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1. Introduction

D type cyclins are major downstream targets of
extracellular signaling pathways which act to trans-
duce mitogenic signals to the cell cycle machinery.
Transcriptional induction of D type cyclins occurs
in response to a wide variety of mitogenic stimuli,
including the Ras signaling cascade [1,2] and the
APC-B-catenin-Tcf/Lef pathway [3]. In addition, cy-
clin D1 protein turnover and subcellular localization
are highly regulated during the cell cycle [4]. Because
of their critical role in linking cytoplasmic signals to
nuclear responses it is perhaps not surprising that D
type cyclins are frequent targets of mutagenesis in
various types of cancer [5].

Biochemically, D-type cyclins act, in part, as reg-
ulatory subunits of cyclin-dependent kinases (CDKs)
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4 and 6. Cyclin D/CDK4/6 complexes, together with
cyclin E/CDK2, cause phosphorylation of the retino-
blastoma family of tumor suppressor proteins (pRb,
pl07 and p130) in the G1 phase of the cell cycle,
resulting in abrogation of their growth-inhibitory ac-
tivity (see [6] for a review). The ability of D type
cyclins to interact with and activate their CDK part-
ners is antagonized by the pl6™K# family of CDK
inhibitors. Mutations in p/6'V&4 are found in a va-
riety of spontaneous tumors and heterozygosity for
pl16™K44 in the germ line predisposes to melanoma
[7]. Tt is generally believed that this pl6™K4A_cyclin
D1-pRb pathway is deregulated in virtually all hu-
man cancers and this notion underscores the critical
role of D type cyclins as CDK regulators in growth
control.

However, in the past 2 years it has become apparent
that D type cyclins also have activities that are unre-
lated to their function as CDK regulatory subunits.
These novel CDK-independent activities of D type
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Fig. 1. Multiple ways to activate the ER. In the absence of ligand, ER is unable to interact with SRCs directly as its leucine-rich co-
activator interaction motif (AF2, indicated as LLXXXL) is sterically unavailable for SRC interaction. (A) Hormone binding by ER
exposes AF2 and allows recruitment of SRCs to ER, leading to activation of ER. (B) Hormone-independent binding of cyclin D1 to
ER provides a single leucine-rich interaction motif for SRCs on the cyclin DI/ER complex, which is present in the carboxyl terminus
of cyclin DI1. This results in partial activation of ER. (C) Ligand binding of ER in the presence of cyclin D1 provides two indepen-
dent interaction surfaces for SRCs: one is formed by the leucine-rich motif in AF-2 of ER and a second in the carboxyl terminus of
cyclin D1. (D) The observed synergism between estrogen and cyclin D1 in ER activation may result from their cooperative recruit-
ment of SRCs to the ER. The protein interaction motifs are shown in italics (L =leucine, X =any amino acid).

cyclins and their possible contribution to growth reg-
ulation and cancer are the topic of this brief review.

2. The cyclin D1-estrogen receptor connection in
breast cancer

Cyclin DI is either amplified or over-expressed in a
number of human malignancies, the most prominent
being breast cancer, in which up to 50% of all cases
have elevated levels of cyclin D1 [8-10]. The rele-
vance of cyclin DI over-expression in breast cancer
is further emphasized by the finding that tissue-spe-
cific transgenic expression of cyclin DI in mice results
in mammary hyperplasia and adenocarcinoma [11].
Consistent with a prominent role for cyclin D1 in
growth of breast epithelium, cyclin DI knockout
mice show a marked defect in breast epithelium de-
velopment during pregnancy [12,13].

Estrogens are major determinants of proliferation
of breast epithelial cells. The mitogenic activity of
estrogens is mediated through the estrogen receptor
(ER), a nuclear hormone receptor that acts as a li-
gand-regulated transcription factor. Interestingly,

whereas only some 50-60% of human breast cancers
express a functional ER, cyclin DI over-expression is
seen preferentially in ER-positive breast cancers
[10,14]. There are several possible explanations for
the observed co-expression of cyclin D1 and ER in
breast cancer. Since activation of the ER by hor-
mone leads to transcriptional induction of cyclin
DI [15], it is possible that cyclin DI expression
merely reflects the presence of a functional ER that
drives cyclin DI expression in the tumor cells. Alter-
natively, it is possible that cyclin D1 derives (part of)
its oncogenic activity in breast cancer by acting
through the ER. In this scenario, cyclin DI expres-
sion would confer a selective advantage in breast
cancer only when a functional ER is present. This
latter notion is supported by two recent studies
which indicate that expression of cyclin DI leads to
hormone-independent activation of ER [16,17]. Sur-
prisingly, this effect of cyclin DI on ER does not
require CDK binding by cyclin D1, since it can be
recapitulated with the cyclin D1 KI112E mutant,
which is unable to bind CDK4. In fact, a cyclin
D1/CDK4 complex is unable to activate the ER,
providing further support for the notion that cyclin
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D1 acts on ER in a CDK-independent fashion. Sub-
sequent experiments showed that cyclin D1 forms a
direct physical complex with the ER [16,17]. Impor-
tantly, cyclin D1 not only interacts with the ER but
also with several members of a family of related ste-
roid receptor coactivators (SRCs) [18,19].

When ER is activated by ligand, a dramatic con-
formational change takes place which exposes a
short helical motif (named AF2) that constitutes a
binding site for the SRC family of coactivators
(Fig. 1A,B). It is generally believed that SRC recruit-
ment to ER is responsible for transcriptional activa-
tion of ER. Interestingly, the motif of cyclin D1 that
mediates binding to SRCs is very similar to the AF2
motif used by ER to bind SRCs [18]. Thus, the find-
ing that cyclin D1 can bind both ER and SRCs sug-
gests that cyclin D1 can act as a bridging factor that
recruits coactivators to ER in the absence of hor-
mone (Fig. 1C). If cyclin D1 and hormone are
both present, two different contacts are made be-
tween ER and its coactivator (Fig. 1D). Consistent
with this model, a strong synergy is seen between
cyclin D1 and estrogen in activation of ER [16].

The mechanism of ER activation by cyclin D1
may well have clinical ramifications. As the binding
of cyclin D1 to both ER and SRCs does not require
estrogen, it is possible that a cyclin D1-activated ER
is insensitive to the actions of anti-estrogens such as
tamoxifen (which inhibits ER activity by competitive
binding to the hormone binding site on ER). Anti-
estrogens are widely used in the clinic for the treat-
ment of ER-positive breast cancers, but some 25% of
ER positive tumors fail to respond to anti-estrogens
for as yet unknown reasons. Indeed, in short term
assays, ectopic expression of cyclin D1 appears to
override the effects of tamoxifen on ER activity
and cell cycle progression [16,20]. However, in long
term growth inhibition assays, cyclin D1 does not
appear to override the cytostatic effects of tamoxifen
[21]. It is, therefore, not clear at present whether
cyclin D1 expression contributes to resistance to
anti-estrogens in ER-positive breast cancers.

The finding that cyclin D1 can activate ER
through direct binding provides clear evidence that
cyclin D1 can act as an upstream regulator of ER
activity. However, two lines of experimental evidence
place cyclin DI downstream of ER. First, activation
of ER leads to increased cyclin DI transcription and

indeed an estrogen-responsive element has been
found in the cyclin D1 promoter [15,22]. Consistent
with this, anti-estrogens reduce cyclin DI expression
in breast cancer cells [23]. Second, hormone activa-
tion of ER leads to activation of the Src/Ras/MAPK
pathway [24,25]. Since cyclin DI is downstream of
MAPK [26], this pathway constitutes a second, in-
dependent, mechanism of induction of cyclin DI ex-
pression by ER. Together, these data suggest the ex-
istence in breast cancers of an autostimulatory loop
in which activation of ER by hormone leads to tran-
scriptional induction of cyclin DI. This newly synthe-
sized cyclin D1 protein can then bind to ER to cause
further ER activation. In this way cyclin D1 and
estrogen may act synergistically in stimulation of
breast cancer growth. Such an autostimulatory loop
that involves both ER and cyclin D1 may well ex-
plain why co-expression of ER and cyclin D1 is seen
in many breast cancers.

3. Interactions with Myb-like proteins

The first indication that cyclin D can modulate the
function of Myb transcription factors stems from
1996 when a protein with Myb-like repeats, named
DMPI1, was isolated in a two hybrid screen with
cyclin D2 as a bait [27]. DMP1 has all the hallmarks
of a transcription factor, since it can bind to DNA in
a sequence-specific fashion and activate transcrip-
tion. Cyclin D2 interacts with the DNA binding do-
main of DMPI, thereby interfering with DMPI1
DNA binding. Importantly, the cyclin D1 K112E
mutant that cannot bind CDK4 can still interact
with DMP1 and inhibit its activity, indicating that
the effect of D type cyclins on DMPI1 is, again,
CDK-independent. Consistent with this, cyclin D2
forms mutually exclusive complexes with CDK4
and DMPI1, since no ternary cyclin/CDK/DMPI1
complexes can be detected [27]. Interest in DMPI1
and its interaction with cyclin D increased when it
was found that, in transfected cells, DMP1 expres-
sion prevents S phase entry. DMP1-induced growth
arrest can be overridden by the cyclin D1 K112E
mutant, indicating that the cyclin D1-induced over-
ride of the DMPIl-induced growth arrest is also
CDK-independent [28]. Recent data indicate that
DMP1 binding sites are found in the promoters of
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Fig. 2. Three mechanisms of action of D type cyclins. (A) CDK-dependent phosphorylation of pRb by cyclin D leads to release of ac-
tive E2F transcription factors that drive cells into S phase. (B) CDK-independent binding of cyclin D1 to the ER induces activation
of ER in the absence of hormone, leading to a mitogenic response. (C) CDK-independent binding of cyclin D to DMPI inhibits the
growth-restraining activity of DMPI, thereby allowing progression through the cell cycle.

at least two cellular genes, CD13/Aminopeptidase N
and the p19#T tumor suppressor gene [29,30]. Impor-
tantly, DMP1 does not induce cell cycle arrest in
p19% null cells, indicating that pI9“/ is a critical
downstream target of DMP1 [30]. The finding that
the human DMPI gene maps to chromosome 7q21, a
region frequently deleted in myeloid leukemia, sug-
gests that DMP1 has an important role in normal
growth regulation and may contribute to tumorigen-
esis when mutated [31].

Apart from DMP1, the viral Myb protein, but not
its cellular homologue, is subject to negative regula-
tion by D type cyclins [32]. As was seen for DMPI1,
the effects of D type cyclins on v-Myb are CDK-
independent and result from an interaction of the
cyclin with the v-Myb DNA binding domain. At first
glance it appears counter-intuitive that an oncogenic

transcription factor like v-Myb would be subject to
negative regulation by a growth-promoting cyclin.
However, in addition to their transactivating ca-
pacity, both c-Myb and v-Myb can also function as
repressors of transcription [33]. In this respect, Myb
proteins may resemble E2F transcription factors,
which can also both activate and repress transcrip-
tion. As was discussed in this journal recently, the
exact balance between repression and transactivation
by E2F appears critical for the effects that E2Fs have
on cellular physiology [34]. If this analogy also holds
true for Myb proteins, D type cyclins could act to
shift the balance from v-Myb transactivation to re-
pression. In this respect, it is noteworthy that binding
of cyclin D to v-Myb does not affect v-Myb DNA
binding which may allow the v-Myb/cyclin D com-
plex to maintain its repressor function, whereas bind-
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Fig. 3. Protein interaction surfaces on cyclin D1. The amino terminal half of cyclin D1 harbors the highly conserved cyclin box, which
constitutes the interaction site for the CDKs. The carboxyl-terminal half contains binding sites for the ER (amino acid 202-295),
SRCs (amino acids 254-259) and the Myb-like transcription factor DMPI1 (amino acids 142-253).

ing of cyclin D to DMP1 does interfere with DMP1
DNA binding [28,32].

4. Conclusions

D type cyclins can have CDK-independent inter-
actions with two, distinct types of transcription fac-
tors. They can enhance the growth-promoting activ-
ity of the ER through recruitment of coactivators
and inhibit the growth-restraining capacity of the
Myb-like transcription factor, DMP1 (Fig. 2). Both
effects of D type cyclins are mediated through direct
binding, and these protein interaction surfaces reside
in the carboxyl terminal half of cyclin D1, a region
that is distinct from the well-defined CDK interac-
tion surface (Fig. 3). In spite of this, cyclin D1 can-
not activate ER when in complex with a CDK part-
ner [16]. Similarly, no cyclin D/CDK/DMP1 trimeric
complexes can be detected and effects of cyclin D1
on v-Myb are counteracted by CDK4 expression
[32]. All these data suggest that cyclin D enters
into mutually exclusive complexes with either a
CDK or a transcription factor like Myb or ER.
The finding that CDK co-expression readily abro-
gates the effects of cyclin DI on ER suggests that
cyclin DI/ER complexes can only form when a
CDK partner is unavailable and the same may very
well hold true for the cyclin D/Myb interaction. This
begs the question of whether such interactions can
ever take place under physiological conditions, since,

in most cell types, the CDK is more highly expressed
than the cyclin component. Even though little is
known about this at present, it appears that in the
differentiating breast epithelium, it is possible for cy-
clin DI to exist in molar excess over its CDK part-
ner. When murine SCp2 breast epithelial cells are
induced to differentiate into cells having features of
alveolar milk-secreting cells, expression of cyclin D1
is upregulated, while CDK4 is down-modulated.
Concomitantly, the activity of ER is enhanced [17].
This suggests that, in the differentiating breast epi-
thelium, cyclin D1 is made available to ER to en-
hance its activity. In a pathologic situation where
cyclin DI is highly over-expressed, as is seen in
many breast cancers, such cyclin D/ER complexes
may form more readily, even in the presence of mod-
erate levels of CDK4/6.

An important question that remains to be an-
swered is how relevant the CDK-independent activ-
ities of D type cyclins are in normal growth control
and in cancer. The observation that cyclin D1 knock-
out mice have clear defects in breast epithelium pro-
liferative responses during pregnancy indicates that
cyclin D1 has a clear role in this process. However,
these experiments do not address whether cyclin D1
is required in the breast as a CDK regulator or as an
ER activator. The finding that the breast epithelium
defect of cyclin D1 knockout mice can be rescued by
expression of cyclin E (which does not activate ER)
may indicate that cyclin D1 does not have a major
role in ER regulation in the developing breast [35].
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Alternatively, cyclin E may rescue the growth defect
that results from loss of cyclin D1 in the breast
through an independent, yet unknown pathway
that compensates for loss of ER activation by cyclin
D1. Finally, it should be kept in mind that these
CDK-independent activities of D type cyclins were
identified in transfection experiments in which pro-
teins are highly expressed. It is, therefore, possible
that the observed, CDK-independent effects of cyclin
D do not play a major role in normal physiology,
but rather in pathological (cancerous) situations in
which the cyclins are expressed at a high level. The
availability of specific mutants of cyclin D1 that are
wild-type for CDK activation but mutant for ER
activation [18] may help resolve the exact contribu-
tion of cyclin D1 to ER activation in normal breast
development and breast cancer.
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