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Abstract Overexpressed Aurora A, amplified centrosomes,
and aneuploidy are salient features of estrogen-induced
mammary preinvasive lesions and tumors in female
August–Copenhagen Irish (ACI) rats. Intimately involved
in these events are cyclins and their associated cyclin-
dependent kinase (CDK) partners. Cyclin E1·CDK2 over-
expression plays an important dual role in late G1/S phase
of the cell cycle in cancer cells. It increases DNA
replication providing growth advantage to cancer cells and
facilitates aberrant centrosome duplication, generating
chromosomal instability and aneuploidy leading to tumor
development. Presented herein, a 24.0- and 45.0-fold
elevation in cyclin E1 and CDK2 was found in 17β-
estradiol (E2)-induced ACI rat mammary tumors (MTs),

respectively. Cyclin E·CDK2 positive staining was confined
to the large round cells found within focal dysplasias,
ductal carcinomas in situ, and invasive MTs. Co-
immunoprecipitation and in vitro kinase activity of these
tumors revealed that these cell cycle entities are functional.
When mammary tissue derived from untreated normal, E2-
induced hyperplasia and primary tumors were normalized
to cyclin E1 levels, low molecular weight (LMW) cyclin E1
forms (33- and 45-kDa) were detected in all of these tissue
groups. Moreover, increasing concentrations of protease
inhibitor in tissue lysates resulted in a marked reduction of
LMW forms, indicating that the presence of cyclin E1
LMW forms can be markedly reduced. Significant increases
in cyclin E1 mRNA (2.1-fold) were detected in primary ACI
rat E2-induced breast tumors, and quantitative real-time
polymerase chain reaction revealed a 20% amplification of
the cyclin E1 gene (CCNE1). Collectively, these results
support the involvement of cyclin E1·CDK2 in centrosome
overduplication during each stage of E2-induced mammary
tumorigenesis.
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Introduction

Breast cancer (BC) comprises about 30% of all cancers
occurring in women in the USA [1]. In recent years, gene
expression profiling has led to the identification of human
BC subtypes with distinctive molecular features having
both prognostic and clinical implications. Notably, luminal
ductal A/B subtypes comprise about 73% of all female BC
cases [2, 3]. Characteristic of these BC subtypes is the
presence of estrogen receptor α (ERα), while others exhibit
slightly lower frequencies of both ERα and progesterone
receptor expression [4, 5]. The defining feature of human
sporadic luminal A/B subtype BCs, but not limited to these
BC subtypes, is chromosomal instability—aneuploidy [6,
7]. Initiating these molecular alterations in BC is the
overexpression of Aurora A, a mitotic kinase oncoprotein,
involved in precipitating centrosome amplification resulting
in the mis-segregation of chromosomes, aneuploidy, and
ultimately, tumor development [8–10]. These molecular
changes occur in human ductal BC with frequencies
between 80% and 94% [11, 12].

In BC, the overexpression of cyclin E1·cyclin-dependent
kinase 2 (CDK2) plays an important dual role in late G1/S
phase of the cancer cell cycle. The first is DNA replication
initiated by c-myc overexpression via estrogen stimulation,
providing a growth advantage to BC cells [13, 14]. The
second is the promotion of aberrant centrosome duplication
by the concomitant overexpression of cyclin E1·CDK2,
also a consequence of estrogen action [15–18]. It has been
shown that cyclin E1·CDK2 is localized to centrosomes
[19]. Some of its target centrosomal proteins include
nucleophosmin/B23, CP110, Mps1 kinase, and CG-NAP
[20–23]. Importantly, evidence has shown that a single
maternal centriole can rapidly generate multiple daughter
centrioles during a single S phase and that overexpressed
cyclin E1·CDK2 has an essential role in this process [19]. This
event would account for the presence of either odd (i.e., [3,
5]) or even (i.e., [4, 6]) number of centrosomes within a
single malignant breast cell. Direct evidence that centrosome
amplification can initiate oncogenesis is gleaned from
Drosophila cell lines, which exhibit extra centrosomes
capable of generating metastatic tumors when transplanted
into hosts [24].

To begin to assess the role of cyclin E·CDK2 over-
expression in BC, we employed a murine/rodent model, the
estrogen (E2)-induced mammary tumors (MTs) of the intact
female August–Copenhagen Irish (ACI) rat. This model
remarkably recapitulates the histopathological and molec-
ular changes commonly seen in luminal ductal human
BCs; that is, c-myc overexpression and amplification,
Aurora A overexpression, centrosome amplification, chro-
mosomal instability, and aneuploidy occurring in early
focal dysplasias, ductal carcinomas in situ (DCISs), as

well as in invasive frank carcinomas [25–27]. The
detection of these molecular changes early in MT
development indicates that they are likely equally impor-
tant in both initiation and progression of ductal mammary
cancer development.

The present report provides evidence that in mammary
glands of intact female ACI rats, estrogen treatment drives
the overexpression of cyclin E1·CDK2 in cells specifically
confined to focal dysplasias, DCISs, and invasive breast
tumors. Cyclin E1 mRNA levels are also markedly elevated
in E2-elicited ACI rat preinvasive breast lesions and in
primary tumors. These data are consistent with the notion
that cyclin E1·CDK2 is involved in centrosome over-
duplication seen only in these early breast lesions and
primary breast neoplasms.

Materials and Methods

Animals and Treatment

All studies were conducted in intact 6–8-week female ACI
rats purchased from Harlan Sprague Dawley Inc. (Indian-
apolis, IN, USA). They were housed in an AAALAC-
accredited facility with an approved animal protocol. The
rats were acclimated for 1 week prior to treatment,
randomly distributed into control and treatment groups,
and treated with a single pellet containing either 20 mg
cholesterol alone or 3 mg of E2 plus 17 mg of cholesterol
(Hormone Pellet Press, Leawood, KS, USA) implanted in
the shoulder region for 4.0–6.0 months as previously
described [19, 25, 26]. The E2 serum levels were as
previously reported (123.5±4.8 and 121.8±3.0 pg/ml, at
4.0 and 6.0 months E2 treatment) [26].

Centrosome Amplification: Size and Number

Centrosome's size and number were analyzed by confocal
microscopy of paraffin sections immunolabeled with a
monoclonal antibody against the centrosomal protein γ-
tubulin. Mammary tissues from age-matched untreated
control and 6.0-month E2-treated ACI rats were analyzed
(n=5/group). Serial sections of MTs were immunolabeled
with γ-tubulin and Hoechst 33342, to label the centrosomes
and the nuclei, respectively [28, 29]. Determinations made
were based on average values of centrosomes in at least
four randomly selected fields of view. A minimum of 100
centrosomes were analyzed. The size of the epithelial cell
centrosomes were normalized against centrosomes in
nearby fibroblasts. This normalization process infers that
the size of the centrosome fibroblasts is fairly consistent
among animals of different species. In addition, it allows a
fair comparison of centrosome labeling from different
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tissues immunolabeled at various times, and their image
captured in separate sessions. Centrosomes were scored as
amplified if they were larger in size and/or number than
seen in normal, untreated rat mammary epithelial tissue.
Centrosome area (size) was measured in maximum inten-
sity projections of seven consecutive 0.5-µm optical
sections. Centrosomes were scored as amplified in size
when their measured area was more than two times the
average seen in untreated mammary glands. A cut off two
times larger was established to exclude centrosomes
equivalent in size to late G2 centrosomes of normal tissues.
Additionally, centrosomes were scored as amplified in
number when a cluster of more than two centrosomes was
associated with a single nucleus.

Western Blot Analysis

Mammary gland and MT lysates (50 μg protein) were
prepared and analyzed by sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis, followed by immuno-
blotting as described previously [26]. Membranes were
probed with cyclin E1 (M-20) and β-actin (I-19; Biotech-
nology, Santa Cruz, CA, USA) or CDK2 (2B6) antibodies
(Neomarkers, Fremont, CA, USA). For detection, horse-
radish peroxidase-conjugated secondary antibodies were
used, and protein expression was visualized using enhanced
chemiluminescence (ECL Amersham, Piscataway, NJ,
USA).

Immunoprecipitation and Kinase Assay

Proteins for immunoprecipitation (500 μg) were precleared
with appropriate normal IgG and A/G agarose (Santa Cruz
Biotechmology, Santa Cruz, CA, USA), incubated with
1 μg of cyclin E1 (M20) or cdk2 (M2) (Santa Cruz), for 2 h
with constant mixing, followed by a 2-h incubation with
30 μL A/G agarose slurry. Normal IgG was used as a
negative control. Pelleted beads were washed with phos-
phate buffer solution to remove unbound antibody and
protein and immediately used for histone H1-kinase assays
(Upstate USA, Inc., Charlottesville, VA, USA) following
the manufacturer's protocols. Histone H1 protein was then
subjected to SDS gel electrophoresis, dried in a gel dryer,
exposed to phosphor plate, and visualized in a Molecular
Dynamics Phosphor Imager (Amersham).

Histopathological Analysis

Hematoxylin and eosin staining was performed on paraffin-
embedded sections (5–6 μm) as described previously [20].
The sections were examined for hyperplasia and early E2-
induced neoplastic changes and identified as: (1) dysplastic
foci, seen after 3.0- to 5.0-month E2 treatment, contained

cells with large, light staining nuclei and prominent
nucleoli, with or without secondary lumens; (2) large
dsyplastic foci, after 4.0- to 5.0-month E2 treatment, were
similar to the human designation for atypical ductal
hyperplasia (ADH) [30] and characterized by large, evenly
spaced nuclei arranged in a monotonous pattern which
occasionally formed a rosette-like pattern around more
evenly shaped secondary lumens; (3) DCIS in addition to
the ADH features, had regular punched-out secondary
lumens, with a cross sectional diameter of >2 mm. The
majority of the DCISs were the cribiform type. Less
frequent were comedo, papillary, and solid-type DCISs.

Immunohistochemistry

Five- to 6-μM formalin-fixed paraffin-embedded mammary
glands were analyzed by immunohistochemistry as de-
scribed previously [20]. Anti-cyclin E1 (M20) (Santa Cruz)
was used, as well as anti-CDK2 (2B6) antibodies (Neo-
markers, Fremont, CA, USA). Negative controls were
performed in the absence of primary antibody. Sections were
then incubated with a biotinylated anti-rabbit secondary
antibody, and signal amplification was accomplished using
Vector Laboratories Elite ABC reagent (Burlingame, CA,
USA). To determine the frequency of cyclin E1 positive
cells, a minimum of 200 cells were counted from age-
matched cholesterol-treated mammary glands, E2-induced
hyperplastic regions, and preneoplastic lesions.

Reverse Transcriptase PCR (RT-PCR)

All reagents for reverse transcriptase (RT)-polymerase chain
reaction (PCR) were from Invitrogen Corp., Carlsbad, CA,
USA. First strand synthesis was carried out following the
manufacturer's protocol for M-MLV RT with 5 μg of total
RNA and 250 ng of random primer. cDNA was then
amplified by recombinant Taq DNA polymerase and gene
specific primers for cyclin E1 (FWD 5-AGAGCAGCA
GGGGTCTACAA-3′; REV 5-CCATGGCCTCCTTA
ACTTCA-3′; 196 bp amplicon) or β-actin (FWD 5-
ATGGTGGGTATGGGTCAGAA - 3 ′ ; R EV 5 -
TCCATATCGTCCCAGTTGGT-3′; 119 bp amplicon) for
30 cycles (95°C/45 s, 60°C/45 s, and 72°C/45 s). PCR
amplicons were separated by 1–2% agarose gel electropho-
resis and visualized with ethidium bromide. Densitometry
was performed using a Bio-Rad (Hercules, CA, USA) Gel
Doc EQ.

DNA Isolation and Quantitative Real-Time PCR (Q-PCR)
for Gene Amplification

Cholesterol-treated mammary glands and MTs from ten
individual rats were quickly frozen in liquid nitrogen, and
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DNA extracted by the LiCl method described by Gemmell
and Akiyama [31]. Genomic DNA was precipitated with
two volumes of ethanol, washed with 70% ethanol, air
dried, and resuspended in Tris/EDTA buffer (10 mM Tris-
HCl, 1 mM EDTA, pH 8.0). DNA integrity was evaluated
by agarose gel electrophoresis. Aliquots of 50 ng genomic
DNA from control mammary glands and MTs were
amplified using Platinum SYBR Green quantitative real-
time (Q)-PCR SuperMix UDG (Invitrogen Corporation,
Carlsbad, CA, USA) and gene specific primers (same as
RT-PCR) for cyclin E1 and β-actin in a 7300 real-time PCR
System (Applied Biosystems, Foster City, CA, USA). Myc
gene amplification was used as a positive control (FWD 5-
CAAGAGGTGCCATGTCTCTACTCA-3 ′; REV 5-
CAGCTGGATAGTCCTTCCTTGTG-3′; 74 bp amplicon).
The baseline was set automatically, and the threshold Ct
value was measured during the exponential phase of the
amplification.

Statistical Analyses

One-way analysis of variance with Dunn or Tukey post hoc
tests was used for statistical evaluation. Values are
expressed as mean ± standard error. Statistical significance
was assumed when p<0.05 was obtained.

Results

Amplification of Centrosomes

Excessive centrosome duplication is characteristic of E2-
induced MTs in female ACI rats as evaluated by confocal
microscopy of paraffin-embedded sections immunolabeled
with a monoclonal antibody against the centrosomal protein
γ-tubulin (Fig. 1). Compared to adjacent normal hyperpla-
sia, in E2-induced primary MT, 88–93% of the cells
exhibited centrosome amplification, both in terms of size
(volume) and number (p<0.001). In comparison, only a 7%
increase in centrosome number was seen in ductal cells
without atypia. Otherwise, normal hyperplastic mammary
tissue adjacent to E2-induced MTs exhibited a normal
centrosome staining distribution as that observed in
untreated normal cycling mammary cells.

Cyclin E1:CDK2 Expression During E2-Elicited Breast
Oncogenesis

Because of the invariability of chromosomal instability and
aneuploidy seen in ACI rat preinvasive lesions and MTs,
believed to arise as a consequence of centrosome over-
duplication, it seemed pertinent to evaluate the possible
involvement of cyclin E1·CDK2 in mammary oncogenesis.

Cyclin E1 protein expression was assessed in mammary
glands from age-matched cholesterol-treated controls, 4.0-
month E2-treated, and primary E2-induced MTs by Western
blot analysis. A significant, 3.3-fold, increase in cyclin E1
protein expression was seen after 4.0 months of E2

treatment, a time period of early DCIS occurrence. In MT
samples, cyclin E1 expression was markedly increased
24.0-fold compared to age-matched cholesterol-treated
controls. The binding partner of cyclin E1, CDK2, was
also significantly elevated, 27.0- and 45.0-fold, in mam-
mary glands after 4.0 months of E2 treatment and in E2-
induced MTs, respectively (Fig. 2a, b).

Cyclin E1 Immunoprecipitation and Kinase Assay

To determine whether the elevated levels of cyclin E1 protein
expression were functionally active in MTs, co-
immunoprecipitation and kinase assay studies were performed
using histone H1 as a substrate. Specific antibodies to cyclin
E1 and CDK2 were used to immunoprecipitate their respec-
tive proteins in MT samples and subjected to western blot
analysis with antibodies against CDK2. Direct association
between cyclin E1 and CDK2 was observed (Fig. 2c).
However, no binding of cyclin E1 to CDK4 was detected
(data not shown). To assess the functionality of the cyclin
E1·CDK2 complexes, immunoprecipitated cyclin E1 protein
from control age-matched cholesterol-treated and E2-induced
MTsamples was subjected to an in vitro kinase assay utilizing
[32P]-ATP and histone H1 as a substrate. Kinase activity in
E2-induced MTs was significantly elevated when compared
to age-matched cholesterol-treated controls (Fig. 2d).

Fig. 1 Centrosome amplification in E2-induced mammary tumors
(MTs). Centrosomes and nuclei were observed by confocal microsco-
py of sections labeled with an antibody against γ-tubulin (red) and
DNA dye Hoechst 33342 (blue) in areas corresponding to hematox-
ylin/eosin stained sections. In E2-induced MT cells (lower right), the
centrosomes were consistently amplified in both size and number
compared to adjacent normal hyperplasia (upper left).
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Cyclin E1 Low Molecular Weight Forms

Low molecular weight (LMW) forms of cyclin E1 protein,
33- to 45-kDa, have been associated with high tumor grade
and genomic instability in human BC [32]. To determine
whether LMW cyclin E1 forms are unique to malignant
breast cells, Western blot analysis of control, 4.0-month E2-
treated, and E2-induced MTs were evaluated for the
presence of LMW cyclin E1 forms. When the samples
were normalized to total protein, multiple LMW forms
were detected in MT samples containing high protein levels
(Fig. 3a). However, when samples were normalized to
cyclin E1 levels, similar banding patterns were present in
control mammary tissue, E2-treated hyperplasia, and MTs
with long (30 min) exposure times. To ascertain whether
LMW cyclin E1 forms were generated by postnecropsy
protein degradation, higher concentrations of a cocktail of
protease inhibitors (PIs) were tested during the protein
extraction of E2-induced MT samples using one of the
following four lysis buffers: 0× without PIs, 1× containing
the standard concentration of PIs, and 5.0× or 7.5×
containing 5.0 or 7.5 times standard PI concentrations,
respectively. When the protein extraction procedure was
conducted in the absence of PIs, the presence of the full-
length cyclin E1 was markedly lower, and the 45-kDa form
intensified, compared to standard PI levels, resulting in a
ratio of 0.54 (Fig. 3b). When cyclin E1 protein was isolated

with 1× standard lysis buffer, the full-length cyclin E1 was
markedly elevated, and the 45 kDa form declined with a
ratio of 3.5. Significantly, protein extraction using the 5.0×
and 7.5× lysis buffers increased the ratio of full-length vs
negligible levels of the 45-kDa cyclin E1 form with ratios
of 12.8 and 16.5, respectively. No other LMW forms were
visible at shorter exposure times; however, these forms
were faintly detected at prolonged exposure times (data not
shown).

Cyclin E1·CDK2 Expression in Preinvasive Lesions
and MTs

Focal dysplasias, most frequently seen after 3.0 to
4.5 months of E2 treatment, consisted of cells with large
round nuclei, two to three times larger than those seen in
normal adjacent hyperplasia. A small fraction of cells from
the resting ducts of cholesterol-treated mammary glands
(Fig. 4a) and normal hyperplasia from E2-treated glands
(Fig. 4b) exhibited scattered and weak nuclear cyclin E
protein expression, 0.7±0.4% and 1.02±0.2%, respectively.
In focal dysplasias (Fig. 4c), DCIS, both cribiform/comedo
type commonly seen between 4.0 and 4.5 months of E2

treatment (Fig. 4d, e), and MTs (Fig. 4f) all exhibited a
dramatic increase in the number of cyclin E1-stained cells
residing in these preinvasive as well as invasive primary ACI
rat MTs induced by E2. The 16- to 17-fold increase in cyclin

Fig. 2 Western blot analysis of cyclin E1 and CDK2 (a, b), in vivo
complex formation between cyclin E1 and CDK2 (c), and in vitro
kinase activity (d). a Representative western blots of individual, age-
matched, untreated control mammary glands (C1, C2), 4.0-month E2-
treated mammary glands (E4-1 and E4-2), and primary tumors (T1,
T2) (n=6). b Protein expression was measured using a Molecular
Dynamics PDSI with ImageQuant software and graphed as fold
increase. Cyclin E1 expression increased 3.3- and 24.0-fold, after 4.0-
month E2-treatment and in E2-induced tumors, respectively; while
CDK2 expression increased 27.0- and 45.0-fold, respectively. β-actin
was used as a loading control. c Cyclin E1 and CDK2 immunopre-

cipitated from E2-induced tumors and subjected to western blot
analysis to determine the presence of CDK2 protein. Cyclin E1 co-
immunoprecipitated with CDK2, but did not with normal rabbit IgG
used as negative control. d Cyclin E1 immunoprecipitates subjected to
in vitro kinase assays as described in the text. Kinase activities were
higher in mammary tumors (T) than in untreated control mammary
glands. Data represent the mean ± standard error. Statistical
significance was determined by t test. *p<0.04 vs control, **p<
0.001 vs control. The dotted line indicates the mean of control
untreated age-matched samples.
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E1 stained cells is consistent with its indicated involvement
in centrosome amplification seen at these stages [14]. The
temporal proximity of these events to centrosome amplifica-
tion is noteworthy. Serial sections of E2-treated ACI rat
mammary glands were also stained for CDK2. Cells in focal
dysplasias (Fig. 5a), DCISs, both cribiform/comedo type
(Fig. 5b), and invasive ductal MTs (Fig. 5c, d) exhibited
marked CDK2 staining. In comparison, adjacent normal
hyperplasia (Fig. 5a) exhibited modicum or no detectable
CDK2 stained cells. The intensity and temporal overexpres-
sion of cyclin E1·CDK2 in preinvasive lesions, both focal
dysplasias and DCISs, coincides with the marked elevation
in oncoprotein Aurora A mitotic kinase [14].

Cyclin E1 mRNA Expression

Cyclin E1 mRNA expression was determined by semi-
quantitative RT-PCR analysis in 4.0-month E2-treated
mammary gland samples from female ACI rats and primary
MTs (Fig. 6). Compared to age-matched cholesterol-treated
controls, a moderate rise in cyclin E1 mRNA was detected
after 4.0 months (1.46-fold) of treatment and a significant
increase (2.1-fold) in E2-induced MTs.

Q-PCR Analysis of Cyclin E1 Gene

Q-PCR analysis of cyclin E1 genomic DNAwas performed
on ten cholesterol-treated age-matched controls and an

equal number of primary E2-induced MTs to assess gene
copy number. The threshold for amplification was set at
1.8-fold based on the variability of Q-PCR in measuring
gene copy number [33]. Moreover, 1.8-fold is at least two
standard deviations relative gene copy number above the
average gene copy number observed in control mammary
gland. The amplification of c-myc was used as a positive
control. In comparison to cyclin D1 (0.80±0.5) or D3 (0.73±
0.05), cyclin E1 was significantly amplified in 20% of the
E2-induced MTs examined (Fig. 7) compared to age-matched
cholesterol-treated mammary glands.

Discussion

We previously reported that during E2-induced mammary
oncogenesis in intact female ACI rats, employing relatively
low serum estrogen levels, cyclin D1 expression was
substantial in normal hyperplastic mammary cells elicited
by estrogen treatment and endogenous cycling levels of
progesterone [34]. Additionally, cyclin D1, albeit widely
expressed in adjacent hyperplasia, was found more uni-
formly and further elevated in cells of preinvasive lesions
and in E2-induced MTs. While a loss of growth regulation,
exemplified by aberrant cyclin D1 overexpression, is a
common integral occurrence in BC cell proliferation, a
more egregious incipient event is the precipitation of
centrosome overduplication and subsequent generation of
chromosomal instability and aneuploidy; without affecting
DNA replication. This occurs when DNA replication and
centrosome duplication cycles, normally highly coordinat-
ed, are uncoupled, as seen in papilloma cells derived from
p53-null mice [34]. The uncoupling of these two critical
cycles leads to centrosome hyperamplification in these
cells. In ACI rat E2-treated mammary glands, overexpres-
sion of cyclin D3 was specifically confined to the larger
cells within focal dysplasias, DCISs (see Journal cover),
and primary invasive MT; however, it was not detected in
mammary cells of adjacent normal hyperplasia [34].
Therefore, unlike cyclins D1, as well as cyclins A2 and B
(Li and Li, unpublished data), only cyclins D3·CDK4 and
E1·CDK2, shown herein, are solely overexpressed in
mammary cells of preinvasive lesions and primary MTs
elicited by E2 in ACI rats, but not detected in adjacent
hyperplasia. It has been suggested that cyclin D2 and D3
possess nonredundant functions which are not directly
related to DNA synthesis and hence cell proliferation [28,
35]. Moreover, there is evidence that excessive activation at
CDK4 forming complexes with D cyclins can promote
aberrant centrosome duplication [29]. This is consistent
with a number of human cancers which exhibit appreciable
cyclin D3 overexpression associated with either centrosome
aberrations or aneuploidy [36, 37]. In a study of 83 human

Fig. 3 Western blot analysis of cyclin E1 in protein-normalized (a)
and cyclin-E1-normalized (b) proteins from control mammary gland
(c), 4.0-month E2-treated mammary gland (E4), and primary tumor
(T). a Low molecular weight (LMW) cyclin E1 forms were visible
only in protein-normalized tumor tissue samples after enhanced
chemiluminescence exposure time. When the same samples were
normalized to cyclin E1 levels, similar LMW bands (24, 35, 40, and
45 kDa) were present in all treatment groups. b Cyclin E1 protein
extracted with the standard lysis buffer, 1×, revealed a doublet of 50
and 45 kDa. In the absence of protease inhibitors, 0×, the same tumor
tissue exhibited a diminished full-length cyclin E1 protein and
prominent 45-kDa form. In the presence of excess protease inhibitor,
5 and 7.5×, there was a shift to the full-length cyclin E1.
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BC specimens, largely ductal, moderate to strong levels of
cyclin D3 expression were reported in 37% of the samples
examined [38]. Comparable increases in cyclin E1 expres-
sion in BC have been reported [39, 40]. However, it should
be noted that less is known concerning the involvement of
CDK4/CDK6, both kinases which form complexes with the
D cyclin family members, particularly cyclin D2 and D3, in
the centrosome duplication cycle [15].

Cyclin E1 LMW forms have been associated with
elevated cyclin E1·CDK2 activity, poor prognosis in
women with BC, and considered potent predictors of
survival [30]. However, our findings in ACI rat E2-induced
MTs provide evidence that the presence of such LMW
cyclin E1 forms are independent of oncogenesis and
dependent on the relative protein concentration of cyclin
E1 in the tissue. Our results are consistent with a previous
study indicating that in human BCs, LMW cyclin E1 forms
are not unique to malignant cells, but the result of

excessively high protein levels [45], and the presence of
tumor-specific proteases that promote the degradation of
cyclin E1 protein [31]. In the studies presented herein, we
have shown that in E2-induced ACI rat MTs, most of the
LMW cyclin E1 forms were generated after protein
extraction and dependent on the level of the protease
inhibitor cocktail. Moreover, the presence of cyclin E1
LMW forms in normal cycling mammary tissue, at higher
protein concentrations, indicates that these forms are not the
sole propriety of breast tumor tissue.

The overexpression of cyclin E1 protein in E2-induced
MTs is due in part to mRNA overexpression and to cyclin
E1 gene (CCNE1) amplification. However, only a modest
but significant rise in cyclin E1 mRNA and amplification of
CCNE1 were detected. Although mRNA levels may not be
commensurate with protein expression levels in E2-induced
MTs, such discrepancies have also been found in human
BC cell lines [41] and may be partially explained by a

Fig. 4 Representative cyclin E
immunohistochemistry (a–f) of
E2-induced rat mammary pre-
malignant lesions and mammary
tumors. Weak positive nuclear
staining for cyclin E1 was
detected in cells from age-
matched, untreated controls (a)
and 4.0-month E2-treated nor-
mal hyperplasia (b). Focal dys-
plasia (c), ductal carcinoma in
situ (d, e), and invasive ductal
carcinoma (f) exhibited strong
nuclear staining. Magnification:
×20 and ×40 for inserts.
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defect in cyclin E1 degradation [41, 42]. While CCNE1 is
amplified in 20% of E2-induced ACI rat MTs, human BC
cell lines and primary breast tumors exhibit a similar gene
amplification frequency of CCNE1 [41, 43, 44].

Collectively, these results support the contention that the
highly overexpressed cyclins E1·CDK2 and D3·CDK4 in
E2-treated ACI rat mammary cells, confined to preinvasive

Fig. 7 Amplification of cyclins D1, D3, and E1 genes by quantitative
real-time polymerase chain reaction. Relative quantification of gene
copy number was determined by normalization to the β-actin gene.
The assigned threshold for amplification was 1.8-fold over β-actin,
control DNA from untreated mammary glands. Cyclin E1 was
amplified in 20% of the E2-tumors tested, but D1 and D3 genes were
not amplified. Known c-myc amplification was used as a positive
control. The dotted line indicates the mean of control untreated age-
matched samples.

Fig. 6 Expression of cyclin E1 mRNA by semiquantitative reverse
transcriptase-polymerase chain reaction. Top: a representative mem-
brane showing amplified cyclin E1 (196 bp) and β-actin (119 bp)
cDNA transcripts subjected to 1–2% agarose gel electrophoresis in
untreated mammary glands (C1-2), E2-treated mammary glands (E4 1-2),
and E2-induced mammary tumors (MTs) (T1-2). Bottom: cyclin E1
expression increased 1.46-fold after 4.0-month E2-treatment and 2.08-
fold in E2-induced MTs. Densitometric values for cyclin E1 were
normalized against β-actin, and fold increases were represented as the
mean ± standard error (n=6). Statistical significance was determined by
one-way analysis of variance with a Tukey post hoc test, *p<0.05 vs
control. The dotted line indicates the mean of control untreated age-
matched samples.

Fig. 5 Representative CDK2
immunohistochemistry (a–d) of
E2-induced mammary premalig-
nant lesions and mammary
tumors (MTs). Intense CDK2
positive stained cells were pres-
ent in E2-induced (a) focal dys-
plasia, (b) comedo/cribiform
ductal carcinoma in situ, and in
MT at low (c, ×20) and high
magnification (d, ×40).
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breast lesions and frank tumors, act in concert to facilitate
centrosome overduplication leading to chromosomal insta-
bility and aneuploidy, without affecting DNA replication.
Further studies are needed to ascertain the relative
importance of these two cyclins and their respective kinases
in altering the centrosome cycle, the generation of
amplified centrosomes, and eventual chromosomal instabil-
ity and aneuploidy found in all stages of estrogen-driven
oncogenesis in the ACI rat.
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