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Abstract
Cyclin D1 regulates cell proliferation and is a candidate molecular target for breast cancer therapy. This study
addresses whether Cyclin D1 is indispensable for ErbB2-associated mammary tumor initiation and progression
using a breast cancer model in which this cell-cycle regulator can be genetically ablated prior to or after neoplastic
transformation. Deﬁciency in Cyclin D1 delayed tumor onset but did not prevent the occurrence of mammary
cancer in mice overexpressing wild-type ErbB2. The lack of Cyclin D1 was associated with a compensatory
upregulation of Cyclin D3, which explains why the targeted downregulation of Cyclin D1 in established mammary
tumors had no effect on cancer cell proliferation. Cyclin D1 and D3 are overexpressed in human breast cancer cell
lines and primary invasive breast cancers, and Cyclin D3 frequently exceeded the expression of Cyclin D1 in ErbB2positive cases. The simultaneous inhibition of both cyclins in mammary tumor cells reduced cancer cell
proliferation in vitro and decreased the tumor burden in vivo. Collectively, the results of this study suggest that
only the combined inhibition of Cyclin D1 and D3 might be a suitable strategy for breast cancer prevention and
therapy. Cancer Res; 71(24); 7513–24. 2011 AACR.

Introduction
D-type cyclins (i.e., Cyclin D1, D2, and D3) are regulators of
the Cyclin-dependent kinases 4 and 6 (Cdk4 and Cdk6) and
mediate the growth factor-induced progression through the G1
phase of the cell cycle (1, 2). Cyclin D1 is the most extensively
studied member of the D-type cyclins due to its suggested
pivotal role as a protooncogene in a number of human malignancies including breast cancer (3–7). The overexpression of
Cyclin D1 in the mammary epithelium leads to the formation of
tumors in transgenic mice after a latency of more than 1 year
(8), and interference of its nuclear export and proteolytic
degradation has been shown to accelerate mammary carcinogenesis (9). Moreover, the targeted ablation of Cyclin D1 or the
inhibition of its correct functional association with Cdk4/6 was
suggested to completely prevent the onset of ErbB2-associated
mammary cancer (10–12).
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In an effort to determine the cellular mechanisms of Cyclin
D1 function in mammary tumorigenesis, Jeselsohn and colleagues (12) recently proposed that this cell-cycle regulator
facilitates the regenerative potential of epithelial progenitors.
Earlier reports have suggested that Cyclin D1 is essential for the
pregnancy-induced numeric expansion of alveolar progenitors
(13, 14) that, as we have shown, are the cellular targets for
ErbB2-induced mammary cancer (15). The lactogenic hormone prolactin (PRL), which signals through the Jak2/Stat5
pathway, has been shown to be essential for the proliferation of
this epithelial subtype (16–20). Active Stat5 regulates the
transcriptional activation of the Cyclin D1 promoter (21, 22),
and our recent work showed that Jak2/Stat5 signaling
enhances the expression and activation of Akt1 and the nuclear
accumulation of Cyclin D1 (23, 24). Collectively, these ﬁndings
support the notion that Cyclin D1 is a downstream target of
active Jak2/Stat5 signaling that promotes the proliferation of
normal mammary epithelial cells in response to lactogenic
hormones.
Active Jak2 and Stat5 mediate self-sufﬁciency in growth
signals, and their gain-of-function contributes to neoplastic
transformation of mammary epithelial cells (24–27). Similar to
the reported role of Cyclin D1 for mammary tumorigenesis, we
have shown recently that Jak2 is essential for ErbB2-associated
and PRL-induced mammary carcinogenesis (28, 29). Although
deﬁciency in Jak2 prior to neoplastic transformation protected
females against the onset of neoplasia, our studies revealed
that Jak2/Stat5 signaling was no longer required for the growth
of established cancer cells. In conclusion, both studies showed
that signaling pathways that facilitate mammary tumor initiation do not necessarily retain a similar importance during
tumor maintenance and progression.
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Cyclin D1-deﬁcient females overexpressing ErbB2 never
developed mammary cancer (10, 11), and it is therefore
apparent that the importance of Cyclin D1 in established
mammary tumors has not been examined. Consequently, it
has never been shown using a genetic model that this cellcycle regulator is a genuine target for the treatment of
ErbB2-positive breast cancers. To experimentally address
whether Cyclin D1 is required for ErbB2-associated mammary cancer initiation and progression, we generated a
mouse model that allows a temporally controlled expression
of this cell-cycle regulator in the mammary epithelium. To
translate the ﬁndings obtained from this model to the
human disease, we also studied the expression of D-type
cyclins in a panel of ErbB2-positive human breast cancer cell
lines and in primary human breast cancers.

Materials and Methods
Mouse models
The generation and genotyping of MMTV-tTA and TetO-D1
transgenic strains is described in the Supplementary Materials
and Methods. Cyclin D1 knockout (13) and MMTV-neu transgenic mice (30) in an FVB/NJ genetic background were purchased from the Jackson Laboratory. The expression of the
luciferase reporter gene was determined using in vivo bioluminescence imaging as described previously (31). All animals
used in this study were treated humanely and in accordance
with institutional guidelines and federal regulations.
Histologic analysis of mammary glands
Protocols for the preparation of mammary gland whole
mounts and hematoxylin and eosin (H&E)-stained sections
of formalin-ﬁxed tissues were described previously (32). The
protocol for immunohistochemistry on histologic sections of
parafﬁn-embedded mammary gland specimens can be found
elsewhere (20). The primary antibody against Cyclin D1 (clone
sp4) was purchased from Abcam. The immunoﬂuorescent
staining of CK8 and Wap on mammary gland tissues was done
as described (33, 34).
Immunoprecipitation and Western blot analysis
The experimental procedures for immunoprecipitation (IP)
and Western blot analysis were described in detail elsewhere
(23). The following antibodies were used: a-b–actin (I-19),
a-Cyclin D1 (72G-13), a-Cyclin D3 (C-16), a-Cyclin E (M-20),
a-Cdk4(C-22) from Santa Cruz Biotechnology; a-Cyclin D1
(sp4) from Abcam; a-tubulin from Epitomics; a-Cyclin D2
(DSC-3.1) from NeoMarkers.
Lentiviral vectors
To generate lentiviral vectors expressing the tetracyclinecontrolled transactivator, we cloned the tTA cDNA into the
NheI site (blunt) of the pPRIME-CMV-GFP-FF3 vector (35).
Lentiviral constructs expressing the Cyclin D3 shRNAs were
purchased from OpenBiosystems. The pLKO.1-TRC control
virus was obtained from Addgene (36). The shRNA lentiviral
vectors against the human Cyclin D1 and D3 were kindly
provided by Dr. Ming-Sound Tsao (Ontario Cancer Institute).
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Primary cell cultures and orthotopic transplants
TetO-D1 transgenic MEFs were infected with a pBabertTA-puro retrovirus and selected in 7 mg/mL puromycin. To
induce expression of the Flag-tagged Cyclin D1, cells were
treated with 1 mg/mL doxycycline (Dox) for 48 hours. Normal
and neoplastic primary mammary epithelial cells were
derived and cultured as described (28). Two days after
infection of cells with the lentivirus expressing the tTA, the
expression of luciferase was veriﬁed using bioluminescence
imaging. A total of 5  105 cells were transplanted into
cleared mammary fat pads of recipient females (a total of
14 for the uninfected control cells and 30 for tTA-expressing
cells).
For a stable knockdown of Cyclin D3, MMTV-neu and
MMTV-neu/CyclinD1/ mammary cancer cells were infected
with Cyclin D3 shRNA or the pLKO.1-TRC control vectors. Cells
were selected in complete medium containing increasing
concentrations (1–5 mg/mL) of puromycin (Sigma). To establish orthotopic transplant models, 1  106 MMTV-neu/
CyclinD1/ mammary cancer cells with and without stable
knockdown of Cyclin D3 were injected into the # 4 mammary
glands of athymic nude females (NCr strain). Tumor volumes
were measured as described previously (28).
Examination of Cyclin D1/D3 expression in human
breast cancer cell lines and primary breast cancer
A panel of human breast cancer cell lines was obtained from
American Type Culture Collection (ATCC) with ﬁnancial support from the Integrative Cancer Biology Program (NCI). A
subset of these cell lines that overexpress ErbB2 were expanded
using media and supplements recommended by ATCC. Immunoblots against Cyclin D1 and D3 were carried out as described
above.
Deidentiﬁed FFPE tissues representing normal human
breast (N ¼ 40) and invasive breast cancer specimens (N ¼
100) were obtained under institutional guidelines from the
Thomas Jefferson University pathology archives and organized
in a tissue microarray as previously described (37). The staining
and quantitative analysis of the expression of Cyclin D1/D3 and
ErbB2 is described in the Supplementary Materials and
Methods.

Results
Cyclin D1 is largely dispensable for the proliferation and
differentiation of alveolar cells that are cellular targets
for ErbB2-induced mammary cancer
Mammary cancers in females that overexpress wild-type
ErbB2 (MMTV-neu) occur in the FVB strain whereas C57/Bl6
females are refractory to tumorigenesis (30, 38). We therefore
obtained MMTV-neu transgenic and Cyclin D1 knockout mice
that carry the transgene and the targeted Cyclin D1 allele in an
FVB genetic background. Unexpectedly, Cyclin D1 deﬁciency
in this strain led to a substantial reduction in spermatogenesis
and infertility (Supplementary Fig. S1). It was therefore necessary to use a much less effective heterozygous breeding
scheme to generate females that carry multiple transgenes in
a Cyclin D1/ background.
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We have shown previously that ErbB2-induced mammary
cancers predominantly originate from alveolar cells (15), but
lack of Cyclin D1 in a 129/C57 mixed genetic background was
reported to cause impaired alveologenesis (13, 14). In contrast
to 129/C57 mice, Cyclin D1 is largely dispensable for the
proliferation and differentiation of secretory alveoli in postpartum FVB females (Fig. 1). Mammary gland whole mounts
from Cyclin D1 knockout mice were indistinguishable from
wild-type controls (Fig. 1A and B), and differences in the extent
of alveolar expansion were only detectable in a few selected
areas of H&E-stained histologic sections (Fig. 1C and D).
Overall, Cyclin D1 deﬁciency did not adversely affect the

terminal differentiation of the secretory epithelium as shown
by immunoﬂuorescence staining of the late milk protein Wap
(Fig. 1E–H). Despite fairly normal development and occasionally some milk in the stomach of pups, Cyclin D1 knockout
females did not exhibit a normal nursing behavior and failed to
rear the offspring. Pups from knockout females could be
successfully fostered by wild-type dams. Regardless of the
ability of Cyclin D1-deﬁcient females to sustain their litters,
the examination of the developing mammary gland in these
females clearly showed that, unlike recently reported (12), the
target cell population for ErbB2-induced mammary tumor
formation is present in the FVB genetic background.

Figure 1. Cyclin D1 deﬁciency in
the FVB strain background does not
adversely affect alveologenesis in
the mammary gland. Histologic
analysis of the postpartum
mammary glands (lactation day 1)
of a homozygous Cyclin D1
/
knockout female (Cyclin D1 ) and
her heterozygous littermate control
þ/
(Cyclin D1 ). A and B, whole
mounts; bar represents 1 mm; LN,
lymph node. C and D, H&E-stained
tissue sections. E and F,
immunoﬂuorescence staining
against Wap. G and H,
immunohistochemical staining for
Cyclin D1; slides were
counterstained with hematoxylin;
bars in panels C to H represent
50 mm.
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Development of transgenic strains that allow a ligandcontrolled expression of Cyclin D1 in the developing
mammary gland
As a ﬁrst step of developing an animal model that allows a
downregulation of Cyclin D1 in progressing mammary cancers,
we generated a transgenic strain (TetO-D1), in which the
expression of exogenous Cyclin D1 and luciferase can be
targeted to the developing mammary gland in a Dox-regulatable manner (Fig. 2A). To facilitate a higher degree of functionality of Cyclin D1, we utilized a Flag-tagged mutant

(T286A) that has a delayed proteolytic turnover (39). To
determine the correct Dox-controlled expression of the
TetO-D1 transgene, we derived primary MEFs and infected
those with a retrovirus expressing the reverse transactivator
(rtTA). Expression of Cyclin D1 was only detected when these
cells were treated with Dox, and the levels declined following
the withdrawal of the ligand (Fig. 2B). The binding of Cdk4 to
the Flag-tagged Cyclin D1 (T286A) was indicative of the proper
functionality of the transgene. To target the TetO-D1 transgene
to the developing mammary gland, we developed a novel

Figure 2. Development of a genetic
model that allows a Dox-controlled
expression of exogenous Cyclin D1
in the mammary gland of Cyclin D1
knockout mice. A, schematic
outline of the TetO-D1 transgenic
vector that mediates the
coexpression of active Cyclin D1
(T286A) and luciferase under the
control of the Dox-controlled
transactivator. B, Western blot (WB,
top) and IP/Western blot (bottom)
on transgenic MEFs that were
infected with a retroviral vector
expressing the reverse tetcontrolled transactivator (rtTA).
Note: expression of D1 (T286A) is
induced by the administration of
Dox. C, bioluminescence imaging
on an MMTV-tTA/TetO-D1 double
transgenic female and TetO-D1
littermate control; in contrast to B,
the expression of exogenous Cyclin
D1 in this mouse model is repressed
through administration of Dox. D,
H&E and immunohistochemical
staining for Cyclin D1 (top) on
mammary gland tissue sections
from a postpartum female
expressing exogenous Cyclin D1 in
/
background. Tissue
a Cyclin D1
sections from postpartum wild-type
and Cyclin D1 knockout mice were
used as controls; bars represent
50 mm.
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MMTV-tTA strain that exhibits a stringent expression of the
transactivator protein in the mammary epithelium and salivary gland in the absence of Dox (Fig. 2C). Using bioluminescence imaging, we determined that (a) the TetO-D1 transgene
does not exhibit any leaky expression in the absence of the
transactivator, and (b) the transgene can be downregulated
within 48 hours of Dox administration. Next, we generated
female mice that express exogenous Cyclin D1 in a Cyclin D1
null background (MMTV-tTA TetO-D1 Cyclin D1/). The
histologic analysis of the postpartum mammary gland of these
mice revealed that nuclear Cyclin D1 was abundant in our
experimental animals, and the alveolar compartment in these
mice was fully developed and comparable with an advanced
stage of lactation (Fig. 2D). Regardless of the presence of milk in
these alveoli, the mice did not lactate. This clearly supports our
previous assumption that the lactation defect in Cyclin D1
knockout mice might be a complex phenotype and is not

simply the result of impaired alveologenesis as previously
suggested.
Downregulation of Cyclin D1 has no effect on the growth
of ErbB2-induced mammary cancer cells
Although it was reported that Cyclin D1-deﬁcient mice are
resistant to ErbB2-induced mammary carcinogenesis (10, 11),
it has never been examined whether the ablation of this cellcycle regulator has an impact on the growth of established
tumors. To address this issue, we utilized our TetO-D1 transgenic strain in combination with the Cyclin D1 knockout to
generate an animal model that allows a downregulation of
Cyclin D1 prior to or following neoplastic transformation. Male
and female homozygous Cyclin D1 knockout mice have reproductive impairments, and it is highly inefﬁcient to breed
heterozygous mice to generate sufﬁcient knockout females
that also carry at least 3 additional transgenes (MMTV-tTA,

Figure 3. Cyclin D1 is not required
for the maintenance of ErbB2induced mammary cancer. A,
schematic outline of the
experiment. B, bioluminescence
imaging and Western blot analysis
to assess the Dox-controlled
expression of luciferase and
exogenous Cyclin D1 (T286A) in
MMTV-neu transgenic mice that
lack both endogenous Cyclin D1
alleles. C, bioluminescence
imaging on wild-type recipient mice
that developed tumors following
the transplantation of cancer cells
expressing Cyclin D1. Both panels
show the same mice before and 72
hours after administration of Dox. D,
growth curve of mammary cancers
in untreated or Dox-treated
recipients (i.e., with or without
Cyclin D1). E, immunoﬂuorescence
staining of Cyclin D1 (red) in tumors
of recipient mice. PC, positive
control tissue from a postpartum
female expressing exogenous
/
Cyclin D1 in a Cyclin D1
background; bar represents 50 mm.
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TetO-D1, and MMTV-neu). We therefore simpliﬁed the model
design by using a lentiviral gene transfer of the transactivator
(Lenti-tTA) combined with a mammary epithelial transplantation approach (Fig. 3A). We derived normal MECs from
MMTV-neu TetO-D1 Cyclin D1/ females and infected those

with a lentivirus expressing the tTA. After having veriﬁed the
activation of the TetO-D1 transgene, infected cells and their
uninfected controls were transplanted into the cleared #4
mammary fat pads of FVB or Athymic nude recipient mice
(Supplementary Fig. S2). Following the development of

Figure 4. Cyclin D1 deﬁciency
delays but does not prevent the
initiation of ErbB2-induced
mammary carcinogenesis. A,
Kaplan–Meier curve illustrating the
tumor-free survival of females
expressing wild-type ErbB2
(MMTV-neu) in the presence or
þ/
absence of Cyclin D1 (Cyclin D1
or Cyclin D1/). Some animals also
carried the TetO-D1 transgene
(indicated by parentheses), which is
not expressed in the absence of the
transactivator. B, mean age of
tumor onset (horizontal bars). Each
marker represents the age of onset
of the ﬁrst palpable tumor per
mouse (P value, t test). The left
graph represents the entire cohort
of mice shown in panel A, the right
graph compares the age of tumor
onset within the cohort of Cyclin D1
knockout mice with and without the
TetO-D1 transgene. C, H&E and
immunostaining against
cytokeratin 8 (CK8) and Cyclin D1 in
ErbB2-induced mammary cancers
that originated in the presence or
absence of Cyclin D1; bars
represent 50 mm.
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sporadic mammary tumors, we isolated and cultured cancer
cells ex vivo and the Dox-controlled expression of Cyclin D1
and luciferase was examined using bioluminescence imaging
and Western blotting (Fig. 3B). Next, we orthotopically
transplanted tumor cells into athymic nude recipients to
establish a cohort of females that carry syngeneic tumors
that allow for a direct comparison of the effects of Cyclin D1
ablation. After engraftment and growth of secondary tumors
to 0.5 cm in diameter (3–5 months), the continuous activation of the TetO-D1 transgene in the growing cancer cells
were assessed using in vivo imaging (Fig. 3C). Half of the
recipient mice were then treated with Dox to downregulate
the expression of the TetO-D1 transgene for a period of 6
weeks (Fig. 3C). The weekly analyses of the tumor sizes
showed that a downregulation of Cyclin D1 did not slow the
growth of the neoplasms (Fig. 3D). The expression or
absence of Cyclin D1 in the cancer cells of both experimental
cohorts was veriﬁed using immunoﬂuorescence staining
(Fig. 3E). Collectively, this line of investigation revealed that
a downregulation of Cyclin D1 has no effect on the growth of
ErbB2-induced mammary cancer cells in vivo.
Cyclin D1 deﬁciency delays tumor initiation but does not
protect against ErbB2-induced mammary cancer
Unexpectedly, a number of recipient females that were
engrafted with normal MECs not carrying the tTA and not
expressing luciferase developed mammary cancers (data not
shown). We also observed that some of the parous females
from the MMTV-neu TetO-D1 Cyclin D1/ donor cohort
developed mammary cancer, and we therefore decided to
monitor these females for a prolonged period to revisit the
current paradigm that Cyclin D1 is essential for ErbB2-induced
cancer initiation (10). Although we never detected any leaky
expression of the TetO-D1 construct (Fig. 2B and C), we
maintained a subset of females without this transgene
(MMTV-neu Cyclin D1/) as an additional control within the
experimental cohort. As shown in Fig. 4A and B (left panel),
Cyclin D1 deﬁciency delayed the development of palpable
tumors by about 3 to 4 months. However, the ablation of this
D-type Cyclin did not protect against ErbB2-indcuced mammary carcinogenesis as reported previously. Tumorigenesis
occurred at a similar latency regardless of the presence of the
unexpressed TetO-D1 transgene (Fig. 4B, right panel). The lack
of the Cyclin D1 protein in mammary tumors of Cyclin D1/
females was conﬁrmed by immunohistochemistry, and the
functional ablation of this cell-cycle regulator did not noticeably alter the histopathologic appearance and expression of the
luminal marker CK8 (Fig. 4C).
Compensatory expression of D-type Cyclins in
ErbB2-expressing mammary cancers
Cyclin D1 is the most abundant member of the family of Dtype cyclins in ErbB2-indcued mammary cancers of MMTVneu transgenic mice (Fig. 5A), but these tumors also express
substantial amounts of Cyclin D3. Interestingly, the expression
of Cyclin D3 was clearly elevated in the majority of mammary
cancers that lack Cyclin D1. The analysis of 6 additional Cyclin
D1-deﬁcient mammary cancers revealed that in total 73%

www.aacrjournals.org

Figure 5. Consequential upregulation of Cyclin D3 in ErbB2-induced
mammary tumors that lack expression of Cyclin D1. A, Western blot
analysis of D-type cyclins and Cyclin E in ErbB2-indcued primary
mammary tumors that originated in the presence or absence of
endogenous Cyclin D1. B, Western blot on explanted MMTV-neu–
induced mammary tumor cells that were infected with 3 different Cyclin
D3 shRNA knockdown vectors. pLKO1, control vector; cancer cells from
/
a Cyclin D1 knockout mouse (D1 ) were used as a positive/negative
control for cyclins D1 and D3. NIH3T3 cells with and without one of the
shRNA vectors served as an additional control. Note that Cyclin D2,
which migrates below the D1, is absent in ErbB2-expressing cancer cells.

exhibited a higher expression of Cyclin D3 compared with
wild-type tumors. The levels of Cyclin D2, on the other hand,
were quite low in all mammary cancers. Along with the
increase in Cyclin D3, we detected only a slight elevation in
Cyclin E in 3 of the mammary tumors lacking Cyclin D1. To
assess whether Cyclin D3 is biologically relevant in mammary
cancers expressing Cyclin D1, we performed a knockdown of
Cyclin D3 in explanted cancer cells (Fig. 5B). After testing a
panel of 8 different lentiviral shRNA constructs in NIH3T3 cells,
we found that 3 of them were capable of stably knocking down
the expression of Cyclin D3 to barely detectable levels. These 3
shRNA vectors were then used to downregulate Cyclin D3 in
ErbB2-induced mammary cancer cells, but unlike in ﬁbroblasts, Cyclin D3 could never be fully ablated in these cells.
More importantly, a knockdown of Cyclin D3 resulted in a
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compensatory upregulation of Cyclin D1 and only a slight
elevation in Cyclin E.
Cyclin D3 is signiﬁcantly upregulated in human breast
cancers and frequently exceeds the expression of Cyclin
D1 in ErbB2-positive cases
To assess whether a similar reciprocal expression of Dtype cyclins occurs in human breast cancers, we initially
examined their levels in 10 ErbB2-positive cancer cell lines
(Fig. 6A). We also included 2 untransformed (MCF10A
and 12A) and 5 ERa-positive breast cancer lines (including

MCF-7 and T-47D) into the analysis. Due to distinct size
differences between Cyclin D1 and D3 and quite similar
binding afﬁnities of the primary antibodies (Supplementary
Fig. S3), we were able to simultaneously assess the expression of these 2 proteins using the same secondary antibody
and identical blotting conditions. The results of this study
revealed that both cyclins are simultaneously upregulated in
67% of all breast cancer lines, and Cyclin D3 exceeds the
expression of Cyclin D1 in 6 of the 10 ErbB2-positive lines.
Cyclin D1 was more abundant in only 2 cases overall and
only one ErbB2-positive cell line (HCC1954).

Figure 6. Cyclin D3 is signiﬁcantly
upregulated in human breast
cancer cell lines and primary human
breast cancer specimens. A,
Western blot analysis to assess the
expression of D-type cyclins in a
panel of predominantly ErbB2positive breast cancer cell lines. B,
quantitative analysis of the intensity
of immunoﬂuorescence straining of
Cyclin D1 and D3 in combination
with ErbB2 in normal human breast
tissue (larger circle), ErbB2negative breast tumors (small
circle), and ErbB2-positive breast
cancers (stars). C, graphic
illustration of the mean differences
in the expression of Cyclin D1 and
D3 (P, t test).
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To determine the expression of Cyclin D1 and D3 in
primary human breast cancers, we conducted a quantitative
analysis of the level of immunoﬂuorescent staining against
these cell-cycle regulators in addition to ErbB2. We examined 40 normal breast tissues along with 100 invasive ductal
carcinomas. Evaluable levels of both D1 and D3 could be
quantiﬁed for 76 cases, and among those, 17 were identiﬁed
as ErbB2-positive. Images of representative cases that overexpress Cyclin D1 and/or Cyclin D3 are shown in Supplementary Fig. S4. The quantitative analysis of the staining
intensity revealed that both D-type cyclins are upregulated
individually or together in more than 70% of all breast cancer
cases, and among those, 26.3% exhibited a high expression of
Cyclin D3 but not Cyclin D1. More importantly, only the
expression of Cyclin D3 was signiﬁcantly elevated in ErbB2positive cases (Fig. 6B and Fig 6C; P < 0.05). Collectively, the
analyses done on the cell lines and primary cancer specimens using different methods for protein quantiﬁcation
indicate that the levels of Cyclin D3 are elevated to a greater
extent than Cyclin D1 in ErbB2-positive human breast
cancers.

Knockdown of Cyclin D3 has a signiﬁcant impact on the
growth of Cyclin D1-deﬁcient mammary tumor cells
In mammary cancers in humans and mice, the pool of the
Cyclin D3 and D1 proteins seems to be regulated in a concordant manner and might therefore be critical for tumor cell
proliferation. To experimentally address this issue, we ﬁrst
attempted to downregulate the expression of Cyclin D1 and D3
using a panel of published shRNAs (40) in an ErbB2-positve
breast cancer cell line that expresses both cyclins (Supplementary Fig. S5). Although only one shRNA construct resulted
in a sustained downregulation of Cyclin D3, a comparison of
these knockdown cells to their controls showed that loss of
Cyclin D3 led to a compensatory upregulation of Cyclin D1.
This supports the notion that, like in mouse mammary cancers,
the levels of both cyclins are regulated in a concordant manner.
To assess whether the combined pool of D-type cyclins is
critical for ErbB2-induced mammary cancers, we derived
tumor cells from Cyclin D1-deﬁcient mice and infected them
with three different Cyclin D3 shRNA vectors (Fig. 7A). Because
only Cyclin D3 is present in these cells in a signiﬁcant quantity,
a knockdown of this protein would create tumor cells that lack

Figure 7. Ablation of Cyclin D1 and
Cyclin D3 impairs the proliferation
of ErbB2-induced cancer cells. A,
Western blot analysis of D-type
cyclins, Cyclin E, Cyclin A, and
Cyclin B in primary ErbB2-induced
mammary cancer cells that lack
expression of endogenous Cyclin
D1. Tubulin (Tuba1b) was used as a
loading control. Mammary tumor
cells were infected with lentiviral
vectors that express 3 different
shRNAs to knock down the
expression of Cyclin D3. B, viable
cell count over a 4-day period to
determine growth rates of 3 Cyclin
D1/D3-deﬁcient cancer cell lines
compared with control cells that
lack only Cyclin D1 (pLKO1); P,
U test. C, recipient female that
developed mammary tumors after
orthotopic transplantation of Cyclin
D1-single (control) or Cyclin D1/D3double–deﬁcient cells. D, growth
curve of Cyclin D1-deﬁcient
mammary tumors in the presence
(control) or absence of Cyclin D3.
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all 3 D-type cyclins. Following puromycin selection, Cyclin
D3 levels declined, but the protein could never be ablated in
the surviving cancer cells in a comparable manner with
cancer cells that express Cyclin D1 (compare Figs. 7A
and 5B). More importantly, Cyclin E was not upregulated
and consequently the knockdown of Cyclin D3 signiﬁcantly
impaired cell growth (Fig. 7A and B). Next, we orthotopically
transplanted similar numbers of knockdown cells and their
controls into immunocompromised animals (Fig. 7C). Compared with the knockdown cells, the controls expressing
Cyclin D3 exhibited a much better engraftment and faster
growth (Fig. 7D). Smaller tumors that eventually appeared in
recipient mice carrying the D3 knockdown cells were mainly
a result of a clonal expansion of cells that had regained
expression of Cyclin D3 (Supplementary Fig. S6). In conclusion, the results of this study show that the pool of Cyclin D1
and D3 are critical for the growth of ErbB2-expressing
mammary cancer cells in vitro and in vivo.

Discussion
The mammary glands of Cyclin D1-deﬁcient females in an
FVB background exhibit extensive alveologenesis during pregnancy and consequently must possess alveolar progenitors
that, as we have reported previously (15), are the main targets
for ErbB2-induced neoplastic transformation. Although lack of
Cyclin D1 extended the tumor-free survival in our study, Cyclin
D1 deﬁciency did not prevent the onset of mammary cancer as
reported previously (10, 11). Following neoplastic transformation, Cyclin D1-deﬁcient mammary tumors exhibited the same
sporadic occurrence, growth, and histopathologic features
compared with cancers that arose in females expressing Cyclin
D1. The difference in the outcome of our study from that of
others can be explained by the effects of diverse strain backgrounds. The previous reports were based on the maintenance
of the MMTV-neu transgene in a predominantly 129/C57
mixed genetic background. Although Cyclin D1-deﬁcient
females carrying C57 alleles lack alveolar progenitors and
therefore the cancer-initiating cell type, there is also compelling evidence from a study by Rowes and colleagues (38)
that suggests that the genetic background has a profound
impact on the tumor latency in MMTV-neu mice. Although
the underlying mechanism for this phenomenon remains
unknown, it is evident that genetic studies related to
MMTV-neu-induced mammary tumorigenesis should be done
in the FVB strain.
A delay or lack of tumor formation in a knockout mouse
expressing an oncogene may not be an appropriate indicator
for whether the targeted ablation of a gene or its encoded
protein is also relevant for therapeutic approaches in humans
and animals (41). Cancer cells that evolve though selective
mechanisms frequently shift signaling networks and employ
alternative pathways to optimize growth and survival as
demonstrated recently for the Jak/Stat pathway (28, 29). A
suitable experimental design to assess the importance of a
protein during cancer progression is to repress its expression
within the cancer cells of an established neoplasm. On the basis
of this concept, we have generated a genetic model that allows
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the targeted downregulation of Cyclin D1 in progressing
ErbB2-positive mammary cancers. Using this tumor model,
we showed that this cell-cycle regulator is not essential for the
proliferation of cancer cells, and consequently Cyclin D1 may
not be a primary candidate target to treat ErbB2-associated
breast cancer as suggested previously.
While Cyclin D1 has long been recognized as an oncogene
in breast carcinogenesis, considerably fewer studies included an examination of the expression and functionality of the
other 2 D-type cyclins. The ﬁrst immunohistochemical
analysis of Cyclin D3 expression in human malignancies by
Bartkova and colleagues (42) revealed an overabundance of
this particular cell-cycle regulator in breast cancer specimens. A synchronous upregulation of Cyclin D1 and D3 in a
subset of human breast cancers was also reported by Russell
and colleagues (43), and the authors proposed that this was,
in part, a consequence of defective proteolysis. A subsequent
study by the same research team showed that overexpression of Cyclin D3 is sufﬁcient to induce the development of
squamous carcinomas in the mammary gland of transgenic
mice (44). Using Western blot analysis and quantitative
immunoﬂuorescence (i.e., 2 independent assays with different antibodies) on breast cancer cell lines and primary
tumor specimens, we show in this report that the extent
of Cyclin D3 upregulation in human breast cancer cells often
exceeds that of Cyclin D1. In particular, ErbB2-positive cases
that are known to have a poor prognosis express signiﬁcantly more Cyclin D3 compared with Cyclin D1. Our ﬁndings are in line with an empirical study by Wong and
colleagues (45) that shows that Cyclin D3 was more abundant than Cyclin D1 in high-grade breast cancers.
In this study, we provide several lines of evidence that the
expression of D-type cyclins is concordantly regulated in
mammary cancer cells, and only the combined inhibition of
Cyclin D1 and D3 had a profound impact on cancer cell
proliferation. We did not observe a compensatory upregulation
or a gain-of-function of Cyclin E that was sufﬁcient to bypass
the importance of the D-type cyclins as proposed previously for
ErbB2-associated mammary cancer (46) and normal MECs
expressing exogenous ERa (47). Collectively, our ﬁndings
suggest that targeting the combined functions of Cyclin D1
and D3 might be a suitable strategy for breast cancer therapy.
These D-type cyclins regulate both Cdk4 and Cdk6, and it has
been shown recently that a highly speciﬁc and well-tolerated
Cdk4/6 dual inhibitor (PD-0332991) can effectively block the
proliferation of selected ERa-positive and ERa-negative breast
cancer cells that have normal Rb function (48). In the light of
these encouraging ﬁndings, our study suggests extending the
use of this Cdk4/6 inhibitor or similar agents to treat ErbB2positive breast cancer cases.
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Supplemental Materials and Methods
The generation of MMTV-tTA and TetO-D1 transgenic strains:
The Flag-tagged Cyclin D1 (T286A) cDNA was cloned in front of an IRES-Luciferase cassette,
which was subsequently cloned into the EcoRV site of the pTetSplice vector. Four transgenic
founder lines were obtained following pronuclear injection, and two lines (10897 and 11233)
were used for experiments described here. The MMTV-tTA transgene was generated by
inserting the tTA cDNA into the blunted EcoR1 site of the Mmtv-Sv40-Bssk vector (provided by
Dr. Muller, McGill). We obtained two founder lines (25754 and 25755) with identical expression
pattern and used line 25755 for experiments described in this article.
Primer sequences to genotype the newly generated mouse strains:
Transgene
Forward and reverse primer
Size of amplicon
5’-CCG TCA GAT CGC CTG
TetO-D1
GAG ACG-3’
380 bp
5’-GGC GGA TGG TCT CCA
CTT CGC-3’
MMTV-tTA

5’-AGT GAT AGA GCT CTT
GCC TAG C-3’

364 bp

5’-GCC AAT ACA GTG TAG
GCT GC-3’

Quantitative imaging analysis to assess the expression of Cyclin D1/D3 in primary human
breast cancers
Histological sections were deparaffinized and underwent antigen retrieval on the Dako PT
module using low pH retrieval buffer (Dako) before immunostaining on the Dako Autolink Plus
autostainer. Endogenous peroxidase activity was blocked using Dako FLEX Peroxidase block
for 10 min; followed by serum-free protein block for 30 min. Slides were incubated for 20 min
with either a mixture of target primary antibodies at optimized dilutions (Cyclin D1, 1:200;
Cyclin D3, 1:200; Her2, 1:4000) with rabbit or mouse pancytokeratin antibodies as appropriate.
Slides were then washed three times with Dako wash buffer and subsequently incubated with a
mixture of secondary antibody which contained a horseradish peroxidase–conjugated antibody
and another antibody conjugated to Alexa 488 (Molecular Probes). Slides were then washed
three times with Dako wash buffer and subsequently incubated with Tyramide-Cy5 (PerkinElmer). Finally, all sections were stained with 4',6-diamidino-2-phenylindole (DAPI) for nuclear
visualization. Automated quantitative analysis was performed using the AQUA/PM2000
Imaging Platform (HistoRx). Slides were scanned and images of each tissue were captured at 3
different channels detecting FITC/Alexa 488, Cy5, or DAPI. AQUA scores were generated
based on the images acquired and the software program; finally, results are validated manually.
The levels of Cyclin D1, D3, or ErbB2 were considered high when they were greater than the
mean plus 2 SDs from the levels of normal breast epithelia.

Supplemental Figures
Fig. S1. Cyclin D1 deficiency in the FVB strain background causes male infertility
A. Immunofluorescence staining of Cyclin D1 in reproductive organs of an FVB wildtype
male. Slides where counterstained with DAPI. B. Histological analysis of testis and
epididymis from wildtype and Cyclin D1 knockout mice, bars represent 50 µm.

Fig. S2. Primary mammary epithelial cells (MECs) derived from MMTV-neu TetO-D1
Cyclin D1-/- females express luciferase following lentiviral-mediated expression the
tetracycline-controlled transactivator (tTA).
Bioluminescence imaging on primary cells with and without (control) tTA prior to (A) and
following orthotopic transplantation and engraftment into wildtype recipient mice (B).

Fig. S3. Primary antibodies against Cyclin D1 and Cyclin D3 have similar binding affinities
Both primary antibodies were recognized by the same secondary antibody under identical
blotting conditions.

Fig. S4. Cyclin D1 and D3 are significantly upregulated in ErbB2-positive human breast
cancers
Representative images of three ErbB2-positive breast cancer cases that overexpress Cyclin
D3 (case 1), Cyclin D1 (case 2), and both (case 3).

Fig. S5. Knockdown of Cyclin D3 leads to a compensatory upregulation of Cyclin D1 in a
Her2/ErbB2-positive human breast cancer cell line.
HCC1419 cells (ATCC) that express both Cyclin D1 and D3 were infected with a panel of
published shRNA vectors or a control vector (pLKO1) and selected with puromycin.
Although these vectors were successfully used to downregulate Cyclin D1 or D3 in a
pancreatic cancer cell line (Radulovich, et al., 2010 PMID: 20113529), only one vector
(shD3-2) was suitable to stably downregulate the expression of D3 in HCC1419 cells (lane
5). Note that these cells exhibit a compensatory upregulation of Cyclin D1.

Fig. S6. Escapees that have regained expression of Cyclin D3 give rise to small tumors after
a prolonged latency
Western blot analysis to determine the expression of Cyclin D3 and Cyclin E in five ErbB2indcued tumors that originated from cancer cells that carry an shRNA construct against
Cyclin D3 and that lack endogenous Cyclin D1 expression. The control tumors originated
from the same isogenic cancer cells that lack only Cyclin D1.
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