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Abstract

Cyclin D1 levels are maintained at steady state by phosphorylation-dependent nuclear export and
polyubiquitination by the SCFFBX4-aB crystallin £3 |igase. Inhibition of cyclin D1 proteolysis has
been implicated as a causative factor leading to its overexpression in carcinomas of the breast and
esophagus; however evaluation of the contribution of stable cyclin D1 to the genesis of such
carcinomas has not been performed. We therefore generated transgenic mice wherein expression
of either wild-type or a stable cyclin D1 allele (D1T286A) is regulated by MMTV-LTR. MMTV-
D1T286A mice developed mammary adenocarcinomas at an increased rate relative to MMTV-D1
mice. Similar to human cancers that overexpress cyclin D1, D1T286A tumors were estrogen
receptor positive and exhibited estrogen-dependent growth. MMTV-D1T286A tumors specifically
overexpressed genes involved in DNA replication and DNA damage checkpoints suggesting that
stabilization and nuclear accumulation of cyclin D1-dependent kinase contributes to genomic
instability through perturbations in DNA replication. Collectively, these results suggest that
temporal control of cyclin D1 subcellular localization and proteolysis is critical for the
maintenance of homeostasis within the mammary epithelium.
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INTRODUCTION

Uncontrolled cellular proliferation is a hallmark of cancer. Cyclin D1, together with its
catalytic partner CDK4/6, promotes G1-S phase transition via site-specific phosphorylation
of the retinoblastoma family members and through stoichiometric titration to cell cycle
inhibitors p27KiP1 and p21€iPL, These functions of cyclin D1 ensure efficient initiation of
DNA synthesis (S phase) (Cheng et al., 1998; Harbour et al., 1999; Sherr & Roberts, 1999).
During late G1 and S phases, cyclin D1 is phosphorylated at thr-286 (p-286) by GSK3p,
which triggers two events (Diehl et al., 1998). First, p-286 cyclin D1 is targeted by the
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nuclear exportin, CRM1, thus resulting in cyclin D1 nuclear export (Alt et al., 2000).
Second, once in the cytoplasm, the E3 ubiquitin ligase, SCFFBX4-aB crystallin ‘hinds to p-286
cyclin D1 and targets it for ubiquitin-mediated proteasomal degradation (Lin et al., 2006).
Subversion of either event results in uncontrolled cellular proliferation and altered cellular
homeostasis (Alt et al., 2000; Benzeno & Diehl, 2004; Benzeno et al., 2006; Lin et al.,
2006).

Cyclin D1 plays an essential role in mammary gland development and carcinogenesis
thereby making it an attractive target for human breast cancer. The mammary epithelial
compartment of cyclin D1 null mice fails to undergo the proliferative burst associated with
pregnancy, and as a result, cyclin D1 null female mice are unable to nurse their pups
(Sicinski et al., 1995). Additionally, cyclin D1 null mice are resistant to mammary
tumorigenesis induced by erbB2 and Ras revealing a requirement for cyclin D1 downstream
of these oncogenes (Yu et al., 2001). The necessity of cyclin D1 in erbB2 and Ras-
dependent mammary carcinogenesis, together with the recent demonstration that cyclin D1-
dependent tumorigenesis depends upon its activation of CDK4, suggests that
pharmacological inhibitors of the cyclin D1-CDK4 kinase could be effective therapeutic
agents for human breast cancer (Landis et al., 2006; Yu et al., 2006). Since cyclin D1 is
overexpressed in approximately 50% of human breast carcinomas (Butt et al., 2005),
development of CDK4 inhibitors could prove significant in efforts to treat breast cancer
patients. In general, human breast cancers that overexpress cyclin D1 are estrogen receptor
positive indicating that targeting both cyclin D1-associated kinases and the estrogen receptor
may be an effective therapeutic option for breast cancer (Buckley et al., 1993; Butt et al.,
2005; Utsumi et al., 2000).

Wild-type cyclin D1 is weakly oncogenic; this likely reflects the capacity of cells to
efficiently maintain threshold levels of active, nuclear cyclin D1/CDK4 through
phosphorylation-dependent nuclear export and degradation. Indeed, mice expressing wild-
type cyclin D1 in the mammary epithelium under control of the MMTV-LTR promoter
develop mammary adenocarcinomas with a protracted latency while expression in
lymphocytes via the Ep-enhancer does not elicit a tumorigenic phenotype demonstrating
that cyclin D1 is a weak oncogene /in7 vivo (Bodrug et al., 1994; Wang et al., 1994). In
contrast, overexpression of the constitutive nuclear, non-degradable cyclin D1T286A mutant
results in cellular transformation of NIH-3T3 fibroblasts /n vitro and of lymphocytes /in vivo
(Alt et al., 2000; Gladden et al., 2006). These studies suggest that nuclear export and
cytoplasmic proteolysis reduce the oncogenicity of cyclin D1.

To evaluate the role of constitutively nuclear and non-degradable cyclin D1 molecules in
mammary cancer development, we generated transgenic mice expressing either wild-type
cyclin D1 or a phosphorylation-deficient cyclin D1 mutant (D1T286A) under the control of
the MMTV-LTR promoter. In this study, we provide evidence demonstrating that cyclin D1
phosphorylation, localization and ubiquitination are regulated events in mammary
epithelium /n vivo. We also demonstrate that disruption of normal cyclin D1
phosphorylation, nuclear export and cytoplasmic proteolysis accelerates mammary
carcinogenesis, thus indicating that a nuclear, non-degradable cyclin D1 allele is a more
potent oncogene than wild-type cyclin D1 in mammary epithelium /n vivo.

Regulation of cyclin D1 thr-286 phosphorylation, subcellular localization and
ubiquitination in mammary epithelium in vivo

We assessed the proliferative status of the mammary epithelium relative to cyclin D1
phosphorylation, subcellular localization and total cyclin D1 protein levels to gain a better
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understanding of cyclin D1 regulation in mammary epithelium. Immunohistochemical
staining revealed that total cyclin D1 was intensely nuclear in epithelial cells during
pregnancy, a period of mammary epithelial cell proliferation (Fig. 1A, panel i, solid arrows;
Fig. 1B, top panel). Tertiary ducts (Fig. 1A, panel i, hollow arrows) contained less nuclear
cyclin D1 staining compared to proliferative alveolar cells (Fig. 1A, panel i, solid arrows).
In contrast, during lactation, some differentiated alveolar cells retained weak nuclear
staining for total cyclin D1 (Fig. 1A, panel ii, solid arrow). However, overall cyclin D1
levels were reduced and largely cytoplasmic during lactation (Fig. 1A, panel ii, hollow
arrow; Fig. 1B, bottom panel), a state of non-proliferation and terminal differentiation,
suggesting a high rate of phosphorylation-dependent nuclear export and proteolysis during
this stage. Indeed IHC staining with a p-286 specific antibody revealed weak cytoplasmic
phospho-cyclin D1 staining during pregnancy (Fig. 1A, panel iii), and increased cytoplasmic
staining during lactation (Fig. 1A, panel iv). This is consistent with /in vitro analysis
suggesting p-286 promotes cytoplasmic localization of cyclin D1 (Alt et al., 2000).

We confirmed increased accumulation of cyclin D1 during pregnancy and loss of cyclin D1
during lactation by western analysis of whole mammary gland extracts (Fig. 1C). Cyclin D1
p-286 phosphorylation and cytoplasmic localization inversely correlated with total cyclin D1
levels (Fig. 1A, 1B and 1C) indicating that phosphorylation of cyclin D1 induces its nuclear
export and proteolysis in mammary epithelial cells /n vivo. Because the SCFFBX4-aB crystallin
ubiquitin ligase regulates phosphorylation-dependent proteolysis of cyclin D1 (Lin et al.,
2006), we assessed the role of FBX4 and a.B crystallin in the regulation of cyclin D1 in
mammary epithelium. Cyclin D1, FBX4 and aB crystallin protein levels were assessed in
whole tissue extracts prepared from age-matched virgin, pregnant, lactating and involuted
mammary glands (Fig. 1C). Cyclin D1 levels were low in the virgin glands, increased during
pregnancy, and subsequently decreased during lactation and involution (Fig. 1C). Cyclin D1
mMRNA levels were also high during pregnancy revealing that cyclin D1 transcription
contributes to its accumulation during mammary gland development (Fig. 1D). Strikingly,
FBX4 and aB crystallin protein levels were specifically high in the lactating mammary
gland as compared to virgin, pregnant and involuted mammary glands (Fig. 1C).
Collectively, these results indicate that cyclin D1 is regulated by thr-286 phosphorylation,
nuclear export and ubiquitination by the SCFFBX4-aB crystallin complex in the mammary
epithelial cells in vivo.

To directly address the role of p-286 for cyclin D1 ubiquitination in the mammary gland, we
prepared ubiquitination competent extracts from lactating mammary glands. Robust /n vitro
ubiquitination cyclin D1 was observed in a time and p-286-dependent manner (Fig. 1E,
lanes 1-4 vs. 5-8). Ubiquitinating activity was dependent on mammary gland extracts since
omission of extracts inhibited cyclin D1 ubiquitination (Fig. 1E, lane 9). Cyclin D1
ubiquitination was also inhibited by performing the reaction at 4 degrees, chelating
magnesium with EDTA, or replacing ATP with an ATP inhibitor (AMP-PNP) (data not
shown).

To determine whether the SCFFBX4-aB crystallin hiquitin ligase is required for p-286-
dependent ubiquitination of cyclin D1, we immunodepleted FBX4 from mammary gland
extracts and assessed cyclin D1 ubiquitinating activity. Eighty percent depletion of FBX4
from lactating mammary gland extracts (data not shown) significantly abrogated cyclin D1
ubiquitination (Fig. 1F, lanes 1-3 vs. lanes 4-6). Importantly, reconstitution of FBX4-
depleted extracts with purified SCFFBX4-aB crystallin complexes prepared from Sf9 insect
cells restored cyclin D1 ubiquitination demonstrating the specificity of the ubiquitinating
activity (Fig. 1F, lanes 7-9). Collectively, these data demonstrate that thr-286
phosphorylation, nuclear export and ubiquitination by the SCFFBX4-aB crystallin yhiquitin
ligase are important regulatory mechanisms of cyclin D1 in mammary epithelium /n vivo.
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Generation of MMTV-D1 and MMTV-D1T286A mice

To determine whether disruption of cyclin D1 proteolysis contributes to the neoplastic
potential of cyclin D1 in the mammary gland, we generated transgenic mice harboring either
wild type cyclin D1 or the phosphorylation-deficient cyclin D1 mutant, D1T286A, under the
control of the MMTV-LTR promoter. Transgenic lines were initiated by breeding founders
with non-transgenic FVB mice. Founders exhibiting germline transmission and expression
of the transgene were identified. Vector design was identical for both MMTV-D1 and
MMTV-D1T286A lines (Fig. 2A). Expression of wild-type cyclin D1 and mutant D1T286A
transgenes was confirmed by western analysis of tissue harvested from pregnant and
lactating female mice (Fig. 2B, 2C, 2D). Both transgenes were expressed specifically in the
mammary gland with slightly greater levels of D1T286A than D1 as expected due to its
increased stability. Additionally, both transgenic proteins assembled with CDK4, p27KiPl,
p21CiPL and retained similar kinase activity against the retinoblastoma protein (Fig. 2E and
data not shown).

To determine whether disruption of cyclin D1 phosphorylation abrogates cyclin D1 nuclear
export in mammary epithelium, we assessed localization of transgenic cyclin D1 protein by
IHC during lactation, a period of increased p-286 cyclin D1 (Fig. 1A). During lactation,
transgenic wild-type cyclin D1 exhibited cytoplasmic and nuclear staining (Fig. 2F, left
panels). In contrast, cyclin D1T286A was predominantly nuclear during lactation, with a
greater nuclear intensity than seen with transgenic wild-type D1, indicating that p-286
induces cyclin D1 nuclear export in the lactating mammary gland (Fig. 2F, right panels).
Strikingly, MMTV-D1T286A mice first showed signs of hyperplasia and dysplasia during
first lactation at 4.5 months of age compared to both non-transgenic and MMTV-D1 mice
(data not shown). These results support the notion that phosphorylation of thr-286 triggers
nuclear to cytoplasmic shuttling of cyclin D1 in mammary epithelial cells.

Abrogation of cyclin D1 phosphorylation accelerates mammary carcinogenesis

Long-term cohorts of multiparous females from each genotype were established for the
assessment of tumor formation over a 24-month period. Females were allowed to undergo at
least two pregnancies to maximize expression of the transgenes. Disease manifestation was
characterized as the development of palpable tumors that were subsequently confirmed to be
mammary carcinomas via histological analysis. MMTV-D1T286A animals developed
palpable mammary adenocarcinomas significantly earlier than MMTV-D1 mice (estimated
mediar. 18 months for D1T286A, estimated 95%Cl: 16.2-19.8 months vs. 22 months for
D1, estimated 95%CI: 20.5-23.5 months; log rank test: p=0.003, Fig. 3A and Table 1). Both
transgenic lines developed tumors with approximately the same penetrance. Because tumor
penetrance was less than 100% and estimated medians had to be calculated, as an
independent assessment of tumor latency, we also determined the mean age of onset for
tumor formation from either transgenic line. In contrast to the median, mean age of onset of
palpable tumors was 15.8 months for MMTV-D1T286A mice compared to 19.9 months for
MMTV-D1 (student’s t-test: p=0.004, Fig. 3B) confirming that disruption of cyclin D1
localization and proteolysis accelerates mammary carcinogenesis.

During the course of our studies, we noted that MMTV-D1T286A mice routinely developed
multi-focal tumors (Fig. 2G). Strikingly, the tumors from a single MMTV-D1T286A mouse
frequently exhibited distinct histological phenotypes supporting the notion that they reflect
independent events (Fig. 3E and data not shown). To directly assess the oncogenic potential
of cyclin D1 and D1T286A per mammary gland, we harvested mammary glands from a
cohort of approximately 20 multiparous females from each genotype at 12 months of age
and assessed hyperplastic foci formation by whole mount analysis. Abrogation of cyclin D1
thr-286 phosphorylation increased the number of multifocal hyperplastic lesions from 1.3 to
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3.4 hyperplastic foci per mammary gland (p=0.0004, Fig. 3C and 3D). Together with the
acceleration of tumor formation, these results suggest that abrogation of p-286 increases the
oncogenic potential of cyclin D1 in mammary epithelium.

Disruption of p-286 alters the histological spectrum of tumors induced by cyclin D1

MMTYV-D1 mice typically develop mammary adenocarcinomas of the papillary histological
type (Wang et al., 1994). Consistent with this, our MMTV-D1 mice also developed
predominantly papillary adenocarcinomas (Fig. 3E and Table 1). In contrast, MMTV-
D1T286A mice predominantly developed secretory glandular type adenocarcinomas (Fig.
3E and Table 1). In addition, mice of both genotypes developed a small proportion of acinar
and solid types in different ratios (Cardiff et al., 2000) (Fig. 3E and Table 1). In general,
tumors of both genotypes appeared aggressive as measured by increased nuclear to
cytoplasmic ratio, nuclear pleomorphism, hyperchromatism and layers of disorganized
epithelium (Fig. 3E). Both MMTV-D1 and MMTV-D1T286A animals also developed
adenosquamous carcinomas, unusual squamous and inflammatory nodules and focal
necrotic regions (data not shown). Thus overexpression of both cyclin D1 and D1T286A
trigger neoplastic growth. However, the histological ratio of tumors are different
demonstrating that perturbation of cyclin D1 nuclear export/proteolysis alters the
histological tumor spectrum.

Characterization of MMTV-D1 and MMTV-D1T286A mammary tumors

Most carcinomas of either genotype uniformly expressed cytokeratin 8 (Fig. 4A, tumor A)
with occasional tumors also exhibiting expression of cytokeratin 14 (Fig. 4A, tumor B and
tumor C). As cytokeratins 8 and 14 are markers of luminal and myoepithelial cells
respectively, this implies that cyclin D1 can target a mammary progenitor cell population
that gives rise to tumors with both luminal and myoepithelial cell characteristics. Since most
human breast carcinomas that overexpress cyclin D1 also express the estrogen receptor, we
also determined whether tumors retained expression of estrogen receptor alpha. This
analysis revealed that 37.5% D1 and 50% D1T286A tumors retained ERa suggesting that a
subset of tumors remained estrogen—dependent (Fig. 4A, tumor D and E). Nuclear staining
of uterine epithelial cells and omission of primary antibody served as positive and negative
controls respectively (Fig. 4A and data not shown).

MMTV-D1T286A tumor cells are aneuploid

Because loss of RB or the CDK4 inhibitor, p16/NK4A 'induces genetic instability and
aneuploidy (Hernando et al., 2004; McDermott et al., 2006), we determined whether nuclear
cyclin D1 overexpression by itself induces genomic instability in mammary epithelium.
Early passage primary tumor derived cell lines were established and analyzed by staining of
metaphase spreads with Giemsa or by spectral karyotyping (SKY). MMTV-D1T286A tumor
cells exhibited increased aneuploidy relative to MMTV-D1 tumors cells (Fig. 4B, 4C, 4D).
Early passage normal mouse mammary epithelial cells served as controls. Strikingly, no
chromosomal translocations were detected by spectral karyotyping (Fig. 4E) suggesting that
overexpression of cyclin D1 and D1T286A promotes aneuploidy through random
chromosomal gains. These results suggest that overexpression of cyclin D1 promotes
genetic instability and that abrogation of cyclin D1 phosphorylation enhances genetic
instability of mammary epithelial cells.

The increase in mitotic index and aneuploidy observed in MMTV-D1T286A tumors
suggested the potential deregulation of the DNA replication machinery in MMTV-D1T286A
tumors. We thus determined whether the expression levels of components of the DNA
replication machinery were altered in mammary tumors. Analysis of MMTV-D1 and
MMTV-D1T286A tumor tissue extracts for levels of the DNA replication factors revealed
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overexpression of CDT1 and MCM3 (Fig. 5A; MCM3 is shown as a control). Strikingly,
overexpression of CDT1 was largely restricted to tumors expressing D1T286A (2/14, ~14%,
of MMTV-D1 vs. 9/11, 81%, of MMTV-D1T286A) (Fig. 5A and Fig. 5B). No changes in
CDT1 mRNA levels were observed in the MMTV-D1T286A tumors indicating that CDT1
overexpression likely reflects altered post-translation regulation of CDT1 (Fig. 5C). As
CDT1 overexpression promotes re-replication (Vaziri et al., 2003), our results suggest that
inhibition of cyclin D1 phosphorylation may promote genomic instability in part through
CDT1-dependent re-replication.

In other systems, DNA re-replication induced by CDT1 is p53 dependent (Vaziri et al.,
2003). For this reason, we assessed whether the p53 pathway was intact in MMTV-
D1T286A mammary tumor cells. MMTV-D1T286A tumor derived MECs were irradiated
with 10Gy of gamma irradiation. After 8 hours post irradiation, four out of four (100%)
MMTV-D1T286A tumor derived MMEC:s failed to induce the expression of p21 (Fig. 5D),
while 2 out of 4 (50%) MMTV-D1 MMECs were able to induce p21 protein after irradiation
(Fig. 5D, lines 266, 299). SKP1 levels served as a loading control. Phosphorylation of p53 at
ser-18 and of H2AX following irradiation revealed that upstream signaling cascades were
intact following DNA damage (Fig. 5D and data not shown). These results indicate that the
p53 pathway is disrupted in MMTV-D1T286A tumors thereby eliminating a critical sensor
of CDT1-dependent replicative effects.

Combined pharmacologic inhibition of CDK4 and the Estrogen Receptor alpha prevents
cancer cell proliferation

As a subset of MMTV-D1 and MMTV-D1T286A tumor cells retained ERa, we determined
whether proliferation was estrogen-dependent. Tumor-derived cell lines were treated with 4-
hydroxy-tamoxifen and cell cycle distributions were determined through propidium iodide
staining and BrdU incorporation. Treatment of two different MMTV-D1T286A tumor-
derived cells with increasing concentrations of 40H-tamoxifen linearly inhibited their
proliferation as measured by the percentage of cells in S phase (Fig. 6A and data not
shown). Similarly proliferation of primary tumor cells was inhibited in media containing
charcoal-dextran stripped serum devoid of any estrogens indicating that MMTV-D1/
D1T286A tumor cells were dependent on estrogen for proliferation (data not shown).

We next determined whether MMTV-D1 (data not shown) and MMTV-D1T286A (Fig. 6B)
cells remained dependent on cyclin D-dependent kinases for growth. Cells were treated with
PD 0332991, a specific CDK4/6 inhibitor that is currently in phase I clinical trials for cancer
(Fry et al., 2001; Fry et al., 2004). Treatment of MMTV-D1 or MMTV-D1T286A mammary
cancer cells with increasing concentrations of PD 0332991 for 48 hours inhibited the
percentage of cells in S phase in a dose-dependent manner as measured by PI-BrdU FACS
in 5 out of 6 different primary tumor cell lines (Fig. 6B and data not shown). Strikingly,
treatment of mammary cancer cells with both 4-OH tamoxifen and PD 0332991 further in
inhibited the percentage of cells in S phase indicating that combined pharmacologic
inhibition of CDK4/6 and the estrogen receptor has an additive effect on tumor cell
proliferation (Fig. 6C). Similar results were obtained by treating the estrogen receptor
positive, human breast cancer cell line, MCF7 (Fig. 6D). These results indicate that
combined estrogen blockade and CDK4/6 inhibition may be an effective treatment of
estrogen receptor positive human breast cancers.

MMTV-D1T286A tumors differentially express genes involved in DNA replication and DNA
damage checkpoints

To gain additional mechanistic insight into why inhibition of cyclin D1 phosphorylation
accelerates mammary carcinogenesis, we performed a tumor mMRNA microarray to compare
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the expression profiles of MMTV-D1 and MMTV-D1T286A tumors. While on a global
scale MMTV-D1 and MMTV-D1T286A tumors were not significantly different from one
another (data not shown), we identified several genes involved in distinct biological
processes that were differentially expressed in MMTV-D1T286A tumors compared to
MMTYV-D1 tumors and normal mammary glands (Fig. 7 and data not shown). Because of
the genetic instability and overexpression of Cdtl seen in MMTV-D1T286A tumors, we
performed cluster analysis of genes involved in DNA replication and DNA damage
checkpoints (Fig. 7 and data not shown). Differential expression of a subset of these genes in
MMTV-D1T286A tumors, specifcally Claspin, CDC7, E2F8, DNA ligase 1 and Rpal, were
confirmed by Tagman Real time RT-PCR (Fig. 7). These results suggest that disruption of
the normal cytoplasmic localization of cyclin D1 induces DNA replication stress and DNA
damage during initiation and progression of mammary carcinogenesis.

DISCUSSION

Site-specific phosphorylation has been implicated in the regulation of cyclin D1 degradation
and localization in cultured cells. Herein, we demonstrate that, in the mammary gland, p-286
directs cyclin D1 nuclear export and ubiquitination of cyclin D1 by SCFFBX4-aB crystallin
During stages of high epithelial proliferation, cyclin D1 was predominantly nuclear, with
weak p-286 staining apparent. In contrast, during lactation, cyclin D1 redistributed to the
cytoplasm and exhibited increased in p-286 staining. While IHC revealed an increase in
p-286, total cyclin D1 levels actually decreased, suggesting thr-286 phosphorylation
triggered cyclin D1 proteolysis. Consistent with these conclusions, cyclin D1T286A
remained nuclear through both developmental stages. Furthermore, cyclin D1 was
ubiquitinated in a p-286-dependent manner by mammary gland extracts, and ubiquitination
towards cyclin D1 was mediated by the SCFFBX4-aB crystallin complex. These results support
the notion that the weaker tumor phenotype observed with overexpression of wild-type
cyclin D1 may reflect its ability to undergo phosphorylation-dependent nuclear to
cytoplasmic shuttling and subsequent FBX4-mediated cytoplasmic proteolysis in mammary
epithelial cells.

The concept that decreased proteolysis of cyclin D1 might contribute to its oncogenicity was
first inferred from analysis of cyclin D1 in primary breast carcinoma. Here, cyclin D1 is
overexpressed in nearly 50% of primary cancers. Paradoxically, gene rearrangements are
observed in only approximately 10-30% of these tumors; and it was proposed that decreased
proteolysis contributes to the remaining fraction of cancers (Buckley et al., 1993; Butt et al.,
2005; Utsumi et al., 2000). Indeed, our work provides direct support for the notion that
disruption of cyclin D1 phosphorylation and thus ubiquitin-dependent proteolysis increases
the neoplastic potential of cyclin D1 in the mammary gland. First, mice expressing cyclin
D1T286A in the mammary epithelium develop mammary adenocarcinomas significantly
earlier than mice expressing wild-type cyclin D1. Second, abrogation of cyclin D1
phosphorylation increases the number of multifocal hyperplastic foci lesions per mammary
gland. Furthermore, MMTV-D1T286A mice develop mammary tumors with altered tumor
histologies and greater genetic instability than MMTV-D1. In addition, tumor mRNA array
profiles revealed that D1T286A tumors differentially expressed several genes involved in
DNA replication and DNA damage checkpoints compared to D1 tumors suggesting that
nuclear, stable cyclin D1 complexes induces genetic instability via perturbations in DNA
replication and DNA damage checkpoints. Collectively, these results suggest that disruption
of cyclin D1 localization and proteolysis unmasks the neoplastic potential of cyclin D1 in
the mammary epithelium.

An important remaining question pertains to whether it is the disruption of cyclin D1 nuclear
export or proteolysis that further unmasks the neoplastic potential of cyclin D1 in the
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mammary gland. Unlike Ep-D1 mice which do not develop lymphoma (Bodrug et al., 1994;
Wang et al., 1994), MMTV-D1 mice develop mammary adenocarcinomas; this result
demonstrates that increased cyclin D1 protein levels partly contributes to the oncogenicity of
cyclin D1 in mammary epithelium. Consistent with this, loss of specificity components of
the cyclin D1 E3 ubiquitin ligase, FBX4 and a.B crystallin, occurs in human breast cancers
with simultaneous cyclin D1 stabilization again implicating impaired cyclin D1 proteolysis
in human breast cancinogenesis (Lin et al., 2006). Critically however, disrupting both
nuclear export and proteolysis in MMTV-D1T286A mice further accelerates mammary
tumor formation suggesting that altered nuclear export also contributes to the oncogenicity
of cyclin D1. Future experiments, in which cyclin D1 nuclear export and proteolysis are
uncoupled through targeted deletion of components of the E3 ligase or mutation of
ubiquitin-acceptor lysines in cyclin D1, are needed to distinguish the precise contribution of
cyclin D1 localization and proteolysis to mammary tumor formation.

It is also important to point out that cyclin D1 may acquire a nuclear gain of function during
S phase, due to inhibition of phosphorylation-dependent nuclear export and proteolysis,
which could also contribute to the development of additional hits during mammary tumor
initiation. Indeed we have observed that MMTV-D1T286A tumors specifically overexpress
the DNA replication factor CDT1 suggesting that CDT1 stabilization and DNA re-
replication may represent nuclear target. CDT1 is a nuclear DNA replication licensing factor
that is targeted for proteasomal degradation by two ubiquitin ligases: SCFSKP2 during S
phase and CUL4-DDB1-Cdt2 during both S phase and DNA damage (Arias & Walter, 2006;
Jin et al., 2006; Nishitani et al., 2006; Nishitani et al., 2001). Since CDT1 mRNA levels
were unchanged in MMTV-D1T286A tumors, we hypothesize that cyclin D1T286A
increases the stability of CDT1 protein by a yet unknown mechanism in mammary tumors.
Overexpression of both CDT1 and CDC6 can cause DNA re-replication in a p53 dependent
manner (Vaziri et al., 2003). Future experiments are warranted to determine whether cyclin
D1T286A collaborates with CDT1 in DNA re-replication and mammary tumor formation.

Cyclin D1 is a key mediator of estrogen-dependent proliferation in human breast cancer
cells, and human breast cancers that overexpress cyclin D1 are usually estrogen receptor
positive (Buckley et al., 1993; Butt et al., 2005). Despite initial responses to the anti-
estrogen tamoxifen, human breast cancer patients usually become resistant to anti-estrogen
therapies (Robertson et al., 2005). Here we provide evidence that combined pharmacological
inhibition of cyclin D dependent kinases CDK4/6, with PD 0332991, and anti-estrogen
therapy may be an effective therapeutic option for estrogen receptor positive breast cancer.
In addition, the fact that up to 50% of MMTV-D1T286A mice develop estrogen receptor
positive mammary tumors indicates that our mouse model may provide an effective tool to
study targeted therapies against both the estrogen receptor and cyclin D1-dependent kinases
for human breast cancer.

Unlike in esophageal and endometrial carcinomas (Benzeno et al., 2006; Moreno-Bueno et
al., 2003), cyclin D1 mutations that abrogate thr-286 phosphorylation have not been found
in human breast cancers possibly reflecting the small sample size of screening efforts
(Moreno-Bueno et al., 2003). However, overexpression of an alternative splice variant of
cyclin D1 that lacks thr-286, cyclin D1b, occurs frequently in human breast carcinomas
indicating that nuclear cyclin D1 variants contributes to human breast cancer initiation and
progression (Lu et al., 2003; Solomon et al., 2003). In conclusion, we demonstrate that
disruption of cyclin D1 nuclear export and proteolysis contributes to the oncogenicity of
cyclin D1 in mammary epithelium, and we establish a transgenic mouse model to dissect the
mechanisms of mammary oncogenesis induced by constitutively nuclear and non-degradable
cyclin D1 molecules.
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MATERIALS AND METHODS

Construction of transgenic mice

cDNA encoding FLAG-tagged cyclin D1 and D1T286A were sub-cloned into a transfer
vector containing the MMTV-LTR promoter and a rabbit B-globin intron with its
endogenous poly-A signal. The MMTV-LTR promoter in this study is the 1.2 kb fragment
used in Phil Leder’s and Gilbert Smith’s studies (Hennighausen et al., 1994), which shows
less variation in expression between lines and is less dependent on genetic background than
the 2.5kb promoter (Rowse et al., 1998). The design for the wild-type cyclin D1 construct is
identical to that of the D1T286A transgene. A BamHl| digest released the linearized
transgene for injection into zygotes from FVB mice. Founder mice were identified by
Southern blot of genomic DNA and confirmed by PCR with the following primers: 5’-
GGAACAGGAATGCACTTTTGGG-3’ and 5’-CTCACAGACCTCCAGCAT-3’. Founders
were subsequently bred to FVB mice to generate MMTV-D1 and MMTV-D1T286A
transgenic lines.

Cell Purification and Cell Culture conditions

Normal mouse mammary epithelial cells (MECs) and tumor derived cell lines were purified
as previously described (Ip & Asch, 2000). Purified MECs were cultured in DMEM/F12
buffered with HEPES (pH 7.6), 10 pg/ml Insulin, 5 ng/ml EGF, 1 mg/ml BSA fraction V
(Sigma), 5 pag/ml linoleic acid complex, antibiotics, and 2% adult calf donor serum (Gibco)
(Ip & Asch, 2000). PD 0332991 (Pfizer, Inc.) was dissolved in DMSO at 10 mM and stored
at -80 °C in aliquots. Four-hydroxy tamoxifen (Sigma) was dissolved in ethanol.

Immunoprecipitation, CDK kinase assay and Western Blotting

Fresh tissue extracts were prepared and kinase assays were performed as previously
described (Diehl & Sherr, 1997; Gladden et al., 2006). The following antibodies were used
for western blotting: cyclin D1 (D1-17-13G), CDK4 (Santa Cruz, C-22 or H-22), p21 (Santa
Cruz, C-19), p27 (BD Transduction Laboratory, clone 57), p53 (PAB421), CDT1 (generous
gift of Dr. Dutta, University of Virginia), MCM3 (N-19, Santa Cruz), FBX4 previously
described (Lin et al., 2006), aB crystallin (Stressgen, SPA 223), p53 (pAb 421), yH2AX
(Cell Signaling).

In vitro ubiquitination with mammary gland extracts

Mammary glands were lysed in EBC buffer (0.5% NP-40, 120 mM NaCl, 0.1mM PMSF, 1
pa/ml aprotinin, 1 wg/ml leupeptin, 25 mM glycerol phosphate, 1 mM NaF and 1 mM
DTT), sonicated twice and cleared three times. 50 g of total extracts were incubated with
20 ng of purified cyclin D1/CDK4 complexes at 37°C in a 15 ul ubiquitination mix
containing 50 mM Tric-HCI pH=8, 5 mM MgCl,, 1 mM DTT, 2 mM ATP, 60 pg/ml
creatine phosphokinase, 10 mM creatine phosphate and 5 uM ubiquitin. Purified cyclin D1/
CDK4 complexes were produced in SF9 cells (Cyclin D1 is readily phosphorylated in SF9
cells). Ubiquitinated cyclin D1 derivatives were detected by direct western blotting.

Immunohistochemistry

Tissues were fixed in 10% buffered formalin. Antigen retrieval was performed with an
antigen unmasking solution (Vector Laboratories) followed by blocking of endogenous
peroxidase activity with 3% peroxide for 10 min. Sections were incubated in Power Block
(Biogenex, CA) for 10 min. The following primary antibodies were used: total cyclin D1
(D1-17-13G), phosho-T286 cyclin D1 previously described (Alt et al., 2000), cytokeratin 8
(TROMA-I, University of lowa), cytokeratin 14 (Covance), Estrogen Receptor alpha
(MC-20, Santa Cruz).
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Staining of mammary gland whole mounts

No. 4 mammary glands were fixed with 60% ethanol, 30% chloroform and 10% glacial
acetic acid overnight, washed in 70% ethanol for 15 min, washed twice in water for 5 min
and stained with 0.2% carmine, 0.5% aluminum potassium sulfate overnight at 4°C. Glands
were washed in 70%, 90% and 95% ethanol for 15 min each and in 100% ethanol for 6 hrs.
Mammary glands were incubated in xylene overnight and mounted with permount.

Metaphase spreads and spectral karyotyping

Metaphase spreads of early passage, mammary cancer cells were stained with giemsa or by
SKY as previously described (Bassing CH, 2003).

Statistical analysis

Kaplan-Meier survival analysis was used to determine tumor latencies, and Log-rank test
was performed to determine statistically significant differences.

MRNA microarray and Real Time RT-PCR

Total RNA was prepared with TRIzol followed by RNseasy cleanup. cRNA and
hybridization to Affymetrix gene chips were performed by the University of Pennsylvania
mRNA microarray core facility according to the manufacture’s instructions. Analysis was
performed with Spot fire software. Real Time RT-PCR was performed by the A ACt method
with primer/probe master mixes purchased from Applied Biosystems. Target mRNA levels
were normalized relative to B-actin levels.
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Figure 1. Cyclin D1 thr-286 phosphorylation, subcellular localization and protein levelsare
developmentally regulated in mammary epithelium in vivo

(A) IHC staining for total cyclin D1 at day 7 of pregnancy (i) and at lactation (ii) or staining
with a phospho-specific antibody for cyclin D1 phosphorylated at Thr-286 at day 7 of
pregnancy (iii) or during lactation (iv). (B) High magnification of total D1 staining during
pregnancy (P) and lactation (L). (C) Total cyclin D1, FBX4 and aB crystallin levels are
regulated during mammary gland development. Lysates were prepared from age-matched
mammary glands of virgin, pregnant (day 10), lactating (day 10) and involuted (day 15)
female, wild-type mice and blotted with the indicated antibodies. (D) Cyclin D1 mRNA
levels during mammary gland development. (E and F) Cyclin D1 in vitro ubiquitination
assays with lactating (day 10) mammary gland extracts.
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Figure 2. Generation of MMTV-D1 and MM TV-D1T286A transgenic mice

(A) Flag-tagged wild-type cyclin D1 or D1T286A were placed under the regulation of the
MMTV-LTR. (B), (C) Lysates were prepared from the indicated tissue of pregnant female
mice, precipitated with the anti-flag (M2) antibody and blotted with a cyclin D1 specific
antibody (B, MMTV-D1 line; C, MMTV-D1T286A line). (D) Mammary gland lysates were
prepared from age and parity matched lactating female mice and probed with the indicated
antibodies. (E) Mammary gland lysates from (D) were precipitated with the anti-flag (M2)
antibody, blotted with the indicated antibodies or assessed for /n vitro kinase activity against
RB (bottom). (F) IHC staining for total cyclin D1 at day 10 of lactation of MMTV-D1 (left
panels) and MMTV-D1T286A (right panels) mammary glands. (G) Photomicrographs of
palpable mammary tumors (arrows) in transgenic animals.
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Figure 3. Perturbation of cyclin D1 localization and proteolysis acceler ates mammary

Car

cinogenesis

(A) Kaplan-Meier curves for the development of palpable mammary adenocarcinomas in
multiparous MMTV-D1 (n=40) and MMTV-D1T286A (n=39) female mice (Log rank
Mantel-Cox test: p=0.003). (B) The latency of palpable mammary carcinomas is decreased
in MMTV-D1T286A mice (Student’s t-test: p=0.0004). Each marker represents the age of
onset of the first palpable mammary carcinoma per mouse. Horizontal bars represent means.
(C) One #4 mammary gland per multiparous mouse was harvested at 12 months of age and
assessed for hyperplastic foci formation by whole-mount staining. Columns represent means
(Student’s t-test: p=0.0052). (D) Representative whole-mount staining of hyperplastic foci
(arrows). The intra-mammary lymph node (LN) is included as a size reference. (E, WT-D1)

Oncogene. Author manuscript; available in PMC 2013 August 05.




1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Linetal.

Page 15

Papillary adenocarcinoma in MMTV-D1 mice. (E, D1T286A#1) MMTV-D1T286A tumor
displaying adenocarcinoma of both glandular and solid type with focal necrosis. (E,
D1T286A#2) Glandular adenocarcinoma in MMTV-D1T286A mice. (E, D1T286A#3)
Adenocarcinoma of the solid type in MMTV-D1T286A mice displaying high nuclear/
cytoplasmic ratio, nuclear pleomorphism and hyperchromatism. (E, D1T286A#4) Glandular
adenocarcinoma, secretory type, in MMTV-D1T286A mice.
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Figure4. Characterization of MMTV-D1 and MMTV-D1T286A mammary tumors

(A) Representative IHC staining for cytokeratin 8 (K8), cytokeratin 14 (K14) and estrogen
receptor alpha (ER) in MMTV-D1 and D1T286A tumors. A subset of MMTV-D1 and
MMTV-D1T286A display positive staining for cytokeratin 8 (tumor A), cytokeratin 14
(tumors B and C) and ERa (tumor D). (B and C) Average number of chromosomes per
metaphase spread in MMTV-D1 and MMTV-D1T286A tumor cells. Metaphase spreads
were prepared from early passage tumor derived cell lines. Early passage normal mouse
mammary epithelial cells (MECs) served as control. (D) Representative metaphase spreads
stained with Giemsa. (E) Representative spectral karyotype (SKY) analysis of MMTV-D1
and MMTV-D1T286A tumor cells.
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Figure5. CDT1isoverexpressed and p53isinactivated preferentially in MMTV-D1T286A

mammary tumors

(A) Lysates were prepared from MMTV-D1 tumors and blotted with either CDT1 or MCM3
specific antibodies. NIH3T3 fibroblasts served as positive control and actin served as a
loading control. (B) Lysates were prepared from MMTV-D1T286A tumors and blotted as in
(A). (C) Total RNA was prepared from MMTV-D1/D1T286A tumors and CDT1 mRNA
levels were measured by Tagman Real-Time RT PCR. (D) Mammary tumor derived cell
lines were treated with 10Gy of ionizing radiation and allowed to recover for 8 hours.

Lysates were prepared and probed with the indicated antibodies.
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Figure 6. Combined pharmacologic inhibition of CDK 4/6 and the estrogen receptor hasan
additive effect on breast cancer proliferation

(A) MMTV-D1T286A mammary tumor cells were treated with increasing doses of 4-
hydroxy tamoxifen (TAM) for 48 hours. One hour prior to harvesting, cells were labeled
with BrdU and cell cycle profiles were assessed by PI-BrdU FACS. (B) MMTV-D1T286A
mammary tumor cells were treated with increasing doses of the CDK4/6 inhibitor (PD
0332991) for 48 hours. Cell cycle profiles were assessed as in (A). (C) MMTV-D1T286A
mammary tumor cells were treated with both 500 nM of PD 0332991 and 10 .M of 4-OH
tamoxifen for 48 hours. Cell cycle profiles were assessed as in (A). (D) Human ERa
positive MCF7 breast cancer cells were treated with both 500 nM of PD 0332991 and 100
nM of 4-OH tamoxifen for 48 hours. Cell cycle profiles were assessed as in (A).
Representative of three independent experiments are shown.

Oncogene. Author manuscript; available in PMC 2013 August 05.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Linetal.

>

Lig1 Tagman RT-PCR

100

63

Relative Lig1 mRNA levels

; & b b
P R R S AR

MMTV-D1/D1T286A mammary tumors

(9]

Claspin Tagman RT-PCR

-
S

n.s

-
~N

-
=)

Relative Claspin mRNA levels

Relative Rpa1l mRNA levels

&
y é@ 0\%\%\%\%\%\%\‘\0\ oxg\i‘

O 0 D B B P PO
\ﬁx‘l'ja@r&v*@vébr LR
S IR ISIIINNS

ST TT IR G

@ 9
\ o
< a
MMTV-D1/D1T286A tumors

Page 19

E2F8 Tagman RT-PCR

Relative E2F8 mRNA levels

MMTV-D1/D1T286A mammary tumors

D
CDC7 Tagman RT-PCR
7
2 cDT1 o
>
o2
<
=z
[
E
~
Q
a
o
H
k]
@
[

MMTV-D1/D1T286A tumors

Figure 7. DNA replication and DNA damage response genes ar e differentially expressed in

MMTV-D1T286A tumors

Tagman Real Time RT-PCR analysis of (A) DNA Ligase 1, (B) E2F8, (C) Claspin, (D)
CDC7 and (E) Rpal in thirteen different MMTV-D1 (blue) and MMTV-D1T286A (red)
mammary tumors. mRNA levels were normalized to actin levels and normal mammary

glands (yellow).
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Characterization of mammary carcinomas in MMTV-D1 and MMTV-D1T286A mice.

Table 1

MAMMARY ADENOCARCINOMAS

MMTV WT-D1
Palpable tumors 47.5% (19/40)
Mean age of onset 19.9 months
Median (Estimated) 22 months

95% Confidence Interval of median  20.5-23.5
HISTOLOGICAL SIGNATURES

Papillary 44% (10/23)
Secretory glandular 13% (3/23)

Acinar 26% (6/23)

Solid 4% (1/23)
Adenosguamous 13% (3/23)

ER positive 37.5% (3/8)

MMTYV DI1T286A
51% (20/39)

15.8 months

18 months
16.2-19.8

15% (4/27)

40.5% (11/27)

26% (7/27)
15% (4/27)
3.5% (1/27)
50% (4/8)
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