (lanes 2, 4, and 6) or heterozygous (lanes 3, 5, and 7) animals
were incubated in the presence or absence of anti-CDP or preimmune
(PI) serum as indicated prior to incubation with a labeled MMTV
pNRE4 probe (ca. 3 fmol) (24). Complexes were separated on a 4%
nondenaturing polyacrylamide gel prior to autoradiography. (C) CDP
levels in �C-heterozygous animals during mammary gland develop-
ment. Nuclear extracts (75 �g) of mammary glands from virgin (V-
MG), pregnant (P-MG), or lactating (L-MG) mice were analyzed by
Western blotting with CDP-specific antibody as described for panel A.
The blot was stripped and incubated with actin-specific antibody to
serve as a protein loading control (lower panel). The 150-kDa differ-
entiation-specific form of CDP is indicated as CDP*.

TABLE 2. Genotyping of �C weanling mice by PCRa

Animals
tested

No. of wild type/
tested (%)

No. of
heterozygotes/
no. tested (%)

No. of
homozygotes/
no. tested (%)

Females 96/211 (45.5) 114/211 (54.0) 1/211 (0.5)
Males 85/175 (48.6) 88/175 (50.3) 2/175 (1.1)
Total 181/386 (46.9) 202/386 (52.3) 3/386 (0.8)

a Typing of progeny from crosses of heterozygous females and males inbred on
the BALB/c background.
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Sag, as demonstrated by the deletion of a specific T-cell subset
(Fig. 3A), a clear indicator of MMTV infection. One mutant
(HP838) accelerated MMTV-induced T-cell deletion (Fig.
3A), and the other mutant (HP692) significantly decreased the
mammary tumor latency of the infected mice compared to
those inoculated with the wild-type virus (Fig. 3B). As antici-

pated, both mutants also specifically elevated MMTV expres-
sion in virgin mammary glands (Fig. 4). Therefore, the muta-
tion in the distal NRE at �692 may function to promote viral
replication in the mammary gland itself, whereas the �838
mutation may increase viral expression in B cells, a cell type

FIG. 8. Increased RNA levels of endogenous MMTVs and mam-
mary-specific genes in virgin mammary glands of �C mice. RNA levels
in virgin mammary glands of individual animals (each represented by
a symbol) were detected by semiquantitative RT-PCR. Four wild-type
and six heterozygous �C mice were tested. The average for each group
of age-matched mice is indicated by a horizontal line. The average for
the wild-type animals was assigned a value of 1, and the RNA levels of
the heterozygous �C mice were assigned values relative to the wild-
type levels after normalization for gapdh levels in individual samples.
No significant differences in gapdh levels were observed between mam-
mary glands from wild-type or mutant animals (G). RNA levels of the
following genes are shown: endogenous MMTV (A), ε-casein (B),
WAP (C), �-casein (D), �-lactalbumin (E), WDNM1 (F), and gapdh
(G) genes. An asterisk indicates that the values for the wild-type and
mutant mice were statistically different (P 	 0.05) as determined by the
two-tailed Student t test.
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facilitating MMTV transmission to breast tissue (11). These
results suggest that the functions of CDP binding in the prox-
imal and distal NREs are not equivalent, although mutations in
these binding sites showed similar effects on MMTV expres-
sion in transfected fibroblast cells. Because there appear to be
at least eight CDP binding sites in the MMTV LTR (54), it is
possible that CDP prevents the binding of different enhancer
factors that are responsible for regulation of virus expression in
various cell types.

What is the role of CDP in MMTV replication? We suggest
that CDP restricts MMTV replication during and between
pregnancies so that MMTV production peaks only during lac-
tation, a stage critical to viral transmission in the milk. CDP
also antagonizes the normally positive effects of glucocorticoid
receptor binding to the MMTV LTR during pregnancy (54),
but this suppression is alleviated when CDP binding to the
LTR disappears at lactation. Restriction of MMTV production
at specific stages of mammary differentiation prevents excess
integration events that result in mammary tumors, leading to
increases in the life span of the mother and the number of
offspring to which virus will be transmitted.

A similar type of developmental restriction of virus produc-
tion by CDP has been observed with HPV (33, 34). HPV is not
produced by undifferentiated skin cells that are located well
below the skin surface, and this is believed to be due, in part,
to CDP-mediated repression of viral transcription in undiffer-
entiated keratinocytes (1). However, during differentiation of
skin cells, CDP binding to HPV promoters declines, allowing
higher levels of virus production (34). Since differentiated cells
also are found at the surface of the skin, production of virions
is maximal where virus infection can be spread by contact with
other organisms. Thus, developmental restriction by CDP may
be a common mechanism used by viruses whose expression is
limited in undifferentiated cell types.

CDP regulates transcription of mammary-specific genes.
Viruses depend on cellular factors and processes to achieve
replication. Studies of viruses have repeatedly revealed new
aspects of these cellular processes. Regulation of MMTV by
CDP in mammary tissue is not a process specified by the virus
to control its replication. Rather, MMTV has adopted a reg-
ulatory process that evolved to regulate cellular differentiation
events in the mammary gland.

Homeodomain proteins, including CDP, are known to con-
trol cell type specification in a number of tissues (14, 32, 43). In
studies of the Drosophila CDP homologue, embryonic lethal
mutations of the cut gene transform external sensory organs
into internal sensory (chordotonal) organs (5), and similar
mutations prevent development of other organs, e.g., Mal-
pighian tubules (25). In mice, loss of Cutl1 results in lung and
hair follicle developmental defects, myeloid hyperplasia, and
reduced male fertility, and CDP overexpression causes multi-
organ hyperplasia (14, 26, 42). Moreover, CDP has been re-
ported to be a potential tumor suppressor gene in breast car-
cinomas and uterine leiomyomas (52, 53).

Several mechanistic insights into CDP function may be de-
rived from our studies. First, our experiments show that the
effects of CDP, a ubiquitously expressed transcription factor,
are tissue specific. WAP and �-lactalbumin RNA levels were
elevated in virgin mammary glands, but not spleens or thymi,
of two different CDP-mutant mouse strains (Fig. 6 and 8 and

data not shown), indicating the tissue specificity of CDP-me-
diated gene regulation. Second, these data are the first to show
that individual CDP domains have differential effects on gene
expression in the whole animal. For example, �-casein expres-
sion was elevated in the virgin mammary tissues of �C, but not
�CR1, mice. Increased expression of �-casein in �C mice
cannot be explained by a dominant-negative effect, since we
and others have not observed interference with DNA-binding
activity of the wild-type protein in virgin mammary gland, lung,
and brain extracts (Fig. 7B) (26) and there is no detectable �C
protein by Western blotting in nuclear extracts of thymus or
mammary gland, where full-length CDP is clearly observed
(Fig. 7A). Elevated �-casein expression in virgin mammary
glands appears to result from reduced CDP expression in �C
heterozygotes compared to wild-type animals. Thus, the four
DNA-binding domains do not contribute equally to all CDP-
regulated genes (2, 27). Third, previous studies have reported
that ε-casein expression is reduced in the milk of homozygous
�CR1 mice (43). However, our results showed that ε-casein
RNA levels were not altered in the virgin mammary tissue of
two different CDP-mutant strains. This suggests that altered
amounts of ε-casein in milk of �CR1 females may result from
CDP-induced deregulation at the posttranscriptional level. We
have observed increased �-casein RNA in virgin mammary
gland (Fig. 8D) and elevated �-casein protein levels in lactat-
ing mammary tissue of �C heterozygotes, but this has no ap-
parent effect on the viability of nursing pups (data not shown).
Fourth, mutations in CDP binding sites within an infectious
MMTV provirus increased viral expression in the virgin mam-
mary gland and decreased latency for mammary tumors com-
pared to that of wild-type virus. These data reveal that CDP
binding is required for control of MMTV expression in vivo.

Previous evidence indicates that CDP affects expression of
several cellular genes, e.g., ε-casein, transforming growth fac-
tor-� type II receptor, and c-myc known to affect milk compo-
sition, mammary differentiation, or tumorigenesis (12, 19, 43).
Homozygous mice lacking one of the Cut-repeat domains
(�CR1) and heterozygous mice missing the C-terminal region
(�C) both had increased levels of endogenous MMTV in the
undifferentiated mammary gland (Fig. 6 and 8). Since endog-
enous viruses are resident in every mammary cell, these results
clearly indicate that the effects of CDP binding site mutations
on infectious MMTVs are not solely due to effects on trans-
mission or spread of the virus, a result supported by the HP692
mutation, which had no effect on Sag-mediated deletion. In
addition, these experiments argue that the CR1 domain is
necessary for developmental control of MMTV transcription.

Development of the mammary gland proceeds in distinct
stages marked by the appearance of specific genes. For exam-
ple, �-casein and WDNM1 are upregulated earlier during
mammary differentiation than ε-casein, �-lactalbumin, or
WAP (37). The upregulation of specific milk genes in the virgin
mammary tissues of CDP-mutant mice suggests that some of
the “late” genes, including WAP and �-lactalbumin, as well as
genes that appear earlier, e.g., �-casein, are regulated by CDP
(Fig. 6 and 8). The �-casein promoter has several binding sites
for the CCAAT-enhancer binding protein (C/EBP) (38), and
the isoforms C/EBP� and -� reportedly bind to these sites to
increase expression during pregnancy (10). C/EBP� has been
shown to control the proliferation and differentiation of mam-
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mary tissue and is required for activation of milk protein ex-
pression (36, 39). A different isoform, C/EBPε, appears to
upregulate lactoferrin expression during myeloid cell differen-
tiation and CDP, a protein initially described as having
CCAAT-displacement activity on tissue-specific histone pro-
moters (4), negatively regulates C/EBPε expression (21). More
recently, CDP has been reported to interfere with C/EBP bind-
ing to the lactoferrin promoter and subsequent gene expres-
sion (20). Based on these observations, it is tempting to spec-
ulate that CDP differentially regulates the synthesis and/or
function of different C/EBP isoforms during mammary gland
development. Our preliminary data suggest that C/EBP over-
expression elevates MMTV RNA levels and that CDP overex-
pression will antagonize this effect. Irrespective of the mecha-
nism, our results strongly indicate that CDP negatively
regulates transcription of many genes known to be expressed in
differentiated mammary glands.
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