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a b s t r a c t
In response to the ligand-mediated activation of cytokine receptors, cells decide whether to proliferate or to
undergo differentiation. D-type Cyclins (Cyclin D1, D2, or D3) and their associated Cyclin-dependent
kinases (CDK4, CDK6) connect signals from cytokines to the cell cycle machinery, and they propel cells
through the G1 restriction point and into the S phase, after which growth factor stimulation is no longer
essential to complete cell division. D-type Cyclins are upregulated in many human malignancies including
breast cancer to promote an uncontrolled proliferation of cancer cells. After summarizing important aspects
of the cytokine-mediated transcriptional regulation and the posttranslational modiﬁcation of D-type Cyclins, this review will highlight the physiological signiﬁcance of these cell cycle regulators during normal
mammary gland development as well as the initiation and promotion of breast cancer. Although the vast
majority of published reports focus almost exclusively on the role of Cyclin D1 in breast cancer, we summarize here previous and recent ﬁndings that demonstrate an important contribution of the remaining two
members of this Cyclin family, in particular Cyclin D3, for the growth of ErbB2-associated breast cancer cells
in humans and in mouse models. New data from genetically engineered models as well as the pharmacological inhibition of CDK4/6 suggest that targeting the combined functions of D-type Cyclins could be a suitable
strategy for the treatment of ErbB2-positive and potentially other types of breast cancer.
Ó 2013 Elsevier Ireland Ltd. All rights reserved.

1. D-type Cyclins connect cytokine signaling with the cell cycle
machinery
It has been 30 years since Cyclins were discovered by Timothy
Hunt and his colleagues as oscillating proteins that drive the entry
into mitosis (Evans et al., 1983). Cyclins are being synthesized and
destroyed in a tightly controlled manner during distinct phases of
the cell cycle (i.e. G1, S, G2, and M phase). One of the major functions of these proteins is to regulate the activity of their catalytic
binding partners, the Cyclin-dependent kinases (CDKs). Thus far,
29 Cyclins and more than 20 CDKs have been identiﬁed in mammalian cells (Malumbres and Barbacid, 2009). All predicted Cyclins
share a conserved domain of 150 amino acid residues called the
‘‘Cyclin box’’, which mediates the binding to CDKs. Ten of these
Cyclins belong to four different classes (D, E, A, and B-type Cyclins)
and are known to directly regulate the cell cycle. Some of the new-
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ly discovered Cyclins lack currently known CDKs or other catalytic
partners.
The human Cyclin D1 gene (CCND1) was initially identiﬁed as
PRAD1, a locus that is rearranged in human parathyroid adenomas.
It was also found in a more common t(11; 14) chromosomal translocation, which plays a role in B-cell lymphomas (BCL1) (Arnold
et al., 1991; Motokura et al., 1991; Rosenberg et al., 1991, 1993).
Subsequently, Cyclins D2 and D3 were cloned based on their
homology to Cyclin D1. Cyclin D2 was also independently identiﬁed as Vin-1, which is the integration site of a murine leukemia
provirus in a mouse T cell leukemia (Tremblay et al., 1992). Cyclin
D2 is encoded by the CCND2 gene on human chromosome 12p13,
and a t(12; 14)(p13; q32) translocation has been observed in a subset of human mantle cell lymphomas (MCL) (Delmer et al., 1995;
Hanna et al., 1993). The gene encoding Cyclin D3 (CCND3) is located on human chromosome 6p21, and several histopathological
subtypes of mature B-cell malignancies carry a rare but recurrent
t(6;14)(p21.1; q32.3) translocation, which leads to overexpression
of Cyclin D3 (Inaba et al., 1992; Motokura et al., 1992).
All three mammalian D-type Cyclins encode 33–36 kDa proteins that share an average of 57% identity over the entire coding
region and 78% identity in the N-terminal ‘‘Cyclin box’’ (Won
et al., 1992). In addition to this evolutionary conserved ‘‘Cyclin
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box’’, D-type Cyclins contain a pRb binding motif and a C-terminal
PEST domain [sequence rich in proline, glutamic acid, serine, and
threonine], which is required for proteolysis at the end of the G1
phase (Diehl et al., 1997, 1998). Extensive studies on the Cyclin
D1 protein led to the identiﬁcation of an LxxLL motif and the
repressor domain which are suggested to play a role in the transcriptional functions of Cyclin D1 (Knudsen et al., 2006). The three
D-type Cyclins are redundant for the activation of CDK4 and CDK6,
the phosphorylation of pRb, and the promotion of G1 phase progression. The expression of Cyclins D1, D2, and D3, however, varies
considerably among different cell types, and therefore each D-type
Cyclin has essential functions in particular tissues (Wianny et al.,
1998). Besides directly regulating the cell cycle through phosphorylation of pRb, D-type Cyclins are involved in other, CDK-independent activities such as the transcriptional regulation of genes
(Bienvenu et al., 2010).
During the G1 phase of the mammalian cell cycle, various mitogenic and metabolic signals from the extracellular environment
integrate to inﬂuence the cell cycle clock. Depending on these inputs, the cell decides whether to enter or exit the cell cycle, i.e.
whether to proliferate or differentiate. As the rate-limiting and
necessary regulators for G1 phase progression, D-type Cyclins (Cyclin D1, D2, or D3) are induced by mitogenic signals and play a signiﬁcant role in cell cycle entry. Besides promoting gene
transcription and protein translation, mitogen-induced signaling
pathways also facilitate the assembly of D-type Cyclins with their
catalytic subunits, CDK4 and CDK6, and mediate the nuclear translocation of the holoenzymes (Sherr and Roberts, 1999). Progression
toward S phase and the initiation of a new round of DNA synthesis
is largely dependent upon the phosphorylation and functional
inactivation of retinoblastoma protein (pRb) family members
(pRb, p107, and p130) by Cyclin D-CDK4/6 complexes (Matsushime et al., 1992; Sherr, 1994). This process controls an E2Fresponsive transcriptional program that activates the production
of factors required for DNA replication (Trimarchi and Lees,
2002). Early E2F responsive genes include E-type and A-type Cyclins. In the late G1 phase, CDK2 is activated by Cyclin E and completes the phosphorylation of pRb (Sherr and Roberts, 1999,
2004). This leads to further activation of E2F-mediated transcription, which, in turn, facilitates the passage of the cell cycle through
the restriction point at the boundary of the G1/S phase and into S
phase initiation. In summary, the cytokine-mediated expression
and activation of D-type Cyclins and CDK4/6 propel the cells
through the restriction point, after which signaling through these
growth factors is no longer essential to complete cell division.

2. Transcriptional regulation and posttranslational
modiﬁcations of Cyclin D
Mitogenic signaling pathways induced by WNTs, ErbBs as well
as JAKs and STATs are among the best characterized inducers of Cyclin D1 transcription. It has been shown that the canonical MAP kinase pathway can stimulate the expression of Cyclin D1 through
activator protein-1 (AP-1) transcription factors (Shaulian and Karin, 2001). Similarly, cytokine receptor-activated Janus tyrosine kinases (JAKs) phosphorylate signal transducers and activators of
transcription (STATs) that, in turn, translocate to the nucleus and
enhance the transcriptional activation of the Cyclin D1 promoter
(Leslie et al., 2006; Matsumura et al., 1999; Mishra and Das,
2005; Sakamoto et al., 2007). It is also well established that Cyclin
D1 is a crucial downstream regulator of WNT signaling during
mammary gland development and carcinogenesis (Pal and Khanna,
2006). Once cells undergo differentiation, Cyclin D1 is transcriptionally downregulated to maintain a quiescent state during lactation. In mammary epithelial cells, Oct-1 may function as a

transcriptional repressor, and it has been proposed that prolactin
signaling induces expression of Cyclin D1 by removing Oct-1 from
its promoter (Brockman and Schuler, 2005).
Cyclin D levels start to rise in early G1 and continue to accumulate until the G1/S-phase boundary. These proteins have a short
half-life of about 30 min before they are subjected to regulated
proteolysis (Sherr, 1994). The degradation of Cyclin D1 is triggered
by phosphorylation of its Threonine 286 (T286) residue through
glycogen synthase kinase 3b (GSK3b) (Diehl et al., 1997, 1998).
The cytokine-mediated activation of AKT leads to an inactivation
of GSK3b and thereby promotes a prolonged stabilization of Cyclin
D1 in the nucleus. Under normal conditions, phosphorylation of
Cyclin D1 facilitates nuclear export mediated by CRM1 and subsequent rapid ubiquitin-dependent proteolysis. The ubiquitination of
phosphorylated Cyclin D1 is catalyzed by the SCFFbx4/aB-crystallin ligase (Lin et al., 2006). Recent work demonstrated that FBX4 is inactivated through somatic mutations in primary cancers, and
overexpression of Cyclin D1 in human cancers can occur as a consequence of deregulated proteolysis (Barbash et al., 2008). Compared to Cyclin D1, signiﬁcantly fewer studies have assessed the
mechanisms by which Cyclin D2 and Cyclin D3 undergo proteolysis. It has recently been shown that threonine 280 plays a role in
the stability of Cyclin D2, and the degradation of this protein is
inhibited by a mutation of threonine 280 to alanine in NIH-3T3
cells (He et al., 2009). In a similar manner, Russell and colleagues
have shown earlier that Cyclin D3 is ubiquitinated by the SCF complex and degraded by the proteosome in breast cancer cell lines
(Russell et al., 1999).
Besides transcriptional activation and posttranslational modiﬁcations, the functionality of Cyclin D1 can also be altered by other
posttranscriptional processes such as mRNA splicing. Speciﬁcally, a
G870A polymorphism that occurs at the intron 4/exon 5 boundary
of Cyclin D1 results in alternative splicing and formation of a distinct transcript (Howe and Lynas, 2001). Individuals harboring
the A870 allele have a higher propensity to produce an alternatively spliced Cyclin D1 mRNA, which is called Cyclin D1b. Translation of this transcript produces a variant of the Cyclin D1 protein,
which lacks the C-terminal PEST domain and at the T286 residue
(Betticher et al., 1995). Similar to the phosphorylation-deﬁcient
T286A mutant of Cyclin D1, the D1b isoform is constitutively nuclear but does accumulate to levels above those of wildtype D1
(Alao, 2007; Knudsen et al., 2006; Lu et al., 2003). The absence of
a C-terminal PEST sequence or residue T286 suggests that the regulation of Cyclin D1b might be different from wildtype D1 on the
functional level (Alao, 2007; Germain et al., 2000). It has been suggested that Cyclin D1b is a poor activator of CDK4 and pRb phosphorylation in vitro (Solomon et al., 2003), but a recent study has
reported that the G/A polymorphism is associated with increased
cancer risk for a wide variety of malignancies including breast cancer (Knudsen et al., 2006). Then again, unlike K5-Cyclin D1 transgenics that exhibit epidermal hyperproliferation and severe
thymic hyperplasia (Robles et al., 1996), expression of the human
Cyclin D1b under the control of the bovine keratin 5 (K5) promoter
did not cause any signiﬁcant phenotype or induction of spontaneous tumors in seven founder lines without administration of a
chemical carcinogen (Rojas et al., 2009). Reports from breast cancer models are still missing to provide experimental evidence that
expression of Cyclin D1b is sufﬁcient to initiate mammary tumorigenesis in an in vivo setting.

3. Phenotypic consequences of the knockouts of individual Dtype Cyclins and their associated kinases
Mice lacking individual D-type Cyclins are viable and develop
quite normally. However, these single knockout mice exhibit sev-
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eral cell type-speciﬁc abnormalities that are summarized in Table 1.
Speciﬁcally, Cyclin D1 knockout mice have a reduced body size,
neurological abnormalities, and display hypoplastic retinas. It has
also been reported that the mammary glands of Cyclin D1 deﬁcient
females fail to undergo normal lobuloalveolar development during
pregnancy (Fantl et al., 1995; Sicinski et al., 1995). Our own studies
show that phenotypic abnormalities associated with lack of Cyclin
D1 vary greatly depending on the genetic background (Zhang et al.,
2011). Strain-dependent differences in normal mammary gland
development will be discussed in the next section of this review,
but we also observed that Cyclin D1 deﬁciency in the FVB background led to a substantial reduction in spermatogenesis and male
infertility. This phenotypic abnormality was not observed in a
129  C57BL/6 mixed background, and it was therefore feasible
to utilize homozygous Cyclin D1 knockout males for crosses with
transgenic lines that carry mammary-speciﬁc oncogenes (Yu
et al., 2001). In this context, it is important to note that the genetic
background acts as a modiﬁer for mammary tumorigenesis in particular transgenic lines, and the phenotypic consequences of these
strain variations in association with a deletion of Cyclin D1 will be
highlighted in the last part in this review.
Defects in B-lymphocyte and pancreatic b-cell proliferation as
well as cerebellar development and adult neurogenesis are phenotypic abnormalities associated with Cyclin D2 deﬁciency (Huard
et al., 1999; Kowalczyk et al., 2004; Sicinski et al., 1996; Solvason
et al., 2000). In contrast to the deletion of Cyclin D2, deﬁciency in
Cyclin D3 leads only to a defect in T-lymphocyte development (Sicinska et al., 2003). The diverse range of mild phenotypes in mice
lacking individual D-type Cyclins suggests that, despite functional
redundancy, each Cyclin can also play an essential role in speciﬁc
cell types. These cell type-speciﬁc defects in single knockouts are
likely due to a lack of expression or a difference in the timing of
expression of the other D-type Cyclins. In support of this notion,
it has been reported that a knockin of the coding regions of Cyclin
D2 or Cyclin E into the endogenous Ccnd1 locus rescues phenotypic
abnormalities associated with Cyclin D1 deﬁciency (Carthon et al.,
2005; Geng et al., 1999).
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Double knockout mice lacking Cyclins D1 and D2 survive up to
3 weeks after birth. They exhibit the combined defects observed in
the single knockouts such as reduced body size and hypoplastic
cerebella (Ciemerych et al., 2002). In contrast, most of the Cyclin
D1/D3 double mutant mice die immediately after birth due to neurological defects, and embryos lacking Cyclins D2 and D3 die at
E17.5 and exhibit severe megaloblastic anemia. Cyclin D3 single
knockout mice have relatively fewer abnormalities compared to
either D1 or D2 deﬁcient mice, but the severity of the phenotypes
associated with Cyclin D3 deﬁciency in combination with a knockout of one of the remaining D-type Cyclins suggests that Cyclin D3
can partially take over cell type-speciﬁc functions of D1 and D2.
The importance of this phenomenon will be emphasized later in
connection with the role of individual D-type Cyclins in mammary
cancer initiation and progression.
Similar to embryos lacking Cyclins D2 and D3, deﬁciency in all
three D-type Cyclins causes severe megaloblastic anemia around
E16.5 (Kozar et al., 2004). Despite normal proliferation of most cell
types, major defects are largely limited to hematopoietic cells and
myocardial cells. Transplantation experiments and in vitro assays
of hematopoietic progenitors demonstrated that the loss of all Dtype Cyclins severely compromised the proliferation of hematopoietic stem cells. These phenotypic abnormalities are also observed
in knockout mice that lack the Cyclin D-associated CDKs (Table 2).
While mice deﬁcient in either CDK4 or CDK6 are viable, a double
knockout of both kinases causes defects in hematopoiesis and
embryonic lethality after E14.5 (Malumbres et al., 2004). Like in
the Cyclin D deﬁcient mice, possible phenotypic variations in
CDK4/6 knockouts in diverse genetic backgrounds have not received much attention in the past.
In summary, the studies on single, double, and triple Cyclin D
knockout mice and their associated CDKs revealed that D-type Cyclin complexes have redundant functions in most cell types.
Although deletion of two or all three D-type Cyclins as well as
CDK4 or CDK6 does not affect the proliferation of many cell types,
at least two of the three D-type Cyclins and both associated CDKs
are necessary for normal embryogenesis and postpartum develop-

Table 1
Phenotypes of mice lacking D-type Cyclins. Adapted from Sherr and Roberts (2004).
Disrupted
gene(s)

Survival

Pathology

References

Cyclin D1

Viable

Small body size, hypoplastic retinopathy, defective mammary development
during pregnancy, and uncharacterized neuropathy with altered clasping
reﬂexes
Reduction in spermatogenesis and male infertility in FVB background
More extensive lobular development in the mammary gland during
pregnancy in BALB/c and FVB
Defective ovarian granulosa cell development and female sterility. Males
have hypoplastic testes but are fertile. Abnormal postnatal cerebellar
development due to a reduced number of granule neurons and loss of stellate
interneurons. Impaired proliferation of peripheral B-lymphocytes
Hypoplastic thymus with loss of T-cell maturation from double-negative
(CD4 , CD8 ) to double-positive (CD4+, CD8+) cells due to cytokineindependent defects in pre-TCR signaling
Death likely is due to severe megaloblastic anemia; other hematopoietic
lineages were not evaluated
Neuropathy leading to meconium aspiration is cause of early death. Survivors
fail to thrive and exhibit hypoplastic retinas

Fantl et al. (1995), Sicinski et al. (1995)

Cyclin D2

Viable

Cyclin D3

Viable

Cyclin D2
and D3
Cyclin D1
and D3

Prior to E18.5

Cyclins D1
and D2
Cyclins
D1, D2,
and D3

Death at P1, some
animals survive up to
2 months
Until 3 weeks
postnatally
Until E16.5

Retarded growth and impaired coordination. Inhibited postnatal cerebellar
development, and hypoplastic retinas
Severe hematopoietic deﬁcits affecting number and proliferative capacity of
stem cells and multipotential progenitors. Fetal liver lacks progenitors and
cannot reconstitute lymphoid or myeloid function after transplantation.
Death due to anemia and defects in heart development. MEFs can be
propagated in culture but exhibit greatly reduced susceptibility to
transformation by oncogenic Ras + Myc, E1A, or DN-p53

Zhang et al. (2011)
Aupperlee et al. (2009), Zhang et al. (2011)
Huard et al. (1999), Kowalczyk et al. (2004),
Lam et al. (2000), Sicinski et al. (1996), Solvason
et al. (2000)
Sicinska et al. (2003)

Ciemerych et al. (2002)
Ciemerych et al. (2002)

Ciemerych et al. (2002)
Kozar et al. (2004)
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Table 2
Developmental abnormalities associated with CDK4 and CDK6 deﬁciency.
Disrupted
gene(s)

Survival

Pathology

References

CDK4

Viable

Moons et al. (2002a,b), Rane et al.
(1999), Tsutsui et al. (1999), Zou
et al. (2002)

CDK6

Viable

CDK4 and
CDK6

Progressive embryonic lethality
from E14.5 onward; a few pups die
after birth

Small body size. Most males are sterile due to hypoplastic testes and low
sperm counts. Female sterility is due to defects in the hypothalmic–pituitary
axis, abnormal estrus, and failure of corpus luteum. Abnormal development
of pancreatic b-islet cells leads to insulin-dependent diabetes within the ﬁrst
2 months of life. MEFs can be propagated in culture with decreased ability to
enter the cell cycle from quiescence; they express aberrantly high levels of
p21Cip1 and resist transformation by oncogenic Ras + DN-p53
Thymic and splenic hypoplasia, and mild defects in hematopoiesis. Tlymphocytes exhibit delayed S-phase entry
Small embryos. Partial failure of hematopoiesis results from reduced multipotential progenitors and multi-lineage deﬁcits, including severe
megaloblastic anemia. MEFs proliferate with increased generation time and
reduced S-phase fraction. Some D-type Cyclins associate with and activate
CDK2. MEFs resist transformation

ment. The signiﬁcance of this functional redundancy in cancer will
be highlighted in the last section of this review.

4. The role of D-type Cyclins in normal mammary gland
development
Similar to genetically engineered mice that are deﬁcient in prolactin signaling, females that lack Cyclin D1 in a 129  C57BL/6
mixed background exhibit defective alveologenesis during pregnancy and impaired lactation (Fantl et al., 1995; Sicinski et al.,
1995). This supports the notion that Cyclin D1 mediates the proliferative burst of alveolar progenitors in response to pregnancy hormones, in particular prolactin (PRL). While the elongation of
mammary ducts following puberty is not dependent on PRL signaling, this hormone and its receptor are required for the numeric
expansion and functional differentiation of the milk-producing
alveolar cells during pregnancy (Horseman et al., 1997; Ormandy
et al., 1997). Using conditional knockout mice or mammary epithelial transplantation, we and others have demonstrated that Jak2 is
essential for the activation of Stat5 in response to PRL signaling
in vivo. These studies also show that the proliferation of alveolar
progenitors and the survival of their differentiated descendants
are strictly dependent on these particular signal transducers in diverse genetic backgrounds (Cui et al., 2004; Shillingford et al.,
2002; Wagner et al., 2004; Yamaji et al., 2009). Previous observations also suggest that PRL signaling through the Jak2/Stat5 pathway controls the expression and functionality of Cyclin D1 in the
mammary epithelium. PRL may regulate the expression of Cyclin
D1 indirectly through upregulation of IGF-2 (Brisken et al., 2002).
On the other hand, Brockman and colleagues (2002) reported that
Stat5 directly mediates the transcriptional activation of the Cyclin
D1 promoter. Using Jak2 conditional knockout cells, we demonstrated that signaling through Jak2 and Stat5 not only controls
the expression of the Cyclin D1 mRNA but, more importantly, these
signal transducers regulate the accumulation of the Cyclin D1 protein in the nucleus through modiﬁcation of the AKT/GSK3b pathway (Sakamoto et al., 2007). Speciﬁcally, active Stat5 binds to
p85, the regulatory subunit of the PI3 kinase, in mammary epithelial cells (Sakamoto et al., 2007). Additionally, Stat5 elevates the
mRNA expression of Akt1 through transcriptional activation of this
gene from a distinct promoter (Creamer et al., 2010). In turn, the
PRL-mediated increase in the levels and activation of Akt1 promotes the stabilization of the Cyclin D1 protein through inhibition
of GSK3b, which, as discussed earlier, mediates the phosphorylation, nuclear export, and degradation of this cell cycle regulator.

Malumbres et al. (2004)
Malumbres et al. (2004)

Mice lacking Cyclins D2 or D3 do not show any obvious defects
in mammary gland development (Ciemerych et al., 2002). The fact
that phenotypic abnormalities as a result of Cyclin D1 deﬁciency
can be rescued through expression of Cyclin D2 or Cyclin E under
control of the endogenous Ccnd1 locus (47, 48) might indicate that
the level of expression of Cyclin D1 in the mammary epithelium is
more important than the speciﬁc functions of this particular cell
cycle regulator. Geng and colleagues (2001) reported that the functional ablation of p27Kip1 also restored normal alveologenesis in
Cyclin D1-deﬁcient females, and they suggested that both kinasedependent and kinase-independent functions of Cyclin D1 are required for mammary epithelial cell proliferation. As an alternative
interpretation of these observations, they proposed that the kinase-dependent role of Cyclin D1 is fully dispensable. Indeed, Landis et al. (2006) showed that knock-in mice expressing the K112E
mutant of Cyclin D1, which lacks normal activation of CDK4/6, did
not exhibit any defects during mammary gland growth and differentiation. Interestingly, genetically engineered mutants that lack
the pRb interaction domain (LxCxE) also did not show any abnormalities in body growth, mammary gland or retinal development
(Landis et al., 2007). Hence, Cyclin D1 does not seem to exert its
biologically relevant functions by binding to pRb in a manner analogous to the adenoviral protein E1A, the E7 human papilloma virus
protein, or the SV40 large T antigen.
At ﬁrst glance, the biological signiﬁcance of Cyclin D1 during
mammary gland development appears to be well deﬁned, and it
is generally assumed that the phenotype associated with Cyclin
D1 deﬁciency in the mammary gland is epithelial cell autonomous
(Fantl et al., 1999). It should be noted, however, that the vast
majority of studies on Cyclin D1 knockout females were performed
only in the 129 or C57BL/6 genetic backgrounds. We mentioned
earlier that phenotypic abnormalities in Cyclin D1 knockout mice
can vary depending on the genetic strain, and this phenomenon
is particularly obvious with regard to mammary gland development. We recently reported that, unlike in a 129  C57BL/6 mixed
background, Cyclin D1 is largely dispensable for the proliferation
and differentiation of secretory alveoli in pregnant and postpartum
FVB females (Zhang et al., 2011). The parity-induced terminal differentiation of the secretory epithelium was not impaired, which
was evident by the abundant expression of the late milk protein
WAP (whey acidic protein) in Cyclin D1 deﬁcient mammary glands.
Similar to our ﬁndings, Aupperlee et al. (2009) reported previously
that the Cyclin D1 knockout mice show more extensive alveolar
development in BALB/c compared to the C57BL/6 background. In
part, this might be due to elevated levels of Cyclin D2 or D3 as
shown recently in FVB mice that express exogenous PRL in the
mammary epithelium of Cyclin D1 knockout animals (Asher
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et al., 2012). Using quantitative RT-PCR, we have also observed an
approximate 30% increase in Cyclin D3 mRNA in the mid-pregnant
mammary gland of FVB Cyclin D1 / females (Zhang and Wagner,
unpublished). All these observations suggest that, depending on
the genetic strain, a compensatory upregulation of other D-type
Cyclins can occur in response to D1 deﬁciency. The signiﬁcance
of this phenomenon with regard to the initiation and progression
of ErbB2 and PRL-induced mammary cancer will be discussed later
this review.
Regardless of the extent of alveologenesis and occasionally
some milk in the stomach of pups, Cyclin D1 knockout females in
the FVB strain failed to rear their offspring. We propose that the
lactation defect in Cyclin D1 knockout mice is not only a consequence of the cell intrinsic functions of Cyclin D1 but appears to
be more complex than previously appreciated. This assumption is
based on our observation that re-expression of exogenous Cyclin
D1 in the Cyclin D1 / mammary epithelium was insufﬁcient to restore lactation despite the presence of abundant milk within
grossly extended alveoli at parturition (Zhang et al., 2011). Almost
certainly, the lactation defect in Cyclin D1 knockout females includes a behavioral component. In addition to small size, Cyclin
D1 deﬁcient mice possess neurological abnormalities that are evident by impaired movement and postpartum dams failing to care
for their waning offspring. To discriminate systemic effects of Cyclin D1 deﬁciency from intrinsic functions of this cell cycle regulator in the mammary epithelium, it will be necessary in the future
to carefully examine a Cyclin D1 conditional knockout mouse, preferably in diverse genetic backgrounds such as FVB, BALB/c, and
C57BL/6.

5. All three D-type Cyclins are deregulated in human breast
cancers
Cyclin D1 is frequently upregulated in a variety of malignancies
including breast cancer. Previous studies have shown that the gene
encoding this particular D-type Cyclin is ampliﬁed in 15% and overexpressed in 30–50% of primary human breast cancers. High levels
of the Cyclin D1 protein are more commonly found in ER-positive
cases, and the overexpression of this cell cycle regulator is associated with poor outcome. Interestingly, the activity of CDK4 seemed
not to strictly follow the Cyclin D1 expression proﬁle in breast cancer cell lines, and it was therefore suggested that CDK4-independent functions of Cyclin D1 may contribute to its biological effect
as an oncogene in breast cancer (Arnold and Papanikolaou, 2005;
Sutherland and Musgrove, 2004).
Expression of Cyclin D1 under regulation of the mouse mammary tumor virus (MMTV) LTR in transgenic females resulted in
precocious alveolar development and the formation of adenocarcinomas with papillary and cribriform elements as well as squamous
differentiation (Wang et al., 1994). Tumors appeared in about 75%
of mice after a relatively long latency period of 18 months, suggesting that Cyclin D1 is a rather weak oncogene and additional genetic
events are required for Cyclin D1 to exert its transforming potential. A mechanism that contributes to a weaker oncogenicity of Cyclin D1 is its GSK3b-mediated phosphorylation and accelerated
turnover. Female mice expressing a T286A mutant form of Cyclin
D1, which is more resistant to nuclear export and proteasomal degradation, develop mammary adenocarcinomas at an increased rate
relative to mice that overexpress wildtype Cyclin D1 (Lin et al.,
2008). Collectively, these ﬁndings indicate that, in addition to the
overexpression of this cell cycle regulator, the temporal control
of the subcellular localization and proteolysis of Cyclin D1 is
equally important for mammary cancer initiation. It should be
noted that the constitutively nuclear T286A mutant of Cyclin D1
effectively binds CDK4 in mammary epithelial cells of transgenic
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mice (Lin et al., 2008; Zhang et al., 2011), and it is therefore likely
that the catalytic activity of CDK4 or CDK6 is involved in neoplastic
transformation. Despite the recurring theme in the literature that
CDK-independent functions of Cyclin D1 play a signiﬁcant role in
breast cancer, experiments using transgenic mice are still missing
to substantiate this claim. For example, a direct comparison of the
expression of the D1-K112E mutant with wildtype Cyclin D1, both
expressed under a mammary gland-directed promoter (e.g.,
MMTV-LTR), might provide insight as to whether elevated levels
of a Cyclin D1 isoform, which lacks activation of CDK4/6, is sufﬁcient to initiate mammary tumorigenesis.
Among the 12,000 articles on Cyclin D1 that are currently
listed in PubMed, approximately 1600 show some association to
breast cancer. In comparison to the overwhelming interest in this
particular D-type Cyclin, it is astonishing to note that the combined
number of publications on Cyclins D2 and D3 and breast cancer are
roughly only 10% of those on Cyclin D1. In part, this might be due
to the suggested inverse relation between Cyclin D2 expression
and breast cancer progression. It has been reported that up to
50% of human breast cancers exhibit low expression of Cyclin D2,
which, to some extent, is a consequence of promoter silencing
through hypermethylation (Evron et al., 2001; Fischer et al.,
2002). The notion that this particular D-type Cyclin appears to
have a predominantly negative role on the proliferation of mammary epithelial cells might also be supported by the phenotypic
examination of MMTV-Cyclin D2 transgenic mice (Kong et al.,
2002). Females overexpressing Cyclin D2 showed impaired alveologenesis during pregnancy, and the proliferative defect was associated with an increase in p27 and a decrease in Cyclin D1 levels.
Nonetheless, 19% of MMTV-Cyclin D2 transgenics mice developed
tumors after a latency of 12.5 months. Unfortunately, a histopathological and molecular characterization of these mammary tumors had not been performed.
Our own analysis of Cyclin D2 protein expression on 2 untransformed and 15 human breast cancer cell lines show that this cell
cycle regulator is present at low levels in 14 out of the 17 cell lines
(Zhang et al., 2011). In this study, which was primarily focused on
ErbB2-positive cancers, we observed that 8 of the 15 breast cancer
cell lines exhibited a somewhat lower expression of Cyclin D2
compared to untransformed MCF-10A and MCF-12A cells. However, we also noticed that three cell lines showed elevated levels
of Cyclin D2, and this protein was the only D-type Cyclin expressed
in poorly differentiated, ErbB2 positive HCC1569 cells. Recently,
Escamilla-Hernandez et al. (2010) reported that the Ets transcription factor Elf5 can transcriptionally repress Ccnd2 by directly
binding to its proximal promoter region. Elf5 has been demonstrated to be important for alveolar cell speciﬁcation and differentiation (Oakes et al., 2008). Since loss of this transcription factor
may promote epithelial-to-mesenchymal transition (EMT) and
cancer progression through release of the transcriptional suppression of Snail2 (Chakrabarti et al., 2012), it might be reasonable to
hypothesize that Cyclin D2 is speciﬁcally elevated in a subset of
poorly differentiated breast cancer cells that exhibit features of
EMT and a higher potential for metastatic dissemination.
Although Cyclin D3 is widely expressed in many tissues, it is the
least studied member of the D-type Cyclin family in human malignancies. Bartkova et al. (1996) performed an initial immunohistochemical analysis of Cyclin D3 expression in a panel of human
cancers, and they were the ﬁrst to report that this particular cell
cycle regulator was overexpressed in breast cancer specimens.
Similarly, Russell and colleagues (1999) observed that Cyclins D1
and D3 are synchronously upregulated as a consequence of defective proteolysis in a signiﬁcant subset of human breast cancer
cases. To assess biologically relevant functions of Cyclin D3
in vivo, they generated transgenic mice that express this D-type Cyclin under regulation of the MMTV-LTR. While overexpression of
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Cyclin D3 had no noticeable effect on normal mammary gland
development, 73% of MMTV-Cyclin D3 females developed mammary cancer after multiple pregnancies. The histopathological
examination of these mammary tumors revealed that the gainof-function of Cyclin D3 resulted predominantly in the development of squamous cell carcinoma (Pirkmaier et al., 2003) Since
MMTV-Cyclin D1-induced neoplasms are mostly ERa-positive
and ERa-negative papillary or glandular adenocarcinomas (Wang
et al., 1994), Pirkmaier et al. (2003) suggested that different D-type
Cyclins may have the ability to activate alternative oncogenic
pathways.
Using western blot analysis and quantitative immunoﬂuorescence (i.e., two independent assays with different antibodies), we
recently veriﬁed that Cyclin D3 is highly upregulated in primary
human breast cancers and in cell lines (Zhang et al., 2011). In particular in ErbB2-positive cases, Cyclin D3 often exceeded the
expression of Cyclin D1. Our observations are in line with ﬁndings
by Wong and colleagues (2001), who reported that Cyclin D3 was
more abundant than Cyclin D1 in high-grade breast cancers. In
addition, we demonstrated that a knockdown of Cyclin D3 in
breast cancer cells resulted in a compensatory upregulation of Cyclin D1 (Zhang et al., 2011), suggesting that the combined pool of
D-type Cyclins is critical for breast cancer cell proliferation.
Collectively, the comprehensive analysis of the expression of Dtype Cyclins in breast cancer shows that all these cell cycle regulators are, at various degrees, signiﬁcantly upregulated. Depending
on the cancer subtype, the contribution of all three individual Cyclins fuel the numeric expansion of breast cancer cells, and therefore, the singular focus on only Cyclin D1 in 90% of the published
studies to date will unlikely provide a deﬁnitive insight into the
signiﬁcance of this family of Cyclins in mammary tumor initiation
and progression.

6. Role of D-type Cyclins in breast cancer initiation versus
progression
The generation and analysis of transgenic mice provided experimental evidence that overexpression of wildtype Cyclin D1 is sufﬁcient to induce neoplastic transformation and mammary
tumorigenesis. In addition, it has been observed that murine mammary cancers induced through overexpression of ErbB2 or oncogenic Ras show an increased expression of endogenous Cyclin D1
(Fu et al., 2004; Sutherland and Musgrove, 2004). Moreover, Yu
et al. (2001) reported that the deletion of the Cyclin D1 gene prevented mammary carcinogenesis in MMTV-neu and MMTV-Haras transgenics, but Cyclin D1 deﬁciency had no effect on tumor
onset induced by c-Myc or Wnt1. A null mutation of Cyclin D2 or
D3 did not delay neoplastic transformation, and expression of Cyclin E under control of the endogenous Ccnd1 gene promoter was
sufﬁcient to restore ErbB2-associated mammary tumorigenesis in
the absence of Cyclin D1. As mentioned earlier, knockin mice
expressing mutant Cyclin D1, which is deﬁcient in activating
CDK4/6, did not exhibit abnormal mammary gland development,
but it was reported by Landis and colleagues (2006) that these animals were resistant to ErbB2-indcued neoplastic transformation.
The notion that the Cyclin D1-dependent kinase activity is necessary for neoplastic growth was conﬁrmed in mice that express
ErbB2 in a CDK4-deﬁcient background (Reddy et al., 2005; Yu
et al., 2006). In contrast, the LxCxE domain of Cyclin D1 and binding to pRb appears not to be required for mammary carcinogenesis
in MMTV-neu transgenics (Landis et al., 2007).
Collectively, all these studies in genetically engineered mice
seem to suggest that targeting speciﬁcally Cyclin D1 and its ability
to activate CDK4 is sufﬁcient to treat ErbB2 (Her2/neu)-positive
breast cancers in humans. However, this general interpretation of

these observations in conventional knockout mouse models should
be viewed with some skepticism. Overexpressing a particular
oncogene in a Cyclin D1 or CDK4 null background is clearly an
experimental model for cancer prevention, and the results should
not be misperceived as cancer therapy (Matulka and Wagner,
2005). These knockout females do not express any of these cell cycle regulators throughout development, and consequently, these
animals did not develop any mammary tumors. This is a very different scenario from a situation where a woman is diagnosed with
this dreadful disease and decisions have to be made to treat advanced breast cancer based on the histopathology and biomarker
expression. From a standpoint of modeling cancer in animals, it
should never be assumed that a cancer-initiating mutation is always required during the entire evolutionary process of a metastatic cancer (Matulka and Wagner, 2005). In contrast to the
widely used term ‘‘oncogene addition’’, it was the ﬁrst ligand-regulated transgenic cancer model generated in 1996 in the laboratories of Lothar Hennighausen and Priscilla Furth that should have
taught us that cancer cells can lose their dependence on transforming oncogenes for the maintenance of the transformed state (Ewald
et al., 1996). In this ﬁrst reversible cancer model, adenocarcinomas
were induced through temporally and spatially controlled expression of the SV40 large T antigen, a vial oncoprotein that is known to
inhibit pRb downstream of active Cyclin D/CDK4/6 complexes. In
subsequent studies, our team has employed conditional knockout
mice to assess the importance of signaling networks prior to and
after the onset of mammary tumorigenesis (Sakamoto et al.,
2009, 2010). Speciﬁcally, we have demonstrated that deﬁciency
in Jak2, which acts upstream of Cyclin D1, was sufﬁcient to completely prevent ErbB2- and PRL-induced mammary tumorigenesis.
However, the inhibition of this Janus kinase in established tumors
had no noticeable effect on cancer cell survival and growth in vivo.
This suggests that signaling networks that drive cell proliferation
and survival can be fundamentally different between normal and
neoplastic cells.
Another major concern of the phenotypic analysis of females
that express ErbB2 in the absence of Cyclin D1 or CDK4 is that all
previous studies were performed in mixed genetic backgrounds.
We mentioned earlier that the extent of the phenotypic abnormalities in the mammary gland and reproductive organs varies considerably among Cyclin D1 deﬁcient mice in different genetic strains;
but more importantly, the presence of C57BL/6 alleles is known to
confer resistance towards MMTV-neu-induced mammary tumorigenesis (Rowse et al., 1998). We have shown recently that a knockout of Cyclin D1 can extend the tumor-free survival in MMTV-neu
transgenic females (Zhang et al., 2011), but unlike previously reported (Yu et al., 2001), deﬁciency in Cyclin D1 did not prevent
the onset of ErbB2-indcued mammary tumorigenesis in the FVB
strain. Therefore, targeting Cyclin D1 might be, to some degree,
an acceptable strategy for chemoprevention to delay cancer initiation, but cancer cells do eventually evolve over time though selective mechanisms that employ alternative pathways to optimize
their growth and survival without Cyclin D1. The fact that ErbB2indcued cancer cells can form and proliferate in complete absence
of Cyclin D1 indicates that targeting of this particular D-type Cyclin
is far from optimal for cancer therapy.

7. Targeting the function of all D-type Cyclins can effectively
prevent the proliferation of ErbB2-positive mammary cancer
cells
A suitable experimental design to assess the importance of a
protein during cancer progression is to downregulate its expression within the cancer cells of an established neoplasm in vivo.
Based on this idea, we generated a tetracycline-controlled expres-
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sion model that allows the targeted ablation of Cyclin D1 in progressing ErbB2-positive mammary cancers (Zhang et al., 2011).
Using this experimental design, we found that Cyclin D1 is not
essential for the proliferation of cancer cells. This result is in line
with our observation that Cyclin D1 knockout mice develop
MMTV-neu-induced mammary tumors, and we therefore proposed
that targeting only this particular D-type Cyclin is not a reliable
strategy to treat ErbB2-associated breast cancer. The analysis of
primary mammary tumors that arose in Cyclin D1 knockout mice
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revealed that these neoplasms exhibited a compensatory upregulation of Cyclin D3 and, to a much lesser extent, an elevation of Cyclin E. In part, the higher expression of Cyclin D3 was a
consequence of an increase in the transcriptional activation of
the Ccnd3 gene as determined by quantitative RT-PCR (Zhang and
Wagner, unpublished). Unlike a previous report (Bowe et al.,
2002), we did not observe a gain-of-function of Cyclin E that is able
bypass the importance of all D-type Cyclins. More importantly, we
demonstrated that the targeted knockdown of Cyclin D3 in tumor

Fig. 1. Expression of exogenous Cyclin D1 in the mammary epithelium of Cyclin D1 knockout mice does not accelerate ErbB2-induced mammary tumorigenesis.
Immunostaining of Cyclin D1 in histologic sections of normal and hyperplastic mammary ducts as well as mammary tumors of MMTV-neu MMTV-tTA TetO-Cyclin D1 triple
transgenic females (A, B), MMTV-neu MMTV-tTA TetO-Cyclin D1 Cyclin D1 / mice (C-E), and MMTV-neu Cyclin D1 / littermate controls (F). Slides were counterstained with
hematoxylin; bar represent 50 lm. Inset in panel C shows a section of the salivary gland, which serves as a positive control for expression of MMTV-driven transgenes (here
MMTV-tTA mediated transactivation of TetO-Cyclin D1).
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cells that lack Cyclin D1 was sufﬁcient to slow or halt cancer cell
proliferation in culture and in vivo (Zhang et al., 2011). The phenomenon that upregulation of Cyclin D3 compensates for the loss
of Cyclin D1 during mammary tumorigenesis seems not to be restricted to ErbB2-associated neoplastic transformation. Asher and
colleagues (2012) recently reported that mammary tumor formation in NRL-PRL mice, which develop ERa-positive as well as
ERa-negative lesions, does not depend on Cyclin D1, and these
mammary cancers showed an increased nuclear expression of Cyclin D3. Collectively, these studies in mice parallel our observation
that human breast cancer cell lines and primary human breast cancers express high levels of Cyclin D3. It should be noted, however,
that unlike in ErbB2-induced mammary tumors in mice that typically express higher levels of Cyclin D1, Cyclin D3 often exceeded
the levels of Cyclin D1 in comparable ErbB2-positive primary human breast cancers (Zhang et al., 2011). This was also the case
for many ERa-positive cancer cell lines such as T47-D and MCF-7
cells that are being frequently used in experiments. In summary,
based on the analysis of tumor formation in Cyclin D1 knockout
mice using various oncogenes as well as the expression proﬁle of
D-type Cyclins in human cancer specimens, it should be evident
that targeting only Cyclin D1 is not sufﬁcient to prevent or treat
human breast cancer.
Regardless of the previous reports discussed above, a new article by Choi et al. (2012) reiterates the importance of Cyclin D1 in
ErbB2-associated mammary cancer progression. These investigators developed a Cyclin D1 conditional knockout mouse; but instead of ablating this gene in the mammary gland or speciﬁcally
in developing mammary tumors, they used a tamoxifen-inducible
Cre strain to delete Cyclin D1 systemically in adult mice that developed MMTV-neu-induced mammary tumors. Based on the ﬁndings
presented in this new report, the authors concluded that Cyclin D1
is essential for mammary cancer cell proliferation and suppression
of cellular senescence. Despite the ubiquitous expression of Cre
recombinase, the extent of the deletion of Cyclin D1 in tumors
was performed only by semi-quantitative PCR, which does not distinguish speciﬁc cell types or discriminate tumor cells from the
supporting stroma. Although it is generally perceived that Cyclin
D1 acts in a cell autonomous manner (Fantl et al., 1999), it might
still be feasible that a systemic deletion of Cyclin D1 can cause indirect effects on cancer cell proliferation that mask the intrinsic functions of this cell cycle regulator within tumor cells. In support of
this argument, we observed that overexpression of exogenous Cyclin D1 exclusively in mammary epithelial cells of aging females
did not accelerate ErbB2-induced transformation and tumor
growth (Fig. 1A and B). Both MMTV-neu single transgenics
(N = 10) and MMTV-neu MMTV-tTA TetO-Cyclin D1 triple transgenic females (N = 10) showed a similar tumor latency of about
230 days (P = 0.7; Sakamoto and Wagner, unpublished). Also, Cyclin D1 deﬁcient females expressing transgenic Cyclin D1 speciﬁcally in the mammary epithelium (FVB, MMTV-neu MMTV-tTA
TetO-Cyclin D1 Cyclin D1 / ) showed a delayed tumor onset that
was comparable to MMTV-neu single transgenic mice in a Cyclin
D1 deﬁcient background (FVB, MMTV-neu Cyclin D1 / ). Although
high levels of exogenous Cyclin D1 in the mammary epithelium
that lacks both endogenous Cyclin D1 alleles were clearly visible
(Fig. 1C), some females did not develop any invasive mammary
cancers, and only small lesions of alveolar hyperplasia were detectable in histological sections by 21 months of age (Fig. 1D). More
interestingly, MMTV-neu MMTV-tTA TetO-Cyclin D1 Cyclin D1 /
females that developed palpable mammary tumors and invasive
lesions exhibited no expression of transgenic Cyclin D1 (Fig. 1E),
suggesting that this cell cycle regulator is not required for tumor
cell proliferation and survival. In terms of the expression of D-type
Cyclins, these cancers are therefore identical to MMTV-neu-induced mammary tumors that arose in complete absence of endog-

enous and exogenous Cyclin D1 (Fig. 1F). In summary, a mammaryspeciﬁc overexpression of Cyclin D1 did not rescue the delay in
ErbB2-induced mammary carcinogenesis in mice that are systemically deﬁcient in endogenous Cyclin D1. We therefore propose
that Cyclin D1 deﬁciency may cause indirect effects that result in
a prolonged latency in mammary tumor formation in MMTV-neu
transgenics.
With regard to the obvious differences between their ﬁndings
and our previous report, Choi et al. (2012) disregarded the collective observations of our team as a cell culture artifact, which
may have resulted in an abnormal expression of Cyclin D3 due
do repeated passaging of cells ex vivo. This is certainly an incorrect
and misleading recollection of the results of our study since the
upregulation of Cyclin D3 was observed in primary tumors of Cyclin D1 deﬁcient mice. In addition to their genetic mouse model,
Choi and co-workers used a dual CDK4/6 inhibitor (i.e., PD0332991) to halt the proliferation of ErbB2-expressing mammary
tumor cells, and they concluded that ‘‘Cyclin D1 and the Cyclin
D1-associated kinase’’ are essential for the maintenance of
ErbB2-driven breast cancers. This conclusion should be viewed
with skepticism since (a) this inhibitor targets CDKs that associate
with all three D-type Cyclins, (b) mouse MMTV-neu tumors express Cyclin D3 in addition to Cyclin D1, and, most importantly,
(c) ErbB2-positive breast cancers in humans express higher levels
of Cyclin D3 compared to murine tumors, and the expression of
D3 can even exceed the levels of D1 in individual breast cancer
specimens.
Collectively, we can agree that targeting the kinase function of
all D-type Cyclins is effective to prevent the proliferation of
ErbB2-positive cancer cells. As mentioned earlier, a knockdown
of Cyclin D3 in Cyclin D1-deﬁcient cancer cells, that typically also
expressed very low levels of Cyclin D2, resulted in growth arrest
in vitro and in vivo (Zhang et al., 2011). In a study prior to the recent
report by Choi et al. (2012), Dean and colleagues (2010) have demonstrated that inhibition of CDK4/6 using the well-tolerated drug
PD-0332991 can effectively block the numeric expansion of selected ERa-positive and ERa-negative breast cancer cells that have
normal pRb function. Therefore, as long as the proliferation of
breast cancer cells can be controlled by the pRb tumor suppressor,
targeting the combined functions of D-type Cyclins could be a suitable strategy for the treatment of breast cancer.
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