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Abstract

Cyclin D1/cyclin-dependent kinase 2 (Cdk2) complexes are
present at high frequency in human breast cancer cell lines,
but the significance of this observation is unknown. This
report shows that expression of a cyclin D1–Cdk2 fusion
protein under the control of the mouse mammary tumor virus
(MMTV) promoter results in mammary gland hyperplasia and
fibrosis, and mammary tumors. Cell lines isolated from
MMTV–cyclin D1–Cdk2 (MMTV-D1K2) tumors exhibit Rb
and p130 hyperphosphorylation and up-regulation of the
protein products of E2F-dependent genes. These results
suggest that cyclin D1/Cdk2 complexes may mediate some of
the transforming effects that result from cyclin D1 over-
expression in human breast cancers. MMTV-D1K2 cancer cells
express the hepatocyte growth factor (HGF) receptor, c-Met.
MMTV-D1K2 cancer cells also secrete transforming growth
factor B (TGFB), but are relatively resistant to TGFB anti-
proliferative effects. Fibroblasts derived from MMTV-D1K2
tumors secrete factors that stimulate the proliferation of
MMTV-D1K2 cancer cells, stimulate c-Met tyrosine phosphor-
ylation, and stimulate the phosphorylation of the downstream
signaling intermediates p70s6k and Akt on activating sites.
Together, these results suggest that deregulation of the Cdk/
Rb/E2F axis reprograms mammary epithelial cells to initiate a
paracrine loop with tumor-associated fibroblasts involving
TGFB and HGF, resulting in desmoplasia. The MMTV-D1K2
mice should provide a useful model system for the develop-
ment of therapeutic approaches to block the stromal desmo-
plastic reaction that likely plays an important role in the
progression of multiple types of human tumors. [Cancer Res
2007;67(7):3135–44]

Introduction

Cyclin-dependent kinase 2 (Cdk2) becomes activated during
mammary tumorigenesis through a number of mechanisms
including cyclin E overexpression and proteolytic processing (1),
p21 and p27 down-regulation and mislocalization (2–7), and cyclin
A1 re-expression (8). Recent studies indicate that Cdk2 is likely
to be an important target for anticancer agents (9–11). Therefore,
it is important to understand how Cdk2 activation through various

mechanisms leads to tumor formation and the biochemical and
cellular mechanisms involved. Complexes between cyclin D1 and
Cdk2 were shown to be present in mammary carcinoma cells some
time ago (12), but the function of these complexes is unclear. Cyclin
D1 overexpression occurs in f50% of human breast cancers (13);
thus, cyclin D1/Cdk2 complexes might contribute to the oncogenic
effects of cyclin D1 overexpression. Different cyclins and Cdks
interact with each other rather promiscuously, making it difficult
to ascribe specific functions to particular cyclin/Cdk complexes. To
circumvent this problem, we designed a cyclin D1-Cdk2 fusion
protein in which the cyclin D1 domain stimulates the phosphor-
ylation and kinase activity of the Cdk2 domain through an
intramolecular mechanism (14). We constructed a transgenic
mouse model in which mammary expression of the cyclin D1-
Cdk2 fusion protein is driven by the mouse mammary tumor
virus (MMTV) promoter (MMTV-D1K2; Fig. 1A). MMTV-D1K2
transgenic mice exhibit mammary fibrosis and hyperplasia and
develop mammary tumors associated with significant desmoplasia.
The MMTV-D1K2 transgenic mouse model may prove useful for
testing Cdk2 inhibitors and for the development and testing of
novel therapeutic agents targeting tumor cell/fibroblast paracrine
loops.

Materials and Methods

Construction of MMTV–cyclin D1–Cdk2 transgenic mice. The cDNA
encoding the cyclin D1-Cdk2 fusion protein was excised from the pAdTrack

vector described previously (14) with EcoRI and EcoRV and subcloned into

the EcoRI and BstXI sites of MMTV-transforming growth factor a (15). This
resulted in the replacement of the transforming growth factor a (TGFa)
transgene with the cDNA encoding the cyclin D1-Cdk2 fusion, creating the

MMTV–cyclin D1–Cdk2 (MMTV-D1K2) vector. The MMTV-D1K2 vector
was verified by DNA sequencing. The transgene and MMTV promoter were

excised from the MMTV-D1K2 vector using AatII and NruI. The purified

AatII/NruI fragment was submitted to the Vanderbilt University Transgenic

Mouse/Embryonic Stem Cell Shared Resource, and transgenic mice were
created in the inbred FvB strain. Transgenic animals were initially identified

by Southern blotting of genomic tail DNA and routinely screened by PCR

using primers complementary to the region encoding the FLAG epitope tag

(5¶-GACTATAAGGACGATGATGAC-3¶) and the flexible linker joining the
cyclin D1 and Cdk2 domains (5¶-CCTCCAGAACCTCCACCACC-3¶). Multiple
lines of transgenic mice were obtained. Lines designated 34 and 44 were

selected for further study.
Whole-mount staining and histologic analyses. Whole-mount prep-

aration and staining with hematoxylin was done as described (16). Tissue

samples were fixed with 4% paraformaldehyde in PBS for 14 h at 4jC and

switched to 70% ethanol for 24 h, followed by an additional 24-h incubation
in 70% ethanol at 4jC. The University of Florida Molecular Pathology Core
embedded the tissue samples in paraffin, prepared 5-Am sections, and

stained the sections with H&E or Trichrome.
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Isolation and culture of cancer and tumor-associated fibroblast cell
lines. Cancer cells were cultured from the tumors as described previously

(16). Fibroblasts were removed from colonies of tumor cells by differential

trypsinization and retained and cultured separately. Established cell lines

were propagated in DMEM supplemented with 10% fetal bovine serum
(FBS). Recombinant adenoviruses and retroviruses and the procedures used

for infection and selection were described previously (14, 17). Roscovitine, a

TGFh receptor I kinase inhibitor, and rapamycin were obtained from EMD

Biosciences Inc. (La Jolla, CA). Recombinant human TGFh1 and
recombinant human HGF were obtained from Chemicon International

(Temecula, CA).

Immunoblot analysis of tumor samples and tumor-derived cell lines
and Rb kinase assays. Preparation of tumor and cell lysates and
subsequent immunoblot analysis were done as described previously

(14, 17). Antibodies to the FLAG epitope (F-3165) and a-smooth muscle

actin (a-SMA; A-2547) were obtained from Sigma-Aldrich, Inc. (St. Louis,
MO). Her2/c-neu antibody (MS-730) was obtained from Neomarkers

(Fremont, CA). E-cadherin antibody was obtained from BD Biosciences

(San Jose, CA). P-cadherin antibody (sc-7893) was obtained from Santa Cruz

Biotechnology, Inc. (Santa Cruz, CA). Antibodies to c-Met, c-Met
phosphorylated on tyrosine residues 1234/1235, Akt, Akt phosphorylated

on threonine 308, signal transducers and activators of transcription 3

(STAT3), and STAT3 phosphorylated on Tyr705 were purchased from Cell

Signaling Technologies (Beverly, MA). The anti-HIRA antibody (18) was
generously provided by Dr. Peter Adams (Fox Chase Cancer Center,

Philadelphia, PA). The sources of the other antibodies were listed previously

(14, 17, 19, 20). Rb kinase assays of anti-FLAG and anti-Cdk4 immunopre-
cipitates were done as described previously (14, 17).

Transcriptional reporter assays and cell proliferation analyses. The
Mv1Lu cell line with the plasminogen activator inhibitor-1 (PAI-1) promoter

driving a luciferase reporter gene (PAI-Luc cells) was provided by Dr. D.
Rifkin (New York University, New York, NY) and has been described

previously (21). Conditioned cell culture medium was prepared by

incubating equal numbers of cells with the same volume of medium over

a period of 5 days. The medium was collected, and debris was removed by
centrifugation, followed by passage through a 0.2-Am filter. PAI-Luc cells

were incubated with conditioned medium samples for 24 h, luciferase

assays were done, and the results were normalized to protein concentration
as described (14).

3H-thymidine incorporation assays were done as described previously

(17). Flow cytometry analysis of propidium iodide–stained nuclei and data

analysis were done by the University of Florida Flow Cytometry Core
Laboratory.

Results

Characterization of MMTV-D1K2 mammary glands. Two
transgenic mouse MMTV-D1K2 lines termed 34 and 44 engineered
to express the cyclin D1-Cdk2 fusion protein in the mammary
gland (Fig. 1A) were characterized. Mammary glands from 56-
week-old virgin females were examined as hematoxylin-stained
whole mounts and by H&E staining of tissue sections (Fig. 1B).
Mammary glands from wild-type FvB females exhibit a fully
developed ductal tree, but little side branching. Mammary glands
from transgenic lines 34 and 44 exhibit a significant degree of
side branching. H&E-stained mammary sections indicate that epi-
thelial structures are sparse in wild-type glands, but dense
assemblies of epithelial structures are present in the transgenic
animals. Mammary glands from aged transgenic females exhibit a
progressively more abnormal phenotype. Glands from 102-week-
old line 44 MMTV-D1K2 animals exhibit hyperplastic lesions.
Examination of H&E-stained sections of these mammary glands
indicate that these lesions consist of ductal structures surrounded
by fibroblasts (Fig. 1C). The strong blue staining by trichrome
overlaps with the fibroblasts and is consistent with collagen

deposition associated with the fibrosis. The hyperplastic lesions
observed frequently progressed into tumors, and by 2 years of age,
about 70% of the animals in the MMTV-D1K2 44 line had
developed mammary tumors (Fig. 1D). Salivary gland tumors
occurred less frequently and were not included in the data used
to plot Fig. 1D . Several mammary and salivary tumors were also
observed in the MMTV-D1K2 34 line, indicating that tumor
formation in the MMTV-D1K2 animals is not an artifact of the
transgene insertion site. No tumors of any kind were observed in
wild-type virgin female littermates. Mammary tumors were not
observed in male transgenic mice.

Characterization of MMTV-D1K2 tumors. MMTV-D1K2
mammary tumors exhibit a prominent stromal reaction (Fig. 2A),
and in many cases, a large fraction of the tumor bulk was made up
of cells of mesenchymal morphology (arrows) distributed through-
out the tumors. In one mouse, L44-7f, a mammary gland lesion, was
observed that resembled human mammary sclerosing adenosis.
These lesions are considered benign yet premalignant in humans
and consist of atypical glandular structures that proliferate to
various extents in a fibrotic stroma with proliferating myoepithelial
cells. Tumors from MMTV-neu transgenic animals were examined
in parallel because the human homologue of the rat neu gene, Her2
is overexpressed in f30% of breast cancers (22, 23), cyclin D1 is
thought to play an important role in neu-induced tumorigenesis
(24, 25), and because we had previously isolated and characterized
cancer cell lines derived from MMTV-neu tumors. The phenotype
of MMTV-D1K2 mammary tumors differed from the MMTV-neu
tumors, which exhibited a relatively homogenous center sur-
rounded by a thin layer of stroma (arrow). Examination of H&E-
stained tissue sections from several representative tumors
indicated that the majority of the MMTV-D1K2 tumors were
mammary gland adenocarcinomas ranging from low to high grade
(Fig. 2B). Adenosquamous differentiation was observed in one
tumor. Two tumors were observed in salivary glands, and one of
these (L34-57f) seemed to be of salivary origin.
Immunoblot analysis of tumor lysates (Fig. 2C, left) showed that

the FLAG-tagged cyclin D1-Cdk2 fusion protein is expressed in
the MMTV-D1K2 tumors. MMTV-D1K2 tumors contained similar
levels of E-cadherin and actin as MMTV-neu tumors but, on
average, expressed higher levels of a-SMA. Higher levels of a-SMA
could result from either a greater proportion of myofibroblasts
or myoepithelial cells in the MMTV-D1K2 tumors than in the
MMTV-neu tumors. Immunoblot analyses examining a MMTV-
D1K2 tumor extract with a MMTV-neu tumor extract serving as
the control (Fig. 2C, center) showed that Rb is hyperphosphorylated
in the MMTV-D1K2 tumor, and that the protein products of the
E2F-dependent genes BRCA1, p107, and E2F1 are up-regulated
relative to the level observed in the MMTV-neu tumor lysate.
Immunoprecipitation of these tumor lysates with anti-FLAG–
agarose resin showed that the FLAG-tagged cyclin D1-Cdk2 fusion
protein present in the MMTV-D1K2 tumor lysate was present in
complexes with p21, p27, and proliferating cell nuclear antigen
(PCNA) (Fig. 2C, right). It is likely that the fusion protein drives
tumor formation by directly phosphorylating substrates and by
sequestering p21 and p27.

Derivation and characterization of cancer cell lines from
MMTV-D1K2 tumors. The large proportion of fibroblasts in the
MMTV-D1K2 tumors made it difficult to study the biochemical
properties of the cancer cells. We isolated a series of cancer cell
lines and tumor-derived fibroblast cell lines to allow a detailed
analysis of the properties of each cell type in isolation and to study
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how these two cell types might functionally interact in tumors. The
neuT cell line was derived from an MMTV-neu tumor and serves as
a reference for comparison with results obtained with cell lines
derived from MMTV-D1K2 tumors. Five cancer cell lines were
derived from five different MMTV-D1K2 tumors and termed D1K2-
T1, D1K2-T2, D1K2-T3, D1K2-T4, and D1K2-T5. D1K2-T1 was
isolated from a mammary tumor arising in the L44-25f MMTV-
D1K2 transgenic mouse. D1K2-T3 was isolated from a salivary
tumor arising in the L34-57f MMTV-D1K2 transgenic mouse. The
D1K2-T1 and D1K2-T3 cell lines exhibit the cuboidal morphology
typical of luminal epithelial cells and are similar in appearance to

the neuT cells (Fig. 3A). The D1K2-T2, D1K2-T4, and D1K2-T5 cell
lines exhibit myoepithelial morphology and express markers of
both the luminal and myoepithelial lineages. These cell lines are
the subject of ongoing investigation and will not be described
further here.
We did propidium iodide staining followed by flow cytometry

analysis to determine whether expression of the cyclin D1-Cdk2
fusion protein significantly altered the cell cycle profile (Fig. 3B).
Rapidly growing neuT cells exhibit a typical cell cycle profile. In
contrast, the D1K2-T1 cells and, to a lesser extent, the D1K2-T3
cells exhibited multiple peaks, suggesting that these cell lines are

Figure 1. MMTV-D1K2 transgenic model
and mammary phenotype. A, model
depicting the MMTV promoter driving the
expression of the transgene encoding the
NH2-terminal FLAG epitope tag, the cyclin
D1 domain, a flexible linker, the Cdk2
domain, and the COOH-terminal His6 affinity
tag. B, representative mammary whole
mounts from 56-wk-old wild-type female
mice of the 34 and 44 lines of the
MMTV-D1K2 transgenic mice stained with
hematoxylin (top ). Inset, branching
morphology at higher magnification. Bottom,
H&E-stained histologic sections at low and
high magnification. LN, mammary lymph
nodes. C, H&E- and trichrome-stained
mammary gland sections from 102-wk-old
MMTV-D1K2 transgenic mice of the 44 line
displaying regions of epithelial hyperplasia
associated with fibrosis. D, Kaplan-Meier
curve showing tumor incidence in wild-type
and line 44 mice as a function of age in
months. Inset legend, number of virgin
female animals in each group.
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aneuploid. Similar observations were made with the D1K2-T4 and
D1K2-T5 cell lines (data not shown). In all cases, each of the
observed peaks of fluorescence intensity was shifted to exactly
twice the fluorescence intensity by a 24-h treatment of the cells
with the M-phase arresting agent nocodazole (data not shown).
The results suggest that the peaks represent different populations
of cancer cells with different states of ploidy. Overall, four of the
five cell lines derived from MMTV-D1K2 tumors exhibited evidence
of aneuploidy by flow cytometry. This observation is consistent
with the observations that cyclin D1 overexpression induces
aneuploidy (26), and that hyperactivation of Cdk2 induces
aneuploidy (27). Thus, the induction of aneuploidy may be an
additional mechanism by which the cyclin D1-Cdk2 fusion protein,
and by extension cyclin D1/Cdk2 complexes, drive tumorigenesis.
Cell lines were derived from the neuT cells by transduction with

a control retroviral vector (neuT/Hyg) or the same vector encoding
the cyclin D1-Cdk fusion protein (neuT/D1K2). Immunoblot
analysis of lysates from these cells showed that expression of the
cyclin D1-Cdk2 fusion protein was higher in the D1K2-T1 cells than
in the D1K2-T3 cells (Fig. 3C, left). The neuT/D1K2 cells express the
cyclin D1-Cdk2 fusion protein at levels similar to those observed in
the D1K2-T3 cells. Interestingly, Rb phosphorylation levels are
similar in the neuT/Hyg, neuT/D1K2, and D1K2-T3 cell lines but
higher in the D1K2-T1 cells. D1K2-T1 cells also exhibit altered p130

electrophoretic mobility consistent with p130 hyperphosphoryla-
tion. Together, the results indicate that high-level expression of the
cyclin D1-Cdk2 fusion protein can occur in tumors and is
associated with Rb hyperphosphorylation and cell cycle deregula-
tion. However, lower levels of cyclin D1-Cdk2 expression that do
not cause obvious biochemical perturbations as observed in the
D1K2-T3 cells are apparently sufficient to initiate tumor formation.
Immunoblot analysis of lysates from the neuT, D1K2-T1, and D1K2-
T3 cell lines showed that expression of the HGF receptor c-Met is
elevated in the D1K2-T1 and D1K2-T3 cell lines relative to the neuT
cell line (Fig. 3C, right). Cdk2 immunoblots indicated that
expression of the cyclin D1-Cdk2 fusion protein in the D1K2-T1
cells is about twice that of endogenous Cdk2 (�), whereas the
fusion protein was barely detectable in the D1K2-T3 cells using the
Cdk2 antibody. Analysis of the phosphorylation status of the Cdk2
domain of the fusion protein on the regulatory sites Tyr15 and
Thr160 using phosphospecific antibodies indicated that the level of
phosphorylation of the fusion protein on both sites is higher than
that of endogenous Cdks. This is consistent with our previous
observations indicating that the cyclin D1 domain of the fusion
protein stimulates the phosphorylation of the Cdk2 domain
through an intramolecular mechanism (14). The observation that
inhibitory phosphorylation of Tyr15 of the fusion protein is
enhanced suggested that the cyclin D1-Cdk2 fusion protein might

Figure 2. MMTV-D1K2 mammary and
salivary tumors. A, H&E- and
trichrome-stained histologic sections of
MMTV-D1K2 and MMTV-neu mammary
tumors. B, morphologic characterization of
several representative tumors arising in the
34 (L34-) and 44 (L44-) transgenic lines.
C, left, immunoblot analysis of extracts
from four different MMTV-D1K2 and four
different MMTV-neu mammary tumors
demonstrating expression of the
FLAG-tagged cyclin D1-Cdk2 transgene
product (FLAG (D1K2) ) and c-neu . Tumor
lysates were also analyzed for the levels of
E-cadherin, a-SMA, and actin as a loading
control. C, center, immunoblot analysis
demonstrating the hyperphosphorylation of
Rb on multiple residues in a MMTV-D1K2
tumor extract relative to a MMTV-neu
tumor extract. P-Rb and P-p130 represent
the phospho-forms of Rb and p130, and Rb
and p130 represent the corresponding
unphosphorylated forms. Multiple products
of E2F-dependent genes are up-regulated
in the MMTV-D1K2 tumor relative to the
MMTV-neu tumor including BRCA1,
p107, and E2F1. Hira serves as a loading
control. C, right, lysates from MMTV-neu
and MMTV-D1K2 tumors were
subjected to immunoprecipitation with
anti-FLAG–agarose to isolate complexes
containing the cyclin D1-Cdk2 fusion
protein. Immunoblot analysis indicated that
these complexes contain the cyclin
D1-Cdk2 fusion protein (FLAG), p21, p27,
and PCNA.
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not be catalytically active. We addressed this issue by performing
kinase assays of the cyclin D1-Cdk2 fusion protein immunopreci-
pitated using the FLAG antibody (Fig. 3D). We also examined
whether expression of the cyclin D1-Cdk2 fusion protein altered the
activity of endogenous Cdk4. Although the fusion protein was
heavily phosphorylated on both Tyr15 and Thr160, it phosphorylated
Rb in vitro . This result suggests that a population of the fusion
protein molecules exists in which the activating site, Thr160, is
phosphorylated, but the inhibitory site, Tyr15, is not phosphory-
lated. The levels of Cdk4 kinase activity toward Rb were similar in
the neuT, D1K2-T1, or D1K2-T3 cell lines, indicating that
expression of the cyclin D1-Cdk2 fusion has minimal effects on
endogenous Cdk4 activity. These results show that the cyclin D1-
Cdk2 fusion protein expressed in the MMTV-D1K2 cancer cell lines
is enzymatically active, is overexpressed only marginally relative to
endogenous Cdk2 levels, and that the fusion protein displays
enhanced regulatory phosphorylation relative to endogenous Cdks.

Derivation and characterization of fibroblast cell lines from
MMTV-D1K2 tumors. Given the large proportion of fibroblasts in
the MMTV-D1K2 tumors and the close proximity between the
epithelial cells and fibroblasts in hyperplastic lesions (Fig. 1C) all
the way to fully developed tumors (Fig. 2A), it is likely that tumor-
associated fibroblasts have a significant influence on the progres-
sion and growth of MMTV-D1K2 tumors. We isolated fibroblast cell

lines from the MMTV-D1K2 tumors to examine the properties of
these cells. The tumor-derived fibroblast lines 1 and 2 (D1K2-TDF1
and D1K2-TDF2) exhibit the elongated morphology typical of
fibroblasts and lack the extensive cell-cell contacts characteristic of
colonies of epithelial cells (Fig. 4A). Immunoblot analysis showed
that D1K2-TDF1 and D1K2-TDF2 cells did not express proteins
typically present in cancer cells of epithelial origin such as c-Met,
E-cadherin, and P-cadherin (Fig. 4B). The tumor-derived fibroblast
cell lines also did not express the cyclin D1-Cdk2 fusion protein,
but expressed very high levels of a-SMA. a-SMA is expressed in
fibroblasts that have differentiated into myofibroblasts. Such
differentiation might arise as a result of cell culture in vitro .
However, the presence of myofibroblasts in the MMTV-D1K2
tumors could explain the relatively high levels of a-SMA present in
the tumors and could also explain the high levels of collagen
detected by trichrome staining (Figs. 1 and 2) because myofibro-
blasts are thought to be the major cell type responsible for collagen
deposition during fibrosis (28–30). The differentiation of stromal
fibroblasts in the vicinity of tumors is thought to be caused by
TGFh secreted by tumor cells because TGFh1 is capable of
inducing the differentiation of mammary stromal fibroblasts to
myofibroblasts in vitro (31, 32), fibroblast differentiation to myofi-
broblasts occurs in the vicinity of tumors in a graded manner (33),
and tumors are known to secrete significant amounts of TGFh (34).

Figure 3. Isolation and characterization of MMTV-D1K2 cancer cell lines. A, phase contrast micrographs of cell lines derived from an MMTV-neu tumor (neuT ) and two
different MMTV-D1K2 tumors (D1K2-T1 and D1K2-T3). B, flow cytometry analysis of rapidly growing neuT, D1K2-T1, and D1K2-T3 cells stained with propidium
iodide. C, left, immunoblot analysis of the neuT/Hyg and neuT/D1K2 cell lines prepared by retroviral transduction of the neuT cells with an empty retroviral vector
or a vector encoding the cyclin D1-Cdk2 fusion protein, respectively, and the D1K2-T1 and D1K2-T3 cell lines. The results indicate the expression of the cyclin D1-Cdk2
fusion protein in the appropriate samples and show Rb and p130 hyperphosphorylation in the D1K2-T1 cell line. E-cadherin is expressed at similar levels in the
four cell lines. Actin serves as a loading control. C, right, immunoblot analysis demonstrating the levels of expression of the cyclin D1-Cdk2 fusion protein (*) relative to
the levels of endogenous Cdk2 (�), and phosphorylation of the cyclin D1-Cdk2 transgene product on the activating Thr160 (P-Cdk2(T160) ) and inhibitory Tyr15

(P-Cdk2(Y15) ) phosphorylation sites of the Cdk2 domain. C-Met is expressed at higher levels in the D1K2-T3 and D1K2-T1 cell lines than in the neuT cell line. D, assay
of the kinase activity of the cyclin D1-Cdk2 fusion protein and endogenous Cdk4. Extracts of the indicated cell lines were immunoprecipitated using the FLAG
antibody to isolate the cyclin D1-Cdk2 fusion protein or a Cdk4 antibody to isolate endogenous Cdk4. Immunoprecipitates were assayed for kinase activity using
glutathione S-transferase-Rb as the substrate, and site-specific Rb phosphorylation was detected by immunoblotting with phosphospecific antibodies. Controls included
the use of neuT cell extracts in FLAG immunoprecipitations, and omission of the Cdk4 antibody (No 1j).
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The large proportion of tumor-associated fibroblasts and c-Met
expression in the tumor cells suggested the possible existence of a
paracrine loop in the MMTV-D1K2 tumors as outlined in Fig. 4C .
Secretion of HGF is thought to be an important function of tumor-
associated fibroblasts, and myofibroblasts in particular (35–38),
that drives tumor progression in a paracrine manner.

HGF and TGFB sensitivity of MMTV-D1K2 cancer cell lines.
We were unable to significantly up-regulate c-Met expression in
neuT cells upon overexpression of the cyclin D1-Cdk2 fusion
protein by transient adenoviral transduction (Fig. 5A). Likewise,
treatment of the D1K2-T1 cells with the Cdk inhibitor roscovitine
did not significantly decrease c-Met expression. These observations
suggest that either higher levels of cyclin D1-Cdk2 fusion protein
expression for extended periods are required to induce c-Met up-
regulation, or that c-Met up-regulation provides a selective
advantage for the MMTV-D1K2 tumors during progression but
does not result directly from transgene expression. Figure 4B shows
that the D1K2-T1 cells express c-Met at a level similar to that
observed in the BT549 human mammary carcinoma cell line. c-Met
expression was examined in a panel of human mammary carci-
noma cell lines and noncancerous mammary epithelial cell lines
(HBL100, NMuMG, and MCF10A; Fig. 5B). The levels of c-Met
expression in BT549 cells were only exceeded by the levels observed
in the MDA-MB-231 and MDA-MB-468 cell lines.

Treatment of the D1K2-T1 line with HGF for 15 min stimulated
c-Met tyrosine phosphorylation and activated downstream signal-
ing events such as the phosphorylation of the protein kinases Akt
and p70s6k on activating sites (Fig. 5A), showing that c-Met is
functional in D1K2-T1 cells. D1K2-T3 cells exhibited a lower level
of c-Met tyrosine phosphorylation in response to HGF treatment,
and activation of downstream signaling was not observed.
Consistent with these observations, HGF stimulated the prolifer-
ation of D1K2-T1 cells nearly 3-fold, but had only a modest effect
on D1K2-T3 cells (Fig. 5C). HGF-induced proliferation of the D1K2-
T1 cells was completely blocked by rapamycin, an inhibitor of the
mTOR/p70s6k signaling pathway.
TGFh is often secreted by cancer cells and causes fibrosis and

stromal fibroblast differentiation to myofibroblasts. TGFh potently
inhibits the proliferation of nontransformed epithelial cells;
therefore, inactivation of the TGFh growth inhibitory response is
thought to be a key event in the progression of carcinomas arising
in multiple tissues. Treatment of the D1K2-T1 cells with TGFh for
24 h resulted in the up-regulation of PAI-1 expression, a known
transcriptional target of the TGFh signaling pathway (refs. 21, 39;
Fig. 5A). This response was not observed in D1K2-T3 cells.
Interestingly, TGFh treatment had no effect on Akt or p70s6k

phosphorylation, but potentiated the HGF response observed. The
most striking observation was the complete lack of STAT3 tyrosine

Figure 4. Isolation and characterization of tumor-derived
fibroblast cell lines. A, phase contrast micrographs of fibroblast
cell lines derived from two different MMTV-D1K2 tumors
(D1K2-TDF1 and D1K2-TDF2 ). B, immunoblot analysis of
extracts from the tumor-derived fibroblast cell lines D1K2-TDF1
and D1K2-TDF2, the MMTV-D1K2 tumor cell line D1K2-T1,
and the BT549 human mammary carcinoma cell line.
The results show a lack of E-cadherin, P-cadherin, c-Met, or the
cyclin D1-Cdk2 transgene in the tumor-derived fibroblasts.
The D1K2-TDF1 and D1K2-TDF2 cells express high levels of
a-SMA. D1K2-T1 and BT549 lysates served as positive
controls for the immunoblot analysis, and actin serves as a
loading control. C, hypothetical model for the mechanisms by
which D1K2 overexpression leads to the acquisition of
stromal-derived mitogenic stimulation. D1K2 overexpression
desensitizes cancer cells to autocrine TGFh inhibition. Cancer
cell-derived TGFh either directly or indirectly increases the
abundance of stromal myofibroblasts. Myofibroblasts secrete
HGF, which stimulates the proliferation of cancer cells through
the HGF receptor c-Met.
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phosphorylation in the D1K2-T1 cell line. STAT3 phosphorylation
on Tyr705 causes dimerization and translocation of STAT3 to the
nucleus, where it activates the expression of pro-proliferative and
antiapoptotic genes. The reason for the lack of STAT3 tyrosine
phosphorylation in the D1K2-T1 cells is unclear, but it was
previously reported that STAT3 tyrosine phosphorylation levels
correlate inversely with cellular Cdk2 activity (40). The observation
that adenovirus-mediated overexpression of the cyclin D1-Cdk2
fusion protein in neuT cells partially suppresses STAT3 tyrosine
phosphorylation suggests that this effect is a direct result of
expression of the cyclin D1-Cdk2 fusion protein. Together, the
results in Fig. 5A indicate that D1K2-T1 cells mount biochemical
responses to TGFh and HGF and exhibit alterations in STAT3
regulation. This is significant given that this cell line was derived
from a tumor exhibiting a dramatic desmoplastic reaction
illustrated in Fig. 2A (left), and TGFh and HGF are thought to
play key roles in the formation of paracrine loops resulting in
desmoplasia. According to this model, the formation of large

tumors with a significant stromal reaction is favored by a self-
amplifying paracrine loop with the following characteristics: (a)
TGFh secretion by the tumor cells; (b) tumor cells desensitized to
TGFh antiproliferative actions; (c) TGFh-induced differentiation of
stromal fibroblasts to myofibroblasts and stimulation of fibroblast
proliferation or recruitment of additional stromal fibroblasts; and
(d) secretion of paracrine factors, such as HGF by stromal
fibroblasts and myofibroblasts that stimulate the proliferation of
the cancer cells.

TGFB and HGF production by MMTV-D1K2 tumor-derived
fibroblast and cancer cell lines. The cancer and tumor-derived
fibroblast cell lines and medium conditioned by these cell lines
were subjected to further analysis to determine whether they meet
the necessary criteria for the maintenance of a TGFh/HGF para-
crine loop between the tumor cells and the tumor fibroblasts.
Medium conditioned by the neuT, D1K2-T1, and D1K2-T3 tumor
cell lines and the D1K2-TDF1 and D1K2-TDF2 fibroblast cell lines,
derived from two different MMTV-D1K2 tumors of the 44 line, was

Figure 5. Receptor expression and
responsiveness in tumor-derived cancer
cell lines. A, neuT cells were transduced
with adenoviruses encoding green
fluorescent protein (Ad.GFP ), the cyclin
D1-Cdk2 fusion protein (Ad.D1K2 ), or a
combination of adenoviruses encoding
cyclin D1 (Ad.D1 ) and Cdk2
(Ad.Cdk2-His6) or cyclin D1 (Ad.D1) and
Cdk4 (Ad.Cdk4-His6) as indicated. Cell
lysates were prepared 48 h postinfection.
D1K2-T1 and D1K2-T3 cells were washed
and treated for 24 h with medium
containing 0.1% FBS. The cells were either
fed with medium containing 0.1% FBS for
24 h (Control ) or treated with the same
medium containing 2.5 ng/mL TGFh for
24 h, 50 ng/mL HGF for 15 min, treatment
with 2.5 ng/mL TGFh for 24 h followed
by a 15-min treatment with 50 ng/mL HGF
(TGFh ! HGF), or treatment with
10 Amol/L roscovitine for 24 h. Lysates of
the adenovirus or drug treated cells were
prepared and analyzed by immunoblot for
c-Met phosphorylated on tyrosine residues
1234/1235 (P-MET(1234/1235) ), c-MET,
Akt phosphorylated on Thr308 (P-Akt(308) ),
Akt, p70s6k phosphorylated on Thr389

(P-p70s6k(389) ), p70s6k, c-neu (Her2/neu),
STAT3 phosphorylated on Tyr705

(P-Stat3(705) ), STAT3, plasminogen
activator inhibitor-1 (Pai-1 ), the
FLAG-tagged cyclin D1-Cdk2 fusion
protein, or FLAG-tagged cyclin D1
(FLAG(cyclin D1) ), the His6 affinity tag, or
actin as a loading control. B, lysates of a
panel of mammary epithelial (HBL100,
NMuMG , and MCF10A ) or human
mammary carcinoma cell lines (T47D,
MCF7, MDA-MB-361, MDA-MB-468,
BT549, MDA-MB-231, MDA-MB-435S ,
and MDA-MB-436 ) were subjected to
immunoblot analysis with the indicated
antibodies. Actin serves as a loading
control. C, D1K2-T1 or D1K2-T3 cells were
treated for 24 h with 0.1% FBS-containing
medium (Control ) or the same medium
containing 100 nmol/L rapamycin,
50 ng/mL HGF, or 50 ng/mL HGF +
100 nmol/L rapamycin and the rate of
3H-thymidine incorporation into DNA was
measured. Columns, percent control
3H-thymidine incorporation; bars, SD of
triplicate determinations.
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collected and assayed for the presence of TGFh and other growth
regulatory factors secreted by the cells (Fig. 6A–D). Mink lung
epithelial cells (Mv1Lu) stably transfected with a TGFh-responsive
PAI-1 luciferase reporter construct were treated with the condi-
tioned medium. Medium conditioned by the neuT, D1K2-T1, and
D1K2-T3 cell lines increased luciferase expression by several-fold
relative to unconditioned medium (Fig. 6A). The addition of a
TGFh type I receptor kinase inhibitor blocked the transcriptional
response to medium conditioned by the cancer cell lines,
suggesting that TGFh or a TGFh-like factor secreted by the cancer
cells caused the transcriptional response. Medium conditioned by
the fibroblast cell lines activated the PAI-1 promoter, suggesting
that the tumor-derived fibroblasts also secrete TGFh. This is
interesting in light of the observation that these fibroblasts tend to
differentiate into myofibroblasts in culture (Fig. 4), and TGFh is

known to induce the differentiation of mammary stromal
fibroblasts into myofibroblasts (31, 33). Thus, some tumor
fibroblasts may perpetuate their myofibroblastic differentiation
via a TGFh autocrine loop after that loop is initiated by paracrine
TGFh secreted by adjacent cancer cells. We next examined whether
the levels of TGFh present in the conditioned medium samples were
sufficient to inhibit the proliferation of the highly TGFh-sensitive
Mv1Lu cells, or the D1K2-T1 cells (Fig. 6B). The TGFh type I
receptor kinase inhibitor was used to distinguish TGFh growth
inhibitory effects from other growth inhibitory effects such as
depletion of nutrients from the conditioned medium. The inhibitor
itself had no effect on the proliferation of Mv1Lu cells and a modest
inhibitory effect on the proliferation of the D1K2-T1 cells. Medium
conditioned by neuT, D1K2-T1, D1K2-T3, and D1K2-TDF1 cells
strongly inhibited the proliferation of the Mv1Lu cells and, to a

Figure 6. Characterization of tumor
cell and tumor-associated fibroblast
conditioned medium. A, mink lung
epithelial cells containing a
TGFh-responsive PAI-1 luciferase reporter
construct were treated for 24 h with
control medium (0.1% FBS-DMEM ), or the
same medium conditioned by neuT cells
(neuT CM), D1K2-T1 cells (D1K2-T1 CM ),
D1K2-T3 cells (D1K2-T3 CM ), D1K2
tumor-derived fibroblast line 1 (D1K2-TDF1
CM), or D1K2 tumor-derived fibroblast line
2 (D1K2-TDF2 CM). + TbRI Inh., the
addition of 1 Amol/L TGFh receptor I kinase
inhibitor to the conditioned medium.
Columns, relative luminescence units
normalized to micrograms of protein in the
cell lysate analyzed; bars, SD of triplicate
determinations. B, Mv1Lu or D1K2-T1 cells
were treated for 24 h with the indicated
conditioned medium and the rate of
3H-thymidine incorporation into DNA was
measured. Columns, percent control
3H-thymidine incorporation of triplicate
determinations; bars, SD. C, neuT cells
were treated for 24 h with serum-free
medium (SFM ), 10% FBS, 10%
FBS-containing medium conditioned by
D1K2 tumor-derived fibroblast line 1
(D1K2-TDF1 CM ), or medium conditioned
by the neuT cells (neuT CM ) and the rate
of 3H-thymidine incorporation into DNA
was measured as in (B). D, D1K2-T1 cells
were stimulated for 15 min with 0.1% FBS,
0.1% FBS-containing medium conditioned
by D1K2-T1 cells (D1K2-T1 CM), 0.1%
FBS-containing medium conditioned by
D1K2 tumor-derived fibroblast line 1
(TDF1 CM), 0.1% FBS-containing medium
conditioned by D1K2 tumor-derived
fibroblast line 2 (TDF2 CM), 10% FBS, or
50 ng/mL HGF. Cell lysates were prepared
and analyzed by immunoblot with the
indicated antibodies.
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lesser extent, the D1K2-T1 cells. This effect was partially reversed
by the TGFh type I receptor kinase inhibitor, suggesting that the
concentration of TGFh present in the conditioned medium is
sufficient to inhibit cell proliferation. Treatment of the cells with 0.5
ng/mL TGFh inhibited DNA synthesis in the Mv1Lu cells by about
90% and inhibited DNA synthesis in the D1K2-T1 cells by about 30%.
This relative TGFh resistance of the D1K2-T1 cells is expected based
on our previous observation that overexpression of the cyclin D1-
Cdk2 fusion protein renders cells partially TGFh resistant (14).
Interestingly, medium conditioned by the D1K2-TDF1 tumor-
derived fibroblasts stimulated the proliferation of the D1K2-T1
cells, but inhibited the proliferation of the Mv1Lu cells. Figure 6A
shows the presence of a low level of TGFh in this sample. It is likely
that the D1K2-TDF1–conditioned medium contains sufficient TGFh
to inhibit the more sensitive Mv1Lu cells, but not enough to in-
hibit the D1K2-T1 cells. In addition, the D1K2-TDF1–conditioned
medium apparently contains factors that stimulate the prolifera-
tion of the neuT cells as well as the D1K2-T1 cells (Fig. 6C). This
mitogenic effect is partially blocked by the TGFh type I receptor
kinase inhibitor although this inhibitor increased the proliferation
of the same cells treated with TGFh alone. When the conditioned
media samples employed in Fig. 6B were used to stimulate D1K2-T1
cells for 15 min, the medium conditioned by the two fibroblast cell
lines stimulated c-Met tyrosine phosphorylation to a greater extent
than the 0.1% FBS control, or that observed upon stimulation with
10% FBS or D1K2-T1–conditioned medium (Fig. 6D). The tumor-
derived myofibroblast–conditioned medium also increased the
phosphorylation of Akt and p70s6k on activating sites over that
observed with the unconditioned medium (0.1% FBS). The
stimulation of c-Met tyrosine phosphorylation suggests that HGF
is one of the mitogenic factors in tumor-derived fibroblast-
conditioned medium. Other unidentified factors are also likely
present in the medium because TGFh inhibited rather than
potentiated HGF-induced proliferation of D1K2-T1 cells (data not
shown) and because medium conditioned by tumor-derived
fibroblast line 2 (TDF2) stimulated Akt phosphorylation to a much
greater extent than 50 ng/mL HGF.

Discussion

Cyclin D1/Cdk2 complexes are present in human breast cancer
cell lines (12), and the levels of these complexes correlate well with
the degree of cyclin D1 overexpression. It is unknown whether
these complexes participate in the transforming effects of cyclin D1
overexpression. We constructed a gene encoding a cyclin D1-Cdk2

fusion protein to explore in a selective fashion the potential
functions of cyclin D1/Cdk2 complexes in cell transformation and
mammary tumorigenesis (14). The results presented here show
that the expression of this cyclin D1-Cdk2 fusion protein (D1K2) in
the mammary gland under the control of the MMTV promoter
causes precocious lobuloalveolar differentiation of mammary
glands in virgin mice. The extent of the phenotype increases with
age and results in the formation of hyperplastic lesions and
eventually in breast tumors. MMTV-D1K2 tumors induce a strong
desmoplastic reaction as compared with MMTV-neu tumors.
Biochemical analyses showed cell cycle deregulation in the tumors,
including Rb and p130 hyperphosphorylation and up-regulation of
E2F-dependent gene products. We hypothesize that c-Met expres-
sion in MMTV-D1K2 tumor cells, combined with their blunted
growth inhibitory response to TGFh, render them particularly
susceptible to the formation of a tumor cell/myofibroblast
paracrine loop involving TGFh and HGF. In this model (Fig. 4C),
tumor cells secrete TGFh that either directly or indirectly increases
the abundance of stromal myofibroblasts. Myofibroblasts, in turn,
drive the proliferation of cancer cells by secreting HGF and other
growth factors.
Together, the results presented here suggest that the cell cycle

deregulation caused by expression of the cyclin D1-Cdk2 fusion
protein reprograms tumor cell responses to autocrine and para-
crine growth factors to permit the formation of a self-amplifying
cancer cell/myofibroblast paracrine cycle. The MMTV-D1K2 mice
and cell lines derived from their tumors will be valuable tools for
further delineating the mechanisms involved. A more thorough
understanding of the mechanisms at work in this cycle is critical
because of the high frequency with which similar desmoplastic
reactions are observed in a wide variety of human tumors, the
connection between tumor-induced stromal desmoplasia and
tumor invasiveness and metastatic potential, and because several
key elements of the cycle including c-Met (41, 42), TGFh receptors
(43–45), and Cdk2 (9–11) are targets for agents under development
as anticancer therapeutics.
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