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Mouse mammary tumor virus (MMTYV) induces breast cancer with almost 100% efficiency in susceptible
strains through insertional activation of protooncogenes, such as members of the wnt and fibroblast growth
factor (fgf) families. We previously showed that expression of the MMTYV envelope protein (Env) in normal
immortalized mammary epithelial cells grown in three-dimensional cultures caused their morphological
transformation, and that this phenotype depended on an immunoreceptor tyrosine-based activation motif
(ITAM) present in Env and signaling through the Syk tyrosine kinase (E. Katz, M. H. Lareef, J. C. Rassa, S. M.
Grande, L. B. King, J. Russo, S. R. Ross, and J. G. Monroe, J. Exp. Med. 201:431-439, 2005). Here, we
examined the role of the Env protein in virus-induced mammary tumorigenesis in vivo. Similar to the effect
seen in vitro, Env expression in the mammary glands of transgenic mice bearing either full-length wild-type
provirus or only Env transgenes showed increased lobuloalveolar budding. Introduction of the ITAM mutation
into the env of an infectious, replication-competent MMTYV or into MMTV/murine leukemia virus pseudotypes
had no effect on incorporation of Env into virus particles or on in vitro infectivity. Moreover, replication-
competent MMTYV bearing the ITAM mutation in Env infected lymphoid and mammary tissue at the same level
as wild-type MMTV and was transmitted through milk. However, mammary tumor induction was greatly
attenuated, and the pattern of oncogene activation was altered. Taken together, these studies indicate that the
MMTYV Env protein participates in mammary epithelial cell transformation in vivo and that this requires a

and

functional ITAM in the envelope protein.

The nonacute transforming betaretrovirus mouse mammary
tumor virus (MMTYV), which induces mammary carcinomas in
mice, has long been used as an in vivo model for the study of
virus-induced cancer. The major route of MMTYV infection in
vivo is through milk, and mice can be freed of virus by foster
nursing on uninfected mothers (42). MMT V-induced transfor-
mation is mediated by proviral integration near cellular onco-
genes in mammary epithelial cells, and a number of different
integration sites (int genes) have been implicated in this pro-
cess, including the wnt! and fgf3 oncogenes (3). Surprisingly,
although integration near protooncogenes is critical to trans-
formation, the latency and incidence of tumor induction after
MMTYV infection is similar to that of transgenic mice bearing
wntl, fgf3, or other oncogenes under the control of the MMTV
long terminal repeat (LTR) (8, 38-40, 57). Moreover, like
virus-infected mice, the transgenic mice develop only one to
two clonal mammary tumors. Given that most, if not all, of the
mammary cells of transgenic mice express the oncogene while
oncogene activation in MMT V-infected mice occurs by sto-
chastic integration of the provirus, this similarity in pathogen-
esis between the two models suggests that the virus itself con-
tributes to tumorigenesis.

Indeed, recent evidence suggests that the MMTYV envelope
(Env) protein participates in mammary epithelial cell transfor-
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mation. Like other retroviruses, the MMTV Env consists of
two subunits generated by proteolytic processing of a polypro-
tein precursor to cell surface (SU) and transmembrane (TM)
domains (59); both subunits are required for virus entry via the
entry receptor, transferrin receptor 1 (TfR1) (50). However,
the Env protein appears to have additional roles. Env expres-
sion in the absence of other viral proteins in immortalized
normal mammary epithelial cells caused them to bear multiple
hallmarks of cell transformation, including a depolarized aci-
nar morphology and markers typical of epithelial-to-mesenchy-
mal transition (26). This activity depended on a functional
immunoreceptor tyrosine activation motif (ITAM) in the SU
domain. ITAMs are highly conserved sequences found in re-
ceptors involved in the activation, proliferation, survival, and
differentiation of hematopoietic cells such as B and T lympho-
cytes, mast cells, platelets, and natural killer cells (13, 37). The
tyrosine residues found in the canonical motif D(xx)Yxx(L/
I)x6.1, Yxx(L/T) are necessary and sufficient for signaling, and it
is well established that mutation of the two tyrosine residues to
phenylalanine in ITAM-containing molecules abrogates signal-
ing without altering protein biosynthesis and folding (24). Af-
ter ligand binding, the two tyrosine residues in ITAMs are
phosphorylated by protein tyrosine kinases and function as
docking sites for SH2-containing signaling proteins, linking
receptor-initiated signals to downstream cellular responses. In-
deed, wild-type Env protein was shown to bind in pervanadate-
treated cells, and mutation of the two tyrosine residues abro-
gated its abilities to bind Syk and to transform mammary
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epithelial cells (26). Morphological transformation was pheno-
copied in cells constitutively expressing the B-cell receptor
ITAM and was reversed by treatment of cells expressing either
the MMTYV Env or B-cell receptor ITAM-containing proteins
with Syk or Src family tyrosine kinase inhibitors (19, 26), indi-
cating that signaling through the ITAM was critical to pheno-
type induction.

Regulation of signaling in hematopoietic cells is the result of
a complex balance between Src and Syk family kinases and
protein tyrosine phosphatases such as SHP-1 and SHP-2, which
are located in the cytoplasm until they are recruited to regions
of the plasma membrane occupied by ITAM-containing pro-
teins by a second set of hematopoietic-restricted transmem-
brane proteins with cytoplasmic immunoreceptor tyrosine in-
hibitory motifs (13, 37). ITAM-containing proteins also generate
signals independent of ligand triggering; these “tonic” signals
require only that the ITAM-containing proteins be present in the
plasma membrane (1). Expression of ITAM-containing plasma
membrane proteins in cells where inhibitory regulatory proteins
are not present could lead to deregulated, uncontrolled signaling,
and thus expression of the MMTV Env in infected mammary
epithelial cells would play a role in virus-induced breast cancer.

Here, we examined whether the Env ITAM motif affected
MMTYV infection in vivo and show that it plays a critical role in
virus-induced breast cancer.

MATERIALS AND METHODS

Plasmids. The wild-type pEnv (16) and pEnv-Y,Y, plasmids (26) as well as
HP (53) and LEL (14) constructs were all previously described. Site-directed
mutagenesis to introduce the ITAM mutation into the HP plasmid to generate
HP-Y,Y, and mutation into pEnv was performed using the QuickChange XL
Site-Directed Mutagenesis kit (Stratagene, Inc.) as previously described (26); the
sequence of the mutagenic oligonucleotides are available upon request.

Cells. 293T human kidney epithelial cells were grown in Dulbecco’s modified
Eagle’s medium containing 10% fetal bovine serum and penicillin-streptomycin
(50 mg/ml). TRH3 cells (293T cells stably expressing mouse TfR1 [64]) and
NMuMG (normal murine mammary gland; ATCC CRL-1636) cells were grown
in the same medium supplemented with Geneticin (100 mg/ml) or 10 mg/ml
insulin, respectively. NMuMG cells stably expressing the HP and HP-Y,Y,
molecular clones were generated by cotransfection with a plasmid containing the
neomycin resistance gene (pSV2-neo) (55) followed by selection in medium
containing Geneticin (100 wg/ml).

Virus preparation, infection, and Western blotting. MMTYV Env-pseudotyped
murine leukemia virus (MLV) recombinant virions containing the B-galactosi-
dase gene under the control of the murine leukemia virus long terminal repeat
(54) were prepared in 293T cells and used for infection as previously described
(16). Infection was quantified by in situ staining of lacZ-positive colonies; the
Lac-forming units/milliliter of each virus preparation was determined. HP and
HP-Y,Y, virions were harvested from the supernatants of NMuMG transfec-
tants (induced with dexamethasone [0.5 pM] overnight) by ultracentrifugation at
32,000 rpm for 2 h in an SW50.1 rotor. Equal amounts of virions or cell lysates
were resolved on 10% denaturing polyacrylamide gels. The proteins were trans-
ferred to nitrocellulose membrane and probed with polyclonal goat anti-MMTV
antiserum as previously described (9).

Infection of mice with HP and HP-Y,Y, molecular clones. Three- to 4-week-
old BALB/c female mice purchased from the National Cancer Institute were
injected with 107 NMuMG cells expressing the HP and HP-Y,Y, molecular
constructs, as described previously (53). All injected females were bred with
BALB/c males to generate pedigrees of HP- and HP-Y,Y,-infected mice.
MMTV-infected mice were palpated weekly starting at 5 months of age and
sacrificed when tumors were less that 1 cm in diameter. Kaplan-Meier survival
curves were computed for age at tumor onset. The log-rank statistic was used to
test for a significant difference between the two viruses. All mice were housed
according to the policies of the Institutional Animal Care and Use Committee of
the University of Pennsylvania.

Transgenic mice. HP transgenic mice in the C3H/HeN background were
previously described (14). The LEL transgenic mice were made by the Trans-
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genic and Chimeric Mouse Facility of the University of Pennsylvania School of
Medicine. Both HP and LEL strains were carried by breeding heterozygous
transgenic males to C3H/HeN females, obtained from the Animal Program of
the National Cancer Institute. MMTV-Wnt1 transgenic mice were obtained from
the Jackson Laboratory and were maintained by breeding with FVB females.

Histopathology. C3H/HeN, HP, LEL, and MMTV-Wntl transgenic mice of
similar ages, as indicated, were injected intraperitoneally with bromodeoxyuri-
dine (BrdU) (1 mg/g body weight) 2 h prior to sacrifice. Mammary gland 3 was
used for whole-mount/carmine red staining (49). Photographs of the whole
mounts were analyzed for the average number of buds and branches per given
area in a blinded fashion. Mammary gland 4 was fixed in formaldehyde, and
paraffin-embedded sections were used to detect BrdU incorporation using mouse
anti-BrdU antibodies (BD Biosciences) (30). The slides were analyzed by the
Transgenic Laboratory at the University of California at Davis.

PCR to detect integrated exogenous viral DNA. To detect newly integrated
copies of exogenous MMTYV (C3H), DNA isolated from spleens and thymi of
mice infected by milk-borne HP or HP-Y,Y, virus was amplified by semiquan-
titative PCR using HP LTR primers, as previously described (15). Simulta-
neously, the DNA was amplified with universal MMTYV primers that amplify the
endogenous viruses present in the mouse gene. Both sets of amplification prod-
ucts were analyzed on 1.5% agarose gels, blotted to nitrocellulose, and hybrid-
ized with an LTR-specific probe. The gels were subjected to PhosphorImager
analysis (Molecular Dynamics STORM scanner 860), and the bands were quan-
tified using ImageQuant 5.2 (Molecular Dynamics). Data are presented as the
relative amount of HP-specific DNA normalized to the endogenous MMTV
DNA.

RNase protection assays. RNase T1 protection assays were performed as
previously described (14) using a probe specific for MMTV (C3H) viral tran-
scripts (17) and for mouse B-actin (Ambion, Inc.). Twenty micrograms of total
RNA isolated from spleen, 40 pg from virgin mammary glands, and 5 pg from
the milk of mice infected by milk-borne HP or HP-Y,Y, virus were used. The
gels were dried and scanned with a Molecular Dynamics Storm PhosphorImager
and analyzed with Molecular Dynamics ImageQuant 5.2 software. Data are
presented as relative expression of MMTYV normalized to B-actin.

RT-PCR to detect common integration site expression. Total RNA was iso-
lated from tumors using the Trizol Reagent (Invitrogen, Inc.) according to the
manufacturer’s instructions. Two micrograms of total RNA was used to generate
c¢DNA using Superscript IT Reverse Transcriptase (Invitrogen, Inc.) according to
the manufacturer’s instructions. Radioactive PCR was performed using Platinum
Taq Polymerase, 1.0 mCi [a->*P]ATP, and 4 pmol of the following primers: wntl
forward, CCACCTCTTCGGCAAGATCGTCAA; wntl reverse, GTGGCATTT
GCACTCTTGGCGCAT; fgf3 forward, GGAGATTACTGCGGTGGAAGT
GGG; fgf3 reverse, CTTTTGTGTGCGGCGGGTCTTGAA; ActB forward, CT
CCTATCGTGAGTCCGTTCCGCT; ActB reverse, TGGATGGCTACGTAC
ATGGCTGGG. The amplification conditions for all PCRs (except for that of
the primers) consisted of initial denaturation at 94°C for 2 min, denaturation
at 94°C for 30 s, annealing at 55°C or 50°C for 30 s, and extension at 72°C for
30 s for 35 cycles. The amplification conditions for the ActB primers consisted
of initial denaturation at 94°C for 2 min, denaturation at 94°C for 30 s,
annealing at 50°C for 30 s, and extension at 72°C for 30 s for 21 cycles. The
reverse transcription-PCR (RT-PCR) products were resolved on 5% acryl-
amide gels, dried, and scanned with a Molecular Dynamics Storm
PhosphorImager; all samples with intact RNA, as determined by a visible
mouse B-actin signal, were scored for wntl and fgf3 expression. Pearson’s
chi-square statistic or two-sided Fisher’s exact test was used to test whether
the proportions of tumors that expressed each gene were the same for HP-
and YY,-infected mice; Fisher’s exact test was used when the chi-square test
was not appropriate due to small samples sizes.

T-cell deletion. Peripheral blood lymphocytes isolated at the times indicated
were stained with fluorescein isothiocyanate-conjugated anti-VB14 and phyco-
erythrin-conjugated anti-CD4 antibodies (BD Biosciences, Inc.) and analyzed by
flow cytometry. Cells were acquired on a FACScan cytometer (Becton Dickin-
son, Mountainview, CA) and analyzed using CellQuest software (Becton Dickin-
son Immunocytometry Systems).

Statistics. Statistical analyses were done using SAS/STAT software, version 9,
of the SAS System for Windows.

RESULTS

Transgenic mice that express full-length MMTV or MMTV
Env alone have altered mammary tissue morphology. We first
determined whether the Env gene affected mammary cell
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differentiation in vivo. A number of years ago we created
HP transgenic mice in the C3H/HeN background. The
HP MMTYV molecular clone is not tumorigenic in C3H/HeN
mice (14, 21), and thus transgenic mice in the C3H/HeN
background develop tumors at very low incidence (<1%)
and with long latency (>400 days) (data not shown). To
determine whether MMTV altered mammary gland mor-
phology when expressed as a transgene, histological analysis
of HP mammary gland whole mounts was performed (Fig.
1). Shown are the virgin mammary glands of a 2-month-old
transgenic mouse and a nontransgenic littermate from a
mating between a heterozygous transgenic male and a non-
transgenic female (no virus was acquired through milk).
These analyses revealed a dramatic increase in the number of
lobuloalveolar buds in HP transgenic mice compared to their
nontransgenic littermates (compare C3H/HeN to HP in Fig.
1). This difference in lobuloalveolar differentiation persisted in
older mice (data not shown).

To confirm that these morphological changes were due to
Env expression, we created two independent strains of trans-
genic mice that expressed only the Env gene under the control
of the MMTV LTR (Fig. 1) (14). Both strains of LEL mice
showed the typical pattern of MMTYV transgene expression in
lymphoid, salivary gland, prostate/seminal vesicle, and mam-
mary tissue (5) (data not shown). The virgin mammary glands
of the LEL strains showed the same morphological changes as
did those from the HP mice (Fig. 1). Thus, the MMTV Env
protein has the ability to alter the morphology of mammary
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FIG. 1. Whole-mount analysis of mammary glands from 2-month-old virgin C3H/HeN, MMTV-Wntl, LEL, and HP mice. All pictures were
taken at X4 magnification; the lymph nodes (LN) are included in each picture for comparison.

tissue in vivo as well as in vitro (26). LEL and HP transgenic
mice consistently showed this phenotype; approximately 17%
of nontransgenic mice (2 of 12) also demonstrated increased
alveolar budding of unknown etiology (data not shown). To
determine if Env expression caused changes in mammary gland
morphology similar to those induced by a known oncogene
activated by MMTYV insertion, we also examined the mammary
glands of age-matched, virgin MMTV-Wntl transgenic mice
(57). In contrast to the LEL or HP mice, MMTV-Wntl trans-
genic mice did not show increased numbers of buds but instead
had much larger end buds (Fig. 1).

We also examined BrdU incorporation in the mammary tissues
of the HP and LEL transgenic mice to determine if transgene
expression affected mammary cell proliferation. In both cases,
there was no increase in the number of BrDU-positive cells (data
not shown); in contrast, MMTV-Wntl transgenic mice showed a
significant increase in mammary epithelial cell proliferation, as
previously described (30). Thus, Env expression in mammary ep-
ithelial cells in vivo appeared to alter their morphology without
affecting cell proliferation. This is similar to the phenotype we
described for in vitro studies, where Env expression affected
mammary cell differentiation but not proliferation (26).

Mutation of the SU ITAM does not affect pseudovirus in-
fection or virion production in cultured cells. It is well estab-
lished that mutation of the two Y residues to F in cellular or
viral ITAMs preserves protein structure but abrogates signal-
ing by such proteins (24). Indeed, we showed that introduction
of the mutations Y415 a.42s—>F (Y,Y,) into the wild-type
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FIG. 2. Mutation of the Y residues in the SU ITAM does not alter
pseudovirus infectivity or Env incorporation into virions. (A) Pseudo-
virus titers on TRH3 cells of the particles bearing wild-type and mutant
Env proteins. Shown is the average of three independent experiments
(infectivity of pseudoviruses bearing the mutant Env normalized to the
wild-type Env). (B) Fluorescence-activated cell sorting analysis of HP-
(dark line) and HP-Y,Y,- (dotted line) transfected NMuMG cells
using anti-MMTYV Env antisera; unstained cells are shown by the thin
line. The mean fluorescense intensity of cells within the M1 window
was 183 for HP and 142 for HP-Y,Y,. Western blot analysis of virus
particles isolated from HP- and HP-Y,Y,-transfected NMuMG cell
supernatants.

MMTYV envelope expression plasmid pEnv did not affect pro-
tein expression or its ability to traffic to the cell surface (26).
However, YXXL/I motifs are often used for protein sorting,
and given its sequence similarity to the ITAM, its mutation
could affect its incorporation into virions and thereby reduce
infectivity. To test this, we prepared MLV pseudotypes in 293T
cells (16) bearing the wild-type and mutant Env proteins. The
producer 293T cells all expressed similar levels of the different
Env proteins (data not shown). The pseudoviruses were then
used to infect NMuMG or TRH3 cells (293T cells stably ex-
pressing the mouse transferrin receptor) (50). The Env mutant
pseudoviruses infected both NMuMG and TRH3 cells with
efficiencies similar to those of the virus bearing the wild-type
Env (Fig. 2A, shown for TRH3 cells). A construct bearing a
Y ..415s—1 mutation was also tested; although expression of this
mutant Env was similar to that of the wild type, this change
dramatically reduced virus titers (data not shown), indicating
that structural conservation of this region is important for
infection.

We also introduced these same Y—F mutations into an
infectious MMTYV molecular clone, HP (53), and stably trans-
fected these constructs into NMuMG cells; the cells expressed
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similar amounts of Env on their surface, indicating that the
protein was processed (Fig. 2B). Supernatants were harvested
from these cultures and pelleted by high-speed centrifugation.
The virions and cell extracts were subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and Western blot
analysis using polyclonal anti-MMTYV or SU antisera. Env lev-
els on virions were proportional to the amount of capsid pro-
teins (Fig. 2C), indicating that mutation of the Y residues did
not affect its incorporation into virions.

Thus, mutation of the tyrosine residues did not have any
significant effect on viral protein expression, stability, or incor-
poration into virions. Moreover, because the pseudovirus titers
of mutants were similar to those of the wild type, the ITAM
mutations did not appear to affect receptor binding or entry.

Mutation of the tyrosine residues in the SU ITAM does not
affect initial in vivo infection of lymphocytes. During milk-
borne MMTYV transmission, virus infection is initially estab-
lished in lymphocytes resident in the Peyer’s patches and mes-
enteric lymph nodes. These infected lymphocytes then traffic to
peripheral lymphoid organs and eventually to the pubescent
mammary gland (10, 15). To determine whether the ITAM
mutation altered the ability of MMTVs to infect lymphocytes,
we inoculated 10 3-week-old BALB/c females with NMuMG
cells expressing the HP wild type or HP-Y,Y, mutant molec-
ular clones. This well-established method for infecting mice
with recombinant MMTVs allows efficient infection of both
lymphocytes and mammary cells undergoing cell division at
puberty (53, 62). When the transfected cells are from a differ-
ent species (i.e., rat) or inbred background (NMuMG are
NAMRU strain), they are immunologically rejected, but this
occurs after transfer of the virus to the host.

We first examined Sag-cognate T-cell deletion in the inocu-
lated animals for evidence of virus infection. MMTV-infected
mice show deletion of CD4™ T cells that recognize the virally
encoded Sag protein and the kinetics and extent of deletion
reflect virus load (18); the HP-encoded Sag causes deletion of
VB14™" T cells. At both 6 and 16 weeks after infection, there
was no difference in V14" T-cell levels (BALB-HP and BALB-
HP-Y,Y,; shown for the 16-week time point in Table 1).

We next tested whether milk-borne transmission of MMTV
and Sag-mediated T-cell deletion was affected by the ITAM
mutation. The HP- and HP-Y,Y,-virus-injected mice were

TABLE 1. Sag-mediated deletion of cognate T cells in
wild-type- and ITAM mutant-infected mice”

VB14+/CD4*

Mouse and infection route content (%) n Age (wk)
Uninfected

BALB/c 8.0 = 0.67 7 NA
Injected

BALB-HP 457 1.2 10 16

BALB-HP-Y,Y, 5.08 £ 1.1 10 16
Milk borne

BALB f. BALB-HP 3.59 = 0.68 3 23

BALB f. BALB-HP-Y,Y, 436 +0.23 3 23

“ Mice were bled at the indicated age, and the percentages of VB14*/CD4* T
cells were determined by fluorescence-activated cell sorter analysis. f., foster-
nursed; NA, not applicable.
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FIG. 3. Infection of lymphoid tissue. A. Provirus integration was
determined by semiquantitative PCR with DNA isolated from the
spleens of age-matched mice infected by milk-borne HP or HP-Y,Y,
virus. Presented are the relative expression levels in individual mice
(see Materials and Methods); shown below are the average values for
each group. B. RNA analysis. RNA isolated from the spleens was
subjected to RNase protection analysis as previously described (17).
Shown are the results from splenic RNA isolated from virgin [HP(v)
and Y,Y,(v)] and multiparous (HP and Y,Y,) females.

mated, and V14" T-cell deletion in their offspring was exam-
ined. The extent of deletion of Sag-cognate T cells was iden-
tical in both sets of mice (shown for 23-week-old BALB f.
BALB-HP and BALB f. BALB-HP-Y,Y, mice; Table 1).

We then sacrificed groups of age-matched virgin mice in-
fected by milk-borne MMTYV and examined their spleens for
evidence of infection by semiquantitative PCR for integrated
virus DNA (Fig. 3A) and for MMTV-specific transcripts by
RNase protection assays (Fig. 3B). Although there was some
variation in the level of infection between individual mice
infected with either virus, the average infection level of the

Milk RNA

Y,Y, HP Y,Y, —» HP HP

-hﬂ

hub---i

0.6 0.4 04 0.3 04 0.3 1.19

HP-Y,Y,: 0.43+0.13
HP: 0.63 + 0.49

J. VIROL.

HP-Y,Y,-infected mice was equivalent to that of the wild-type
HP-infected mice. Thus, both lymphocyte infection and, im-
portantly, milk-borne transmission appeared not to be im-
paired by mutation of the MMTV Env ITAM.

Mutation of the SU ITAM does not affect mammary gland
infection. The primary source of milk-borne MMTV is mam-
mary epithelial cells, which produce and secrete virus during
lactation. As described in the preceding section, milk-borne
transmission of the mutant HP-Y,Y, virus was not impaired,
indicating that mammary gland infection was also not affected.
To directly test this, we examined virgin mammary gland virus
expression of MMTV RNA as well as the levels of milk-borne
virus produced by lactating HP and HP-Y,Y, females infected
through milk, using an RNase protection assay specific for the
HP virus (Fig. 4). The mammary glands of the wild-type and
mutant mice expressed similar levels of MMTV RNA and
produced equivalent amounts of virus, indicating that the mu-
tation had little or no effect on mammary gland infection.

The ITAM mutant virus is attenuated for tumor induction.
We next determined whether Env-mediated signaling through
the ITAM was important for MMTV-induced mammary tu-
morigenesis. Mice that received milk-borne virus with the wild-
type or ITAM mutant Envs were force bred and monitored for
tumor formation. Compared to mice that received the wild-
type HP virus, mice infected with the HP-Y,Y, mutant virus
had a much longer time to mean tumor formation (delayed by
almost 2 months) (Fig. 5). Moreover, by the age of 365 days,
when only 33% of the HP-infected mice were tumor free, 52%
of the HP-Y,Y,-infected mice still had not developed tumors.

Retroviruses commonly undergo recombination when RNAs
from different viruses are copackaged into the same particle, and
we previously showed that exogenous MMTV recombines with
endogenous proviruses expressed in the mammary gland (17).
Although we used BALB/c mice that do not express any full-
length endogenous proviruses in mammary tissue for these tu-
morigenesis studies, it was possible that reversion of the ITAM
mutant viruses to wild type occurred through recombination with
endogenous proviruses expressed in lymphoid tissue. We there-

Virgin MG RNA
HP-Y.Y, HP
S E Mty
- . actin

42 3.6 4.0 21 57 34

3.9

HP-Y,Y,: 3.9+ 0.3
HP:37+15

FIG. 4. Mammary gland infection. RNA isolated from the virus fraction of milk or from virgin mammary tissue of age-matched mice infected
by milk-borne HP or HP-Y,Y, virus was subjected to RNase protection analysis, as described in the legend to Fig. 3. Shown below each lane is
the MMTYV signal normalized to B-actin; the boxed values are the average normalized MMTYV signal for each group of infected mice. MG,

mammary gland.
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fore made cDNA from the RNAs of four independent HP-Y, Y-
induced tumors (one from a virus-injected mouse, the others from
three offspring of different infected mothers) and amplified the
ITAM region of env using a 3’ primer specific for the HP LTR in
conjunction with a 5" primer that hybridizes to all MMTV eny
genes. The sequences of the tumor cDNAs showed that all had
retained the Y,Y, mutation (data not shown). Thus, the ITAM
mutants were capable of mammary tumor induction, albeit with
greatly delayed kinetics.

ITAM mutant viruses show altered oncogene activation. It is
well established that MMTYV causes tumors by integrating next
to protooncogenes, such as wntl and fgf3, thereby turning on
their expression in mammary epithelial cells. We therefore
examined expression of these two oncogenes to determine
whether the integration site frequency was similar in the wild-
type- and ITAM mutant-induced tumors. The wild-type HP
virus turned on expression of wntl and fgf3 in 56% and 78% of
tumors, respectively, similar to published data (25) (Table 2).
In contrast, tumors induced by the HP-Y,Y, virus showed
lower turn on of both oncogenes (29% and 43%, respectively),
with a statistically significant difference in the activation of
expression of fgf3. Moreover, there was a statistically signifi-
cant difference in the percentage of tumors in which both
oncogenes were activated. Only one tumor (7%) induced by
the HP-Y,Y, virus, in contrast to eight tumors (44%) induced
by the wild-type HP virus, fell into this category. Finally, 36%
versus 11% of HP-Y,Y,- and HP-induced tumors, respectively,
showed activation of neither gene, although because of the
small number of analyzed tumors, these differences are not
statistically significant. These data suggest that the ITAM mu-
tant causes transformation by activating different protoonco-
genes than wild-type MMTV.

10
© 075
o
i HP
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€ o Yiv2
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8
& o025
0 50 100 150 200 250 300 350 400
Age (days)
Wirus # # Median Mean
tumors age age
HP 36 24 301.5 2033
Yivz 21 F o dmm 3437

FIG. 5. Mammary tumor incidence induced by HP and HP-Y,Y,
viruses. Mice infected by milk-borne HP (n = 36) or HP-Y,Y, (n = 21)
virus were force bred and monitored for mammary tumors by weekly
palpation. Shown are Kaplan-Meier survival curves that were com-
puted for age at tumor onset. The P value for the test in which these
two curves are significantly different (null hypothesis of equality) was
0.0066. Shown in the table is the mean and median time to mammary
tumor development for the two groups; numbers of mice infected with
the mutant virus that had developed tumors at 1 year were insufficient
to compute the median.
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TABLE 2. Expression analysis of MMTV common integration site
genes in wild-type- and ITAM mutant-induced tumors”

Virns Wl wntl - fof3 fef3 wntl™  wntl and fgf3  Time to tumor
total alone total alone fgf3" negative (days)

HP?
o+ -+ -4 - 188
2+ - k- - 188
3+ -+ - s - 194
oA - 195
T - 240
6 - - 4+ = - 251
7 - -+ 4 - - 251
e S - 265
9o 4+ -+ - 4 - 270
0 - - 4+ + - - 270
o+ -+ - 4 - 284
12 + + — — — _ 313
B - -+ o+ - - 317
4o - - - == + 337
5+ - 4+ -+ - 351
o - - - - - + 405
7 - -+ o+ = - 455
18 + + — — — _ UN

Y, Y°
| S S - 304
2+ - - 313
3 - -+ o+ - - 317
4 - - - = = . 390
5 0+ + - = - - 390
6 - - - = = . 405
7T- -+ - - 405
&8 - - - - - + 412
R S - 422
0 - - 4+ o+ = - 424
- -+ o+ - - 443
o- - - - - + 470
B3 o+ o+ - - - M 470
4 - - - == + 525

“ Tumors were analyzed for expression of the indicated oncogenes by RT-PCR
as described in Materials and Methods. UN, unknown.

® The expression turn-on percentages for HP viruses were the following: wntl
total, 55.6; wntl alone, 11.1; fgf3 total, 77.8; fgf3 alone, 44.4; wntl and fgf3
positive, 33.3; wntl and fgf3 negative, 11.1. The expression turn-on percentages
for Y,Y, viruses were the following: wnt! total, 28.6; wntI alone, 21.4; fgf3 total,
42.9; fgf3 alone, 35.7; wntl and fgf3 positive, 6.7; wntl and fgf3 negative, 35.7.

¢ P values for HP versus Y,Y, viruses were the following: wnt! total, 0.127
(Pearson’s chi-square statistic); wnt/ alone, 0.631 (two-sided Fisher’s exact test);
fgf3 total, 0.043 (Pearson’s chi-square statistic); fgf3 alone, 1.000 (two-sided
Fisher’s exact test); wntl and fgf3 positive, 0.044 (Pearson’s chi-square statistic);
wntl and fgf3 negative, 0.195 (two-sided Fisher’s exact test).

DISCUSSION

Because the focus over the past 25 years has been on retro-
viral integration as the mechanism of tumor induction, includ-
ing recent high-throughput analyses of integration sites (31, 35,
63), much less is known about the early steps in nonacute
transforming retrovirus-induced cancers. Studies on the beta-
retrovirus Jaagsietke sheep retrovirus, which is related to
MMTYV and causes lung adenocarcinomas, have shown that its
Env protein behaves as an oncogene (32, 48, 61), although it is
also possible that insertional mutagenesis is required for trans-
formation (7). Additionally, it is well established that murine
leukemia viruses have effects on hematopoiesis long before
proviral integration into specific oncogenes occurs, although
the mechanism by which most of these virus-induced changes
occur is not known (43, 52). MMTYV, which has an easily
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definable target (the mammary epithelial cell) and whose nat-
ural pathway of infection is readily studied in its natural host,
provides us with a tool to help in understanding these early
events in transformation. We show here that an early step in
MMTV-induced mammary tumorigenesis likely requires sig-
naling through an ITAM in the Env protein that alters mam-
mary gland differentiation/morphology.

The ITAM sequences in Env are located in the SU region of
the protein, generally believed to be outside the cell mem-
brane. However, there is evidence that the MMTV SU can
exist as a transmembrane protein (45) and that it resides in
lipid rafts (data not shown). Moreover, we previously demon-
strated that Env interaction with Syk kinase, a cytoplasmic
protein, depended on the ITAM phosphotyrosines (26), indi-
cating that this motif resides in the cytoplasm in some Env
conformations. These data predict that the MMTV Env, like
other membrane proteins found in Newcastle disease virus
(33), the adenovirus E3-6.7K protein (36), and hepatitis B virus
(47), can assume multiple conformations and that these may
serve different biological functions.

MMTYV induces tumors through insertion site activation,
and the wntl oncogene that is commonly activated in mam-
mary tumors was the first integration site to be cloned (44).
Although it is clear the MMTYV requires insertional activation
for full-blown tumorigenesis, previous studies had indicated
that lobuloalveolar differentiation was significantly increased
in MMTV-infected mice and that this effect was separable
from transformation (56). In our previous studies (26) and the
work presented here, we clearly show that the virus itself has
profound effects on mammary cell morphology and that this is
most likely due to signaling through an ITAM motif in the Env
protein, since abrogation of signaling by mutating the required
tyrosines to phenylalanine alters both its ability to morpholog-
ically transform cells (26) and its ability to induce tumors.
Moreover, our previous data demonstrated that an identical
morphological transformation of mammary epithelial cells oc-
curred when cells expressed either the MMTYV Env or a non-
viral ITAM and was reversed by inhibitors of Syk or Src family
kinases, known downstream effectors of ITAM signaling (19,
26).

The results presented here also show that the Env ITAM
plays a role in MMTV-mediated mammary tumorigenesis. Al-
though ITAM negative viruses induced tumors, the time to
tumor formation was greatly increased and the rate of inci-
dence was decreased, at least within the 1-year period exam-
ined here. Moreover, examination of the common integration
sites (wntl and fgf3) in these HP-Y,Y,-induced tumors dem-
onstrated a lower frequency of activation, indicating that there
may be selection for activation of alternate oncogenes/path-
ways. This potential change in the selection of different inte-
gration sites further indicates that Env ITAM plays a role in
mammary gland transformation.

A number of oncogenic viruses, some with tropism for non-
hematopoietic cells, encode ITAM-containing plasma mem-
brane-associated proteins that play a role in their ability to
transform cells. These include Epstein-Barr virus LMP2A (12,
34), Kaposi’s sarcoma virus K1 (28, 29, 46), and bovine leuke-
mia virus gp30 (2, 4, 60). The spacing between the aspartate
and tyrosine residues in the MMTYV Env and other viral motifs
[DYxx(L/T)x4_1, Yxx(L/I)] usually differs from that found in cel-
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lular ITAMs, although the significance of this difference is not
currently understood. Most, if not all, of these proteins are
believed to signal in a ligand-independent manner.

There are also cellular proteins expressed in nonhematopoi-
etic cells that contain ITAM repeats, such as members of the
ezrin/moesin family (51, 58) and tamalin, a scaffold protein
that associates with glutamate receptors in neuronal cells (20).
Moreover, a bioinformatics search has revealed between 48
and 368 additional cellular proteins that contain potential
ITAMs (11). PECAM-1, the endothelial adhesion receptor,
was also thought to contain an ITAM, although more recent
data suggests that it functions as an immunoreceptor tyrosine
inhibitory motif (23). Interestingly, mammary tissue expression
of PECAM-1 in transgenic mice led to attenuated mammary
gland development (22). Recent work has also shown that Syk,
a downstream target of ITAM signaling, is expressed in normal
human breast cells but not in invasive breast carcinoma and
that it acts as a growth suppressor when introduced into the
latter (6). In addition, mice with targeted mutation of Cbl, a
negative regulator of Syk, develop mammary gland hyperpla-
sia, although this could also be due to its effects on epidermal
growth factor receptor signaling (41). Thus, our recent finding
that MMTYV uses ITAM-containing protein in its transforma-
tion pathway of nonhematopoietic cells such as mammary ep-
ithelia has the potential to lead to the discovery of a new mode
of breast cancer induction and, as a result, novel treatment
paradigms.

MMTYV must require the same types of functions supplied by
the human immunodeficiency virus and human T-cell leukemia
type 1 accessory genes for in vivo infection, such as cell acti-
vation and immune evasion. The MMTV Env may have ac-
quired an ITAM to accomplish some of these functions. For
example, ITAM signaling could contribute to increased virus
load, as is thought to be in the case for the Kaposi’s sarcoma-
associated herpesvirus K1 protein in B cells, through affecting
cellular metabolic processes (27). Alternatively, it may allow
persistence of infected cells for longer time periods or, because
Env expression seems to increase lobuloalveolar development,
create a larger number of virus-shedding cells, thereby increas-
ing MMTYV transmission. Although we showed that viruses
bearing Env proteins with the ITAM mutations were not ap-
parently attenuated for infection and appeared to be transmit-
ted at levels similar to those of the wild-type virus in vivo, these
studies looked at transmission through only two generations.
Future experiments will examine whether the ITAM mutation
affects viral fitness through subsequent generations.
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