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Background: Germline mutations in the tumor suppressor PTEN predispose human beings to
breast cancer, and genetic and epigenetic alterations of PTEN are also detected in sporadic human
breast cancer. Germline Pten mutations in mice lead to the development of a variety of tumors, but
mammary carcinomas are infrequently found, especially in mice under the age of six months.

Results: To better understand the role of PTEN in breast tumor development, we have crossed
Pten heterozygous mice to MMTV-Whnt-| transgenic mice that routinely develop ductal carcinomas
in the mammary gland. Female Wnt-| transgenics heterozygous for Pten developed mammary
tumors earlier than Whnt-| transgenics that were wild type for Pten. In most tumors arising in Pten
heterozygotes, the Pten wild-type allele was lost, suggesting that cells lacking Pten function have a
growth advantage over cells retaining a wild type allele. Tumors with LOH contained high levels of
activated AKT/PKB, a downstream target of the PTEN/PI3K pathway.

Conclusions: An animal model has been developed in which the absence of Pten collaborates with
Whnt-1 to induce ductal carcinoma in the mammary gland. This animal model may be useful for
testing therapies specific for tumors deregulated in the PTEN/PI3K/AKT pathway.

Introduction

Cancer evolves from the accumulation of mutations and
the deregulation of two classes of genes, oncogenes and
tumor suppressor genes. The large majority of breast
cancers arise in epithelia of the breast, and they are
thought to evolve from hyperplasia with atypia to carci-
noma in situ, invasive carcinoma, and, finally, metastatic
disease. The molecular mechanisms leading to breast
malignancies are unclear, but many genetic abnormali-
ties and epigenetic factors have been implicated, includ-

ing changes affecting known tumor suppressor genes
(p53, BRCA1, BRCA2, PTEN/MMAC1/TEP1) and proto-
oncogenes (neu/ErbB2/HER2, ErbB1/EGFR, PRAD-1/
cyclin D1, Mdm2, and c-myc) [reviewed in ref. 1].

The gene product of PTEN (phosphatase and tensin ho-
molog deleted from chromosome 10) is a lipid phos-
phatase that reverses the activities of
phosphatidylinositol 3-kinase (PI3K) by dephosphor-
ylating the D3 position of its lipid products, phosphati-
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dylinositol-3, 4  bis-phosphate  (PtdIns(3,4)P2),
phosphatidylinositol-3,5 bis-phosphate (PtdIns(3,5)P2),
and 3,4,5-tri-phosphate (PtdIns(3,4,5)P3) [2, 3], the ele-
vated levels of which are linked to the transforming abil-
ity of PI3K [reviewed in ref. 4].

PtdIns(3,4)P2 and PtdIns(3,4,5)P3 recruit AKT (also
known as protein kinase B [PKB]) to the membrane
through the N-terminal pleckstrin homology (PH) do-
main of AKT [reviewed in ref. 5]. Membrane localization
renders AKT permissive to phosphorylation by phos-
phatidyl inositol-dependent kinases, PDK1 and PDK2, at
Thr3o8 within the activation loop and at Ser473 near the
carboxyl terminus. Phosphorylation activates the kinase
domain of AKT, which, in turn, phosphorylates target
proteins on serine and threonine residues. Substrates of
AKT include glycogen synthase kinase 3 (GSK3), p70/S6
kinase, BAD, Caspase 9, 4E-BP1, IkB kinase o and mem-
bers of the Forkhead transcription family [reviewed in
ref. 6, 7]. Constitutive membrane localization of AKT
leads to its deregulated activation and can induce onco-
genic transformation [8, 9].

All three human members of the AKT family are over-
produced in various human cancers. AKT1 is over-ex-
pressed in gastric adenocarcinomas and breast cancer
cell lines, AKT2 is amplified and over-expressed in pan-
creatic, ovarian, and breast cancers, and AKT3 is upreg-
ulated in estrogen receptor-deficient breast cancer and
in androgen-independent prostate cell lines [reviewed in
ref. 6].

Consistent with the role of PTEN as a lipid phosphatase,
PTEN-deficient human and mouse cells have elevated
levels of intracellular PtdIns(3,4,5)P3 [10, 11] and dem-
onstrate constitutive activation of AKT in the absence of
growth factors [12,13,14]. The relationship between com-
ponents of this pathway is also conserved in flies and
worms.

A germline mutation in PTEN is associated with multi-
neoplastic, autosomally dominant syndromes in hu-
mans, such as Cowden disease and Bannayan-Zonana
syndrome (also known as Bannayan-Riley-Ruvalcaba
syndrome), and 20-50% of affected females in these fam-
ilies develop breast cancer [15,16,17]. The PTEN gene is
also frequently deleted or mutated in a variety of sporad-
ic human malignancies, such as glioblastoma and carci-
nomas of the prostate, endometrium and breast.
Although somatic mutations in the gene have been de-
tected in only about 1% of breast cancers, loss of hetero-
zygosity (LOH) at the PTEN locus (10q23) is frequently
found (approximately 40%), and 33% of breast tumors
have no detectable, or reduced, levels of the protein
product [18,19,20,21,22].
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Three independent mouse lines carrying inactivating
Pten mutations have been made [23,24,25]. All mice ho-
mozygous for these Pten mutations die during early em-
bryogenesis. By 6 months of age, heterozygous mice
develop tumors of the lymphoid system, colon, uterus,
and adrenal medulla with very high penetrance, and tu-
mors of the prostate and thyroid with lower penetrance.
While benign mammary lesions, usually fibroadenomas,
are found in female mice after 7 months of age, few ani-
mals develop ductal carcinomas [KP and RP, unpub-
lished; 26], which account for over 85% of human breast
cancers.

In an effort to develop a model for studying the effects of
Pten inactivation in mammary oncogenesis, we have in-
troduced an additional genetic alteration, an MMTV-
Wnt-1 transgene, by breeding Pten heterozygotes [25]
with MMTV-Wnt-1 transgenic (TG) mice [27]. Female
mice harboring the Wnt-1 transgene develop extensive
mammary hyperplasia early in life, and 50% of them de-
velop mammary ductal carcinomas by 6 months of age
[27]. This transgene has been shown to collaborate with
Fgf-3 and inactivation of p53 to accelerate the appear-
ance of mammary tumors [28, 30]. After a mutant allele
of Pten was crossed into Wnt-1 TG mice, we found that
ductal carcinomas appeared earlier than either altera-
tion alone and that LOH at the Pten locus occurred in the
majority of these tumors, suggesting a selective growth
advantage in cells that lack Pten functions.

Results

Wnt-1 TG mice have been used to assess the functions of
a number of genetic lesions in breast carcinogenesis be-
cause tumors appear with predictable kinetics. The me-
dian age at which tumors are detected is 5-6 months in
MMTV-Wnt-1TG females [27, 28, 30, 31]. After one mu-
tated allele of Pten was bred into this transgenic line, tu-
mors appeared significantly earlier than in sibling
females harboring only a MMTV-Wnt-1 transgene (P <
0.001, Fig. 1A). Fifty percent of Pten+/-, Wnt-1 TG fe-
male mice formed tumors by 3.5 months, 2.5 months
earlier than Wnt-1 TG mice (Fig. 1A). While it took one
year for the entire cohort (15) of Wnt-1 TG females with
a wild type Pten background to develop tumors, all Wnt-
1 TG, Pten+/- females showed tumors by 5 months of
age. Five each of Pten+/- mice without a Wnt-1 trans-
gene were monitored for 7 months and 10.5 months, but
none developed any palpable mammary lesions. These
observations differ from a recent report that one of the
other two Pten+/- lines develops fibroadenomas and ad-
enocarcinomas in the mammary tissue after 7 months of
age [26]. The lack of a mammary phenotype in our stud-
ies could be due to differences in the targeting con-
structs, the genetic backgrounds, or even environmental
agents.
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Figure |

Pten heterozygosity accelerates tumor appearance in Wnt-I TG females (A) and males (B). Percentages of mice that were
tumor-free, as determined by weekly visual inspection and/or palpation, were plotted against the age when tumors were found.
Genotypes and sizes are as indicated. For the Pten+/- female group without the Wnt-1 transgene, |0 mice were monitored to
30 weeks of age; among the 10 mice, 5 were kept for another |5 weeks of age. (A) All mice showed at least one adenocarci-
noma. (B) The Wnt-1 TG, Pten+/+ cohort (13) had | mammary and 3 salivary tumors, and the Wnt-I TG, Pten+/- cohort (22)

had 2 mammary, 6 muzzle, and 14 salivary tumors.
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Example of LOH analysis. Blots of tumor and tail DNAs,
digested with Pstl, were probed with a 32P |abeled Pten
probe. Two bands could be observed, representing wild type
and mutant alleles, as indicated at the left. Genotypes of mice
are shown at the top.

By one year of age, approximately 15% of Wnt-1 TG
males have been reported to develop mammary tumors
[27, 28, 31]. In our cross, one of the four tumors from
Wnt-1 TG males, in an otherwise wild type background,
was a mammary carcinoma; the other three tumors were
salivary in origin, with a similar histopathology to the
mammary lesion. The appearance of tumors was greatly
accelerated in the Pten heterozygous background (Fig.
1B). Fifty percent of males developed tumors by 5.5
months of age, and all developed tumors within 10
months. As in the case of Wnt-1 TG male mice without
Pten mutations, the majority of tumors (14/22) arose in
the salivary tissue; only a small number of tumors (2/22)
were mammary in origin, and, interestingly, some (6/22)
were bilateral or unilateral muzzle tumors of epithelial
origin, similar histopathologically to lesions found in
mammary and salivary tissues.

To determine if the wild type allele of Pten was inactivat-
ed in tumors arising in a Pten+/- background, 11 tumors
from Wnt-1TG, Pten+/- mice were examined for LOH by
Southern hybridization. Seven tumors had lost the wild
type Pten allele (see Fig. 2 for an example of the analy-
sis). This result suggests that, in tumorigenesis, cells that
lack a functional allele of Pten have a significant prolifer-
ative advantage over the cells that retain the normal copy
of Pten.

Histological examination showed that tumors from Wnt-
1 TG mice, regardless of Pten status, were adenocarcino-
mas with cribriform, cystic and focal papillary growth
patterns. However, 3 of the 6 tumors that were Wnt-1
TG, Pten +/- with LOH appeared to have a higher nucle-
ar grade, more cellular stroma and a more infiltrative
pattern compared to the tumors without a Pten defect
(Fig. 3), suggesting a more aggressive phenotype.
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In human cancer, a tumor suppressor gene can be inac-
tivated by mutations, chromosomal loss, promoter si-
lencing, and other means. To determine if the Pten
protein was produced in Wnt-1 TG, Pten+/- tumors that
did not undergo LOH, sections were analyzed using an
immunohistochemical assay with a polyclonal rabbit an-
tibody. Abundant amounts of Pten were detected in
mammary ducts from wild type mice. Pten was detected,
at reduced levels, in both hyperplastic ducts and mam-
mary tumors that did not have LOH at the Pten allele
(Fig. 4), suggesting that Pten was, indeed, made from the
second allele. Similar low levels of Pten were also detect-
ed in mammary ductal epithelial cells in Pten hetero-
zygous mice that did not have a Wnt-1 transgene,
suggesting that the Wnt-1 transgene does not influence
Pten expression. As expected, Pten was not detected in
tumors that had undergone LOH at the Pten locus (Fig.
4E).

Inactivation of Pten promotes membrane recruitment of
AKT and its subsequent activation by phosphorylation at
Ser473 and Thr3o8 [10, 11, 13]. All three human isoforms
of AKT have been found to be deregulated in human
breast cancer cells [32,33,34]. To determine if activated
AKT was increased in tumors that had a Pten defect,
these sections were stained using an antibody that spe-
cifically detects AKT1 phosphorylated at Ser 473 (and
AKT2 and AKT3 phosphorylated at equivalent sites). Tu-
mors that were Wnt-1 TG, Pten+/- with LOH displayed
staining of phosphorylated AKT (Fig. 5A). Surprisingly,
the staining was patchy, suggesting additional factors
may be required for AKT activation. As expected, phos-
phorylated AKT was undetectable in hyperplastic ducts,
in tumors from Wnt-1 TG, Pten+/+ mice, and tumors
from Wnt-1TG, Pten+/- mice that retained the wild type
allele (Fig. 5B & 5C).

Several apoptotic pathways may be inhibited upon acti-
vation of AKT, promoting maintenance and survival of
tumor cells. Cellular proliferation may also be enhanced
by activated AKT, which inhibits p27 and GSK-3 (leading
to stabilization of cyclin D1) [35]. However, tumors from
Wnt-1 TG, Pten+/+ mice have low apoptotic rates (40 £
16 per digital camera field using a 20x objective) and
high proliferation rates (53% + 11). Neither apoptotic nor
proliferation rates were affected by the status of Pten
when measured by the TUNEL (terminal deoxynucleoti-
dyltransferase-mediated UTP end labeling) assay, which
labels the ends of fragmented DNA present in apoptotic
cells, and immunohistochemical staining for Ki67, a cell
proliferation marker (data not shown).

Most Wnt-1 TG mice (38/49) developed only one palpa-
ble tumor regardless of Pten status. Fifty-three of 55 sin-
gle sections from Pten+/+ glands that were free of a
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Representative H+E sections of mammary tumors from progeny females of the MMTV-Wnt-I and Pten+/- cross. Sections were
from tumors that were Wnt-1 TG+, Pten+/+ (A); Wnt-1 TG+, Pten+/- (B); and Wnt-I TG+, Pten+/- with LOH (C and D). A 40x
objective was used. Blue arrows indicate the smooth boundaries of tumors, red arrow marks the infiltrating front of the tumor,
and white arrows label the highly cellular stroma. (D) shows a part of an intraductal squamous lesion.

palpable mass did not show any lesions more advanced
than ductal hyperplasia. However, at the time of sacri-
fice, the majority (50/56) of glands from Wnt-1 TG,
Pten+/- mice had intra-ductal squamous lesions of vari-
ous sizes (Fig. 3D). These squamous lesions were usually
multi-focal and located both at the periphery of the ade-
nocarcinomas and in other mammary glands free of ade-
nocarcinomas.

Since Pten mutations are usually found in advanced tu-
mors, and the protein has been suggested to inhibit cell
spreading, migration, and invasion [36, 37], it is possible
that the tumors from Wnt-1 TG, Pten+/- mice may have
a higher potential to metastasize than those from mice
carrying a Wnt-1 transgene in a wild type Pten back-
ground. Wnt-1 TG mice occasionally show lymphoid or
pulmonary metastasis [27], and serial sectioning of lung

tissues from the animals reported here revealed microso-
copic metastatic foci in two of five lungs from Wnt-1 TG
mice bearing primary tumors 1.5-2.0 cm in size. Howev-
er, Wnt-1 TG mice and the Wnt-1 TG, Pten+/- mice har-
bored metastatic foci at similar frequencies (5/10).
(Statistical evaluation was not performed because the
sample sizes were too small.)

Discussion

Mouse models are valuable research tools for the study of
the molecular mechanisms of oncogenesis and for the
testing and screening of cancer therapeutic agents tar-
geted to specific oncogenic lesions. In order to produce
such a model for studying the effects of Pten mutations
in breast cancer, we have crossed Wnt-1 TG mice to mice
heterozygous for Pten. Mice transgenic for MMTV-Wnt-
1 and heterozygous for Pten developed mammary aden-
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Immunohistochemical staining for Pten. Sections of mammary glands (A, D) and tumors (B, C, E, F) were stained for Pten (A, B,
D, E, F) or control rabbit Ig (C) and counterstained with hematoxylin. Genotypes of mice were Pten+/+ (A); Wnt-1 TG, Pten+/
+ (B); and Wnt-1 TG, Pten+/- (C-F). (E) and (C, F) were from tumors with or without LOH, respectively. A 40x objective was

used.

ocarcinomas much earlier than mice carrying either le-
sion alone. The majority of tumors in Wnt-1 TG, Pten+/-
mice had lost the wild type allele of Pten, suggesting that
the complete inactivation of Pten function provides an
additional growth advantage to these tumors. LOH at the
Pten locus has recently been reported in mammary tu-
mors arising in Pten heterozygous mice [26], but only 4%
of the mice developed tumors before the age of 30 weeks,
and, in our cross, none of the Pten+/- mice without the
Wnt-1 transgene had a palpable mammary tumor before
the age of 30 weeks. LOH at the Pten locus has also been
reported in adrenal and lymphatic tumors, but not in
uterine tumors and prostate lesions in Pten+/- mice [KP
& RP, submitted; 38].

Activated AKT was more abundant in tumors that were
Wnt-1 TG, Pten +/- with LOH, as has been shown for
uterine tumors in Pten heterozygous mice (KP, RP, sub-
mitted). The presence of areas unstained with antibody
specific for phosphorylated AKT suggests that additional
factors other than Pten may influence the activation of
AKT.

Neither apoptosis nor proliferation, as determined by
the TUNEL assay and KI67 staining, was significantly
different between tumors heterozygous for Pten (with or
without LOH) and those without a Pten defect. This re-
sult may seem paradoxical since increased phosphorylat-
ed AKT, due to inactivation of Pten, suppresses apoptosis
and promotes proliferation. However, tumors in Wnt-1
TG mice in a wild type Pten background already have
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Immunohistochemical staining for phosphorylated Akt. Sections of tumors were stained for phospho-Akt (A, B, C) or control
rabbit IgG (D) and counterstained with hematoxylin. Genotypes of mice were Wnt-I TG+, Pten+/- (A, B); Wnt-1 TG+, Pten+/+
(C, D). (A) and (B) were from tumors with or without LOH, respectively. A 40x objective was used.

highly suppressed apoptosis and accelerated prolifera-
tion rates, and any incremental changes, if present, may
be difficult to detect with our current assays. Nonethe-
less, a seemingly minor difference in either apoptosis or
proliferation could have a dramatic impact on tumor
growth over time.

Accelerated appearance of mammary adenocarcinomas
in the presence of a Pten mutation suggests a synergy be-
tween Pten inactivation and the Wnt-1 transgene. The
apparent cooperation of these two genetic factors is fur-
ther strengthened by our finding that the majority of tu-
mors arising in a Pten+/- background have lost the wild
type allele. To date, heterozygous inactivation of any of
the other tumor suppressor genes implicated in breast
cancer, including P53, Breal, Breca2, and Rb, has failed
to cooperate with Wnt-1 in promoting the appearance of
mammary tumors [reviewed in ref. 39]. Therefore, it is

possible that the signal pathway controlled by Pten is one
of the preferred partners of the Wnt-1 pathway in cancer
progression, although it remains possible that LOH at
the Pten locus is more likely to occur than for the other
alleles crossed into Wnt-1 TG mice. Even though Wnt-1
has not been directly implicated in human cancers, many
components of the Wnt signaling pathway (such as (-
catenin, APC, c-myc, and cyclin D1) are involved in hu-
man tumors including breast cancer [reviewed in ref.
40].

One of the goals of mouse modeling efforts is to provide
an opportunity for pre-clinical testing of generalized or
mechanism-specific therapeutics in a defined genetic
setting. Many human breast tumors have reduced levels
of PTEN, hence inhibitors of the cell signaling pathways
affected by PTEN could be tested in the model we have
developed. One such candidate is the rapamycin analog
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CCI779, which has been suggested to inhibit the AKT sig-
naling pathway, probably through inhibition of mTOR
(target of rapamycin), a potential target of AKT [re-
viewed in ref. 41]. CCI779 has been shown to have inhib-
itory effects on the growth of Pten-deficient tumors in
the uterus and prostate in mice (KP & RP, submitted; M.
Neshat & C. Sawyers, submitted). Since tumors arise rap-
idly after a copy of Pten is inactivated, and with predict-
able kinetics, this model may be useful for testing the
efficacy of these therapies.

Results presented here and published earlier
[15,16,17,18, 26] have clearly demonstrated the signifi-
cant impact of Pten on mammary oncogenesis. Future
testing will examine the tumorigenic effects caused by
other kinds of genetic damage in the signaling pathways
affected by Pten. The TVA-directed gene delivery system
[reviewed in ref. 42] can be used to introduce viral vec-
tors carrying genes encoding an activated form of PI3K,
AKT, or candidate substrates for AKT into the mammary
tissue of Wnt-1 TG mice. This would allow the testing of
therapeutic interventions directed to specific steps of the
signaling pathway regulated by Pten.

Materials and methods

Mice

MMTV-Wnt-1 TG mice [27] and those that carry a mu-
tant allele of Pten [25] have been described. Male Wnt-1
TG mice (a mixture of FVB, SJL, and C57BL/6) were
crossed with Pten heterozygous females (a mixture of
C57BL/6 and 129SvJ) to generate all three genotypes
used in this paper: Wnt-1 TG, Pten+/-; Wnt-1 TG, Pten
+/+; and Pten+/-. Genotyping for the Wnt-1 transgene
was done using PCR as described [27]; PCR using prim-
ers from the neo cassette was performed to detect the
Pten knockout allele. Mice were monitored weekly for tu-
mor formation by visual inspection and/or palpation;
most tumors were found when they were approximately
0.5 cm. Most of tumors were harvested for further anal-
ysis when they were 1.5 cm in diameter. Tissues were
fixed in 10% buffered formalin and paraffin-embedded.
For histological survey, one H-E section per block was
analyzed.

Immunohistochemical staining and TUNEL assay

Formalin-fixed and paraffin-embedded sections were
deparaffined and rehydrated in several changes of xy-
lene, ethanol, and water. Antigen-unmasking was
achieved by boiling the slides for 15 minutes in citrate
buffer, pH 6.0, or 1 mM EDTA. Endogenous peroxidase
activity was inactivated by a 5 minute incubation in 3%
hydrogen peroxide, when needed. Immunohistochemi-
cal stainings were performed using Vector ABC kits (Vec-
tor Laboratories) following the manufacturer's
recommendations and as described [25]. Rabbit anti-
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bodies against Pten, Ki67, and AKT phosphorylated at
Ser 473 were from Neomarkers, Dako, and New England
BioLabs, respectively. The TUNEL assay was performed
as described [25].

Southern hybridization

DNAs extracted from tissues and tumors were digested
with Pstl, followed by electrophoresis, and blotted to Ny-
lon+ membrane. Hybridization was done in ExpressHyb
solution (Clontech) at 60°C using a 32P dCTP-labeled
probe that was synthesized from a 0.9 Kb template locat-
ed in intron 5 of Pten [25] using the RTS RadPrime DNA
labeling system (Life Technologies). The probe was incu-
bated with Cot-1 DNA (Life Technologies) at 70°C for 10
minutes before addition to the hybridization solution.

Acknowledgements

We thank Jennifer Doherty and Wendy Hively for technical assistance;
Maria Merino and Carlos Cordon-Cardo for consultation on pathology
samples; Osseh Saine, Marlon Scopio, and Jose Vargas for excellent animal
care. YL is a recipient of the US Army Breast Cancer Research Program Fel-
lowship Award.

References

I.  Ingvarsson S: Molecular genetics of breast cancer progression.
Semin Cancer Biol 1999, 9:277-288

2.  Maehama T, Dixon JE: The tumor suppressor, PTEN/MMACI,
dephosphorylates the lipid second messenger, phosphatidyli-
nositol 3,4,5-trisphosphate. | Biol Chem 1998, 273:13375-13378

3. Cantley LC, Neel BG: New insights into tumor suppression:
PTEN suppresses tumor formation by restraining the phos-
phoinositide 3-kinase/AKT pathway. Proc Natl Acad Sci U S A
1999, 96:4240-4245

4. Cantley LC, Auger KR, Carpenter C, Duckworth B, Graziani A, Ka-
peller R, Soltoff S: Oncogenes and signal transduction. Cell 1991,
64:281-302

5. Franke TF, Kaplan DR, Cantley LC, Toker A: Direct regulation of
the Akt proto-oncogene product by phosphatidylinositol-
3,4-bisphosphate. Science 1997, 275:665-668

6.  Kandel ES, Hay N: The regulation and activities of the multi-
functional serine/threonine kinase Akt/PKB. Exp Cell Res 1999,
253:210-229

7. Downward J: Mechanisms and consequences of activation of
protein kinase B/Akt. Curr Opin Cell Biol 1998, 10:262-267

8.  Mirza AM, Kohn AD, Roth RA, McMahon M: Oncogenic transfor-
mation of cells by a conditionally active form of the protein
kinase Akt/PKB. Cell Growth Differ 2000, 11:279-292

9.  Bellacosa A, Testa JR, Staal SP, Tsichlis PN: A retroviral oncogene,
akt, encoding a serine-threonine kinase containing an SH2-
like region. Science 1991, 254:274-277

10.  Stambolic V, Suzuki A, de la Pompa JL, Brothers GM, Mirtsos C, Sasaki
T, Ruland J, Penninger JM, Siderovski DP, Mak TW: Negative regu-
lation of PKB/Akt-dependent cell survival by the tumor sup-
pressor PTEN. Cell 1998, 95:29-39

I'l. Sun H, Lesche R, Li DM, Liliental J, Zhang H, Gao J, Gavrilova N, Mu-
eller B, Liu X, Wu H: PTEN modulates cell cycle progression
and cell survival by regulating phosphatidylinositol 3,4,5,-tri-
sphosphate and Akt/protein kinase B signaling pathway. Proc
Natl Acad Sci U S A 1999, 96:6199-6204

12.  Haas-Kogan D, Shalev N, Wong M, Mills G, Yount G, Stokoe D: Pro-
tein kinase B (PKB/Akt) activity is elevated in glioblastoma
cells due to mutation of the tumor suppressor PTEN/
MMAC. Curr Biol 1998, 8:1195-1198

13.  Davies MA, Koul D, Dhesi H, Berman R, McDonnell T}, McConkey D,
Yung WK, Steck PA: Regulation of Akt/PKB activity, cellular
growth, and apoptosis in prostate carcinoma cells by MMAC/
PTEN. Cancer Res 1999, 59:2551-2556

14.  Wu X, Senechal K, Neshat MS, Whang YE, Sawyers CL: The PTEN/
MMACI tumor suppressor phosphatase functions as a nega-


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10448115
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9593664
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10200246
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1846320
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1846320
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9005852
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10579924
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9561851
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10910095
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1833819
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9778245
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9778245
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10339565
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10339565
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9799739
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10363971
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10363971
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9861013

BMC Molecular Biology (2001) 2:2

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

3l

32.

33.

tive regulator of the phosphoinositide 3-kinase/Akt pathway.
Proc Natl Acad Sci U S A 1998, 95:15587-15591

Starink TM, van der Veen JP, Arwert F, de Waal LP, de Lange GG,
Gille J), Eriksson AW: The Cowden syndrome: a clinical and ge-
netic study in 21 patients. Clin Genet 1986, 29:222-233

Eng C: Genetics of Cowden syndrome: through the looking
glass of oncology. Int | Oncol 1998, 12:701-710

Eng C, Peacocke M: PTEN and inherited hamartoma-cancer
syndromes [letter]. Nat Genet 1998, 19:223-

Bose S, Wang S, Terry MB, Hibshoosh H, Parsons R: Allelic loss of
chromosome 10q23 is associated with tumor progression in
breast carcinomas. Oncogene 1998, 17:123-127

Singh B, Ittmann MM, Krolewski J): Sporadic breast cancers ex-
hibit loss of heterozygosity on chromosome segment 10q23
close to the Cowden disease locus. Genes Chromosomes Cancer
1998, 21:166-171

Garcia M, Silva JM, Dominguez G, Gonzalez R, Navarro A, Carretero
L, Provencio M, Espana P, Bonilla F: Allelic loss of the PTEN re-
gion (10g23) in breast carcinomas of poor pathophenotype.
Breast Cancer Res Treat 1999, 57:237-243

Feilotter HE, Coulon V, McVeigh JL, Boag AH, Dorion-Bonnet F, Du-
boue B, Latham WC, Eng C, Mulligan LM, Longy M: Analysis of the
10923 chromosomal region and the PTEN gene in human
sporadic breast carcinoma. Br | Cancer 1999, 79:718-723

Perren A, Weng LP, Boag AH, Ziebold U, Thakore K, Dahia PL, Kom-
minoth P, Lees JA, Mulligan LM, Mutter GL, Eng C: Immunobhisto-
chemical evidence of loss of PTEN expression in primary
ductal adenocarcinomas of the breast. Am | Pathol 1999,
155:1253-1260

Di Cristofano A, Pesce B, Cordon-Cardo C, Pandolfi PP: Pten is es-
sential for embryonic development and tumour suppression.
Nat Genet 1998, 19:348-355

Suzuki A, de la Pompa JL, Stambolic V, Elia A}, Sasaki T, del Barco Bar-
rantes |, Ho A, Wakeham A, Itie A, Khoo W, Fukumoto M, Mak TW:
High cancer susceptibility and embryonic lethality associat-
ed with mutation of the PTEN tumor suppressor gene in
mice. Curr Biol 1998, 8:1169-1178

Podsypanina K, Ellenson LH, Nemes A, Gu J, Tamura M, Yamada KM,
Cordon-Cardo C, Catoretti G, Fisher PE, Parsons R: Mutation of
Pten/Mmacl| in mice causes neoplasia in multiple organ sys-
tems. Proc Natl Acad Sci U S A 1999, 96:1563-1568

Stambolic V, Tsao MS, Macpherson D, Suzuki A, Chapman WB, Mak
TW: High incidence of breast and endometrial neoplasia re-
sembling human Cowden syndrome in pten+/- mice. Cancer
Res 2000, 60:3605-361 |

Tsukamoto AS, Grosschedl R, Guzman RC, Parslow T, Varmus HE:
Expression of the int-1 gene in transgenic mice is associated
with mammary gland hyperplasia and adenocarcinomas in
male and female mice. Cell 1988, 55:619-625

Kwan H, Pecenka V, Tsukamoto A, Parslow TG, Guzman R, Lin TP,
Muller W), Lee FS, Leder P, Varmus HE: Transgenes expressing
the Wnt-1 and int-2 proto-oncogenes cooperate during
mammary carcinogenesis in doubly transgenic mice. Mol Cell
Biol 1992, 12:147-154

Donehower LA, Harvey M, Slagle BL, McArthur M}, Montgomery CA,
Butel JS, Bradley A: Mice deficient for p53 are developmentally
normal but susceptible to spontaneous tumours. Nature (Lon-
don) 1992, 356:215-221

Donehower LA, Godley LA, Aldaz CM, Pyle R, Shi YP, Pinkel D, Gray
J, Bradley A, Medina D, Varmus HE: Deficiency of p53 accelerates
mammary tumorigenesis in Wnt-| transgenic mice and pro-
motes chromosomal instability. Genes Dev 1995, 9:882-895
Shackleford GM, MacArthur CA, Kwan HC, Varmus HE: Mouse
mammary tumor virus infection accelerates mammary car-
cinogenesis in Wnt-| transgenic mice by insertional activa-
tion of int-2/Fgf-3 and hst/Fgf-4. Proc Natl Acad Sci U S A 1993,
90:740-744

Ahmad S, Singh N, Glazer RI: Role of AKTI in | 7beta-estradiol-
and insulin-like growth factor | (IGF- I)-dependent prolifera-
tion and prevention of apoptosis in MCF-7 breast carcinoma
cells. Biochem Pharmacol 1999, 58:425-430

Bellacosa A, de Feo D, Godwin AK, Bell DW, Cheng ]JQ, Altomare
DA, Wan M, Dubeau L, Scambia G, Masciullo V, et al: Molecular al-
terations of the AKT2 oncogene in ovarian and breast carci-
nomas. Int | Cancer 1995, 64:280-285

34.

35.

36.

37.

38.
39.

40.

41.

42.

http://www.biomedcentral.com/1471-2199/2/2

Nakatani K, Thompson DA, Barthel A, Sakaue H, Liu W, Weigel R},
Roth RA: Up-regulation of Akt3 in estrogen receptor-defi-
cient breast cancers and androgen-independent prostate
cancer lines. | Biol Chem 1999, 274:21528-21532

Graff JR, Konicek BW, McNulty AM, Wang Z, Houck K, Allen S, Paul
D, Hbaiu A, Goode RG, Sandusky GE, Vessella RL, Neubauer BL: In-
creased AKT activity contributes to prostate cancer pro-
gression by dramatically accelerating prostate tumor
growth and diminishing p27Kip| expression. J Biol Chem 2000,
275:24500-24505

Tamura M, Gu J, Takino T, Yamada KM: Tumor suppressor PTEN
inhibition of cell invasion, migration, and growth: differential
involvement of focal adhesion kinase and p130Cas. Cancer Res
1999, 59:442-449

Tamura M, Gu J, Matsumoto K, Aota S, Parsons R, Yamada KM: Inhi-
bition of cell migration, spreading, and focal adhesions by tu-
mor suppressor PTEN. Science 1998, 280:1614-1617

Di Cristofano A, Pandolfi PP: The multiple roles of PTEN in tu-
mor suppression. Cell 2000, 100:387-390

Li Y, Hively WP, Varmus HE: Use of MMTV-Wnt-| transgenic
mice for studying the genetic basis of breast cancer. Oncogene
2000, 19:1002-1009

Polakis P: Wnt signaling and cancer. Genes Dev 2000, 14:1837-
1851

Dennis PB, Fumagalli S, Thomas G: Target of rapamycin (TOR):
balancing the opposing forces of protein synthesis and degra-
dation. Curr Opin Genet Dev 1999, 9:49-54

Fisher GH, Orsulic S, Holland E, Hively WP, Li Y, Lewis BC, Williams
BO, Varmus HE: Development of a flexible and specific gene
delivery system for production of murine tumor models. On-
cogene 1999, 18:5253-5260

’ Tools for
“Functional

_Genomics

Click here to learn more.

- @

¢3) Invitrogen™

life technologies



http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3698331
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3698331
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9472113
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9662392
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9671321
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9491329
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10617300
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10617300
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10070859
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10070859
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10514407
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10514407
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9697695
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9799734
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9799734
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9799734
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9990064
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9990064
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10910075
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10910075
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3180222
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3180222
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1530875
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1530875
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1552940
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1552940
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7705663
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7705663
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8380647
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10424760
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7657393
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7657393
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10419456
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10419456
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10827191
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10827191
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9927060
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9616126
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10693755
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10713683
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10921899
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10072357
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10498877
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10498877
http://www.biomedcentral.com/redirect.asp?url=http://www.lifetech.com

	Deficiency of Pten accelerates mammary oncogenesis in MMTV- Wnt-1 transgenic mice
	Abstract
	Introduction
	Introduction
	Results
	Discussion
	Materials and methods
	Acknowledgements
	References


