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Abstract
Perturbations in the regulation of the core cell cycle machinery are frequently observed in human
cancers. Cyclin D1 which functions as a mitogenic sensor and allosteric activator of CDK4/6, is
one of the more frequently altered cell cycle regulators in cancers. Cyclin D1 is frequently
overexpressed in cancers and its overexpression can be attributed to many factors including
increased transcription, translation, and protein stability. Although cyclin D1 overexpression is
clearly implicated in the affected cancers, overexpression of cyclin D1 is not sufficient to drive
oncogenic transformation. Rather, emerging evidence suggests that nuclear retention of cyclin D1
resulting from altered nuclear trafficking and proteolysis is critical for the manifestation of its
oncogenicity. This review provides a brief overview of current data documenting various
mechanisms underlying aberrant cyclin D1 regulation in human cancers and their impact on
neoplastic transformation.

Work during the past two decades has provided a detailed molecular understanding of
processes that drive cell cycle division. Early work resulted in the identification of the
individual cyclin-dependent kinases that are activated during distinct cell cycle phases and
contributed to our understanding of how phosphorylation of downstream targets in turn
contributes to regulated cell cycle transitions. The recent generation of mice wherein
individual cyclins or their cognate CDKs have been eliminated from the mouse germline has
revealed the potential for significant redundancy with regard to CDK function and substrate
regulation.

While our fundamental understanding of the normal physiological functions of the cyclin-
dependent kinase has increased dramatically, the potential pathological functions/activities
remain to be established. This is particularly evident when one considers the potential
contribution of G1 cyclins and CDKs to neoplastic transformation and growth. Regulation of
G1 to S-phase progression is disrupted in nearly all cancers, due to its intimate function in
the integration of growth factor signals with the cell cycle network. Of the G1 regulatory
molecules, the cyclin D1/CDK4 complex is deregulated at a high frequency and is thought
to contribute directly to neoplastic transformation and growth. Recent efforts have provided
insights into the precise mechanisms whereby the cyclin D1-dependent kinase promotes
tumorigenic growth and are discussed below.

D-cyclins: Mediators of mitogenic signals to core cell cycle machinery
Cyclins function as allosteric regulatory subunits for the cyclin-dependent kinases (CDKs).
While the CDK components are generally expressed throughout cell division cycles, cyclins
accumulate periodically at which point they associate with their cognate CDK to form active
holoenzymes; through phosphorylation of distinct substrates, they trigger transition to

*Correspondence to: J. Alan Diehl, Ph.D., Department of Cancer Biology, The Abramson Family Cancer Research Institute,
University of Pennsylvania, Philadelphia, Pennsylvania 19104, USA, adiehl@mail.med.upenn.edu.

NIH Public Access
Author Manuscript
J Cell Physiol. Author manuscript; available in PMC 2010 August 1.

Published in final edited form as:
J Cell Physiol. 2009 August ; 220(2): 292–296. doi:10.1002/jcp.21791.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



distinct cell cycle phases. D-type cyclins (D1, D2, and D3) are G1-specific cyclins that
associate with CDK4 or CDK6, and promote restriction point progression during G1 phase
(Sherr, 1993). Unlike other cyclins that are periodically synthesized during cell cycle
progression, expression and accumulation of D-cyclins are strongly dependent on
extracellular mitogenic cues. Due to this property of D-cyclins, they are regarded as
mitogenic sensors that relay signals from the extracellular environment to the core cell cycle
machinery (Sherr and Roberts, 1999).

Our understanding of mitogen-dependent cyclin D1 regulation is more advanced than that
for cyclin D2 and D3. Cyclin D1 expression and accumulation are induced by growth factors
and occur at multiple levels including increased transcription, translation, and protein
stability. Regulation mediated primarily through Ras-signaling pathways (Musgrove, 2006).
Upon cell exposure to mitogenic stimuli, activated receptor tyrosine kinase triggers a
sequential signaling cascade involving Ras-Raf-MEK (MAPK kinase)-ERK (extracellular
signal-regulated kinase), resulting in transcriptional up-regulation of cyclin D1 (Albanese et
al., 1995; Cheng et al., 1998; Weber et al., 1997). The increase in transcription is
accompanied by enhanced translation and reduced proteolysis, which is triggered through
other distinct Ras-mediated pathway involving PI3K (phosphatidylinositol-3-kinase) and
Akt, further potentiating the induction of cyclin D1. Increased cyclin D1 translation is
mediated by the PI3K-Akt-mTOR (mammalian target of rapamycin)-S6K1 (S6 kinase 1)
cascade (Koziczak and Hynes, 2004; Muise-Helmericks et al., 1998), while the pathway that
directs decreased protein degradation involves PI3K-Akt-GSK3β (glycogen synthase
kinase-3β) (Diehl et al., 1998). The Akt-mediated phosphorylation of GSK3β decreases
GSK3β catalytic activity, which inhibits nuclear export and cytoplasmic degradation of
cyclin D1 resulting in nuclear accumulation of cyclin D1 and its associated CDK activity
during G1 phase (Diehl et al., 1998).

Following its induction by mitogenic growth factors, newly synthesized cyclin D1 associates
with CDK4; the predominant function of the D1/CDK4 enzyme involves the
phosphorylation-dependent inactivation of the retinoblastoma protein, RB. RB
phosphorylation is necessary for the activation of a gene expression network that regulates
entry and progression through S-phase. The release of E2F family transcription factors from
RB-dependent repression is both necessary and sufficient for the G1/S transition (Weinberg,
1995). In addition, cyclin D1 plays another important role for G1 phase transition, which is a
kinase-independent function by sequestering CDK inhibitors such as p27 Kip1 and p21Cip1

for efficient activation of CDK2-containing complexes (Polyak et al., 1994; Sherr and
Roberts, 1999). Interestingly, the binding of Cip/Kip inhibitors was shown to stabilize the
association between cyclin D1 and CDK4/6 (Cheng et al., 1999; LaBaer et al., 1997). Given
that cyclin D1 plays a crucial role in mitogen-driven cell cycle regulation, it may not be
surprising to detect frequent dysregulation of cyclin D1 homeostasis in human malignancies.

D-cyclin Overexpression in Human Cancer
Molecular analysis of human tumors has revealed that cyclin D1 overexpression prevails
over that of cyclin D2 and D3. While it is unclear why cyclin D1 expression is frequently
altered in human cancers, as opposed to the other D-type cyclins, its overexpression is
implicated as driving feature in various types of cancer, including mantle cell lymphoma
(MCL) (Jares et al., 2007), non-small cell lung cancer (Jin et al., 2001), and carcinomas of
breast (Barnes and Gillett, 1998), head and neck (Bartkova et al., 1995), and esophagus
(Shamma et al., 2000). Cyclin D1 overexpression in human tumors is driven by multiple
mechanisms comprising genomic alterations, post-transcriptional regulation, and post-
translational protein stabilization.
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Genomic Alterations: chromosomal translocations, gene amplification, and
polymorphisms

Genomic alterations leading to aberrant cyclin D1 expression have been the subject of
intensive investigation in a variety of tumors because of their predicted role for
dysregulation of cyclin D1 abundance. The observed alterations range from a single
nucleotide polymorphism to massive chromosomal translocations and gene amplification.
Chromosomal translocation is a common genetic mechanism of pathogenesis of B-cell
lymphoma (Kuppers, 2005). In particular, over 90 % of MCL, a mature B-cell malignancy
representing 5–10 % of all non-Hodgkin’s lymphomas, is genetically characterized by
t(11;14)(q13;q32) translocation that juxtaposes the cyclin D1-encoding gene (CCND1) to
the immunoglobulin (Ig) heavy chain gene (Bertoni et al., 2006). As a consequence of this
translocation, cyclin D1 is constitutively expressed under the control of an active Ig locus in
B-lymphocytes where cyclin D1 is not expressed in normal conditions. While cyclin D1 is
most frequently implicated in human cancers, chromosomal alterations that encompass the
cyclin D3 locus have also been reported. The chromosomal translocation t(6;14)
(p21.1;q32.3) is a rare but recurrent event in multiple myeloma (Bergsagel and Kuehl,
2001). In addition to multiple myeloma, the t(6;14)(p21.1;q32.3) translocation and an
accompanying overexpression of cyclin D3 has been observed in several histologic subtypes
of mature B-cell malignancies. With regard to diffuse large B-cell lymphoma (DLBCL)
cases (Sonoki et al., 2001), cyclin D3 overexpression is noted at a frequency approaching 10
%.

Gene amplifications that encompass the cyclin D1 locus have also been observed in a
number of cancers. Cyclin D1 overexpression resulting from amplification of 11q13 has
been reported in various tumor types such as head and neck carcinoma (Izzo et al., 1998),
pituitary tumor (Hibberts et al., 1999), esophageal squamous cell carcinoma (Shinozaki et
al., 1996), and breast cancer (Buckley et al., 1993; Gillett et al., 1994). In addition to these
massive chromosomal alterations that are accompanied by cyclin D1 overexpression, small
genetic changes such as single nucleotide polymorphisms may also contribute to increased
cyclin D1 by producing a specific isoform that is an alternative splice variant of cyclin D1.
Among more than 100 polymorphisms identified in cyclin D1, G/A870 polymorphism has
gained the most attention due to its potential contribution to cyclin D1 alternative splicing.
The G/A polymorphism occurring at nucleotide position 870 is thought to hinder normal
splicing at the exon 4/5 boundary, allowing for read-through into intron 4 and resulting in a
truncated cyclin D1 (Betticher et al., 1995). This splice variant of cyclin D1 (cyclin D1b)
can form an active complex with Cdk4 (Lu et al., 2003; Solomon et al., 2003) but lacks the
C-terminal threonine residue whose phosphorylation is critical for nuclear export and
subsequent cytoplasmic degradation of cyclin D1 (Diehl et al., 1997). This structural
difference of the cyclin D1b renders the protein refractory to nuclear export through the cell
cycle, which increases its oncogenic potency (Alt et al., 2000; Lu et al., 2003).

Post-transcriptional Mechanisms: a target of microRNA action
MicroRNAs (miRNAs) are small non-coding RNAs that regulate a variety of cellular
processes including apoptosis, differentiation, and proliferation. Recently, it has been shown
that truncations in 3′ untranslated region (UTR) of CCND1 mRNA in MCL cell lines
eliminate miR-16-1 binding sites in the 3′ UTR, resulting in escape of the CCND1
transcripts from miR-16-1-mediated down-regulation (Chen et al., 2008). This provides
another potential mechanism contributing to cyclin D1 overexpression in MCL. The
mechanisms that lead to the observed 3′UTR truncations remain to be determined.
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Post-translational Mechanism: perturbed nuclear export and proteolysis
Cell cycle progression requires orderly recruitment of distinct cyclin/CDK activities driven
by timely synthesis and destruction of specific cyclins. As a key regulator of G1 reentry and
progression, cyclin D1 turnover is subject to a tight regulation by a defined mechanism
involving GSK3β-mediated phosphorylation of Thr286 (Diehl et al., 1998; Diehl et al.,
1997), nuclear export by CRM1 (Benzeno and Diehl, 2004), and subsequent ubiquitylation
by SCFFbx4/αB-crystallin ligase targeting the cyclin D1 to the 26S proteasome (Lin et al.,
2006) (Figure 1A). Alterations in cyclin D1 turnover can lead to aberrant accumulation of
cyclin D1 independent of changes in cyclin D1 transcription and translation. Given the
relatively low frequency of genetic alterations that directly involve the cyclin D1 locus in
breast and esophagus cancers (10 %) while cyclin D1 overexpression occurs at a frequency
approaching 50 % (Barnes and Gillett, 1998; Bartkova et al., 1994; Shinozaki et al., 1996), it
seems logical to predict frequent alterations in pathways that regulate cyclin D1 protein
degradation. Consistent with this notion, mutations targeting the nuclear export or
proteolysis of cyclin D1 have been well documented in human cancers while mutations
directed at the Thr286 seem to be rare. For example, several mutations that impair
phosphorylation-dependent nuclear export of cyclin D1 have been identified in esophageal
carcinoma and esophageal cancer-derived cell lines (Benzeno et al., 2006). Similarly, cyclin
D1 gene in endometrial cancer also possesses mutations or deletions that are expected to
affect the phosphorylation of Thr286 and CRM1 binding (Moreno-Bueno et al., 2003). In
addition to these mutations, we recently discovered that esophageal tumors have a number
of mutations targeting the E3 ligase for cyclin D1 proteolysis so that the tumors can
maintain high levels of cyclin D1 due to the decreased proteolysis efficiency (Barbash et al.,
2008). These mutations occur in Fbx4 that is a substrate specificity factor for cyclin D1 in
the SCF ligase, and affect the ligase activity by impairing its dimerization or interaction with
other E3 ligase component. Along with the identification of cyclin D1b splice variant in
human cancer, mutations targeting cyclin D1 nuclear export and proteolysis suggest that
perturbed protein turnover and consequent accumulation of nuclear cyclin D1 may be more
prevailing in cancers than previously thought.

Aberrant nuclear accumulation of the Cyclin D1/CDK4 kinase and
neoplastic transformation

The initial cloning of the cyclin D1 cDNA as a component of a chromosomal translocation
from a parathyroid adenoma (Motokura et al., 1991) immediately suggested the propensity
of cyclin D1 to function as a potential initiating factor in neoplastic growth. Such
implications were supported when a second group revealed that cyclin D1 was synonymous
with the bcl-1 oncogene present in the 11;14 translocation present in nearly 100% of mantle
cell lymphomas (Motokura et al., 1991). Additional data revealing that cyclin D1-expression
was acutely regulated by mitogen-dependent growth factors was also consistent with this
notion (Sherr and Roberts, 1999). Strikingly however, in vitro assays that evaluated the
potential of cyclin D1 to function as a bona fide oncogene presented a paradox. Unlike ras
and myc oncogenes, which readily transformed murine fibroblasts, neither cyclin D1, D2,
nor D3 showed such potential, but rather could only potentiate Ras-dependent
transformation in vitro (Quelle et al., 1993). Results from transgenic animals were equally
unrevealing. Transgenic expression of wild type cyclin D1 in murine lymphocytes failed to
elicit any appreciable phenotype unless mice also expressed a c-myc transgene (Bodrug et
al., 1994; Lovec et al., 1994). Similar results were obtained in a transgenic mouse model of
oral-esophageal cancer wherein cyclin D1 overexpression resulted in invasive oral-
esophageal cancer only in combination with p53 deletion (Opitz et al., 2002). The only hint
of oncogenic activity came from mice programmed to overexpress cyclin D1 under the
control of mouse mammary tumor virus (MMTV) promoter in mammary epithelial cells.
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These MMTV-D1 mice succumb to adenocarcinomas after a long latency and with
incomplete penetrance (Wang et al., 1994).

One interpretation of the above data is that cyclin D1 does not possess overt oncogenic
activity. However, given the large amount of data demonstrating its overexpression in
numerous cancers this seems unlikely. Thus a second and more likely possibility seems that
cyclin D1 overexpression per se is not sufficient to drive neoplastic growth. If so, the latter
would suggest that cells maintain additional regulatory mechanisms that maintain tight
control over cyclin D1 activity thereby preventing manifestation of its neoplastic potential.
Insight into this possibility stemmed from early observations that cyclin D1/CDK4
complexes shuttled between nuclear and cytoplasmic compartments during cell cycle
progression (Alt et al., 2000; Diehl et al., 1998). This work revealed that the rate of nuclear
import effectively maintains cyclin D1/CDK4 complexes in the nucleus during G1 phase;
however, as cells enter S-phase, phosphorylation of cyclin D1 dramatically increased its rate
of nuclear export (Diehl et al., 1997). Nuclear export coupled with ubiquitin-dependent
destruction of cyclin D1 in the cytoplasm during S-phase effectively limits access of the
cyclin D1/CDK4 kinase to nuclear substrates during S-phase.

Experimental models support the idea that mutations that interfere with nuclear exclusion of
cyclin D1/CDK4 during S-phase trigger neoplastic conversion. Indeed overexpression of a
mutant cyclin D1 (D1T286A) that is defective in phosphorylation-mediated nuclear export
and subsequent proteolysis, induces cell transformation in cell culture assays and triggers B-
cell lymphoma in a mouse model of mantle cell lymphoma (Alt et al., 2000; Gladden et al.,
2006). Furthermore, transgenic mice that over-express the identical mutant cyclin D1 driven
by MMTV promoter (MMTV-D1T286A) developed mammary adenocarcinoma with a
shorter latency relative to mice over-expressing the wild-type cyclin D1 (MMTV-D1) (Lin
et al., 2008). These observations suggest that subcellular localization and stabilization of
cyclin D1 through its altered nuclear trafficking and proteolysis may exert more profound
effects on tumorigenesis than its overexpression itself.

The experimental data described above stem from use of cyclin D1 mutants that are
refractory to both CRM1-dependent nuclear export and Fbx4- and ubiquitin-dependent
turnover. While such mutations have been observed in human cancers, they appear at low
frequency (<3%). Mutations that inactivate Fbx4 and thereby stabilize cyclin D1 occur at a
much higher frequency (~15 %), suggesting that loss of this E3 ligase is sufficient for the
manifestation of the neoplastic potential of cyclin D1 (Barbash et al., 2008). While no
knockout mouse for Fbx4 is currently available to directly examine this possibility, in vitro
studies are consistent with this notion. ShRNA-dependent reduction of Fbx4 not only
resulted stabilized cyclin D1 but also constitutively nuclear cyclin D1/CDK4 and
spontaneous transformation, a phenotype similar to expression of cyclin D1T286A (Barbash
et al., 2008). This would suggest that the Fbx4 E3 ligase functions as a critical off switch
that prevents inappropriate nuclear accumulation of the D1/CDK4 complex and thereby
prevents cell transformation.

Genomic instability in tumors harboring a nuclear cyclin D1/CDK4 kinase
Despite the obvious involvement of cyclin D1 in many human cancers, detailed mechanisms
underlying cyclin D1-induced tumorigenesis are not well understood. To date, there seem to
be at least two major mechanisms of cyclin D1-mediated tumorigenesis attributed to its
association with CDKs. The first mechanism is based on the ability of cyclin D1 to increase
CDK activity and consequently promote continuous proliferation. This hypothesis is
supported by the observations that overexpression of p16 INK4a or p15INK4b suppresses Ras-
induced transformation in vitro (Malumbres et al., 2000; Serrano et al., 1995). Moreover,
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expression of p16 INK4a blocks ErbB2-induced mammary tumor development in mice (Yang
et al., 2004). The cyclin E “knockin” mice to the cyclin D1 locus were shown to develop
Neu-driven mammary tumors like their wild-type counterparts (Geng et al., 1999). This
indicates that cyclin E expression can compensate for the absence of cyclin D1, and also
points to the role of cyclin D1 in cell cycle progression/proliferation during Neu-induced
tumorigenesis.

In the above model, cyclin D1-dependent kinase functions largely through its canonical role
as an integrator of mitogen-dependent signaling as opposed to directly contributing to early
neoplastic conversion. As such, the assumption is that cellular controls of cyclin D1
localization and degradation are intact. In tumors where this latter mechanism is lost, recent
investigation suggests that the cyclin D1/CDK4 kinase is likely to participate more directly
in the neoplastic process. Recently, we provided the first experimental evidence linking the
constitutively nuclear cyclin D1/CDK4 complex with induction of genomic instability in
mouse models and human cancer-derived cells (Aggarwal et al., 2007). Nuclear
accumulation of catalytically active mutant cyclin D1/CDK4 complex stabilizes Cdt1, an
origin-licensing factor that is normally degraded during S phase to prevent reloading of the
replicative MCM helicase. As a result, stabilized Cdt1 continually prime DNA re-replication
during S phase and induces genomic instability characterized by aneuploidy. The perturbed
proteolysis of Cdt1 in nuclear cyclin D1-overexpressing cells resulted from transcriptional
repression of Cul4A and Cul4B that are component of E3 ligase for Cdt1 proteolysis (Figure
1B). Although the precise mechanism of this transcriptional regulation remains to be
uncovered, the kinase-inactive mutant of CDK4 was shown to abrogate the nuclear cyclin
D1-induced Cdt1 stabilization by relieving the transcriptional repression of Cul4A and
Cul4B, suggesting that nuclear cyclin D1 induces DNA re-replication during S phase
through its associated CDK4 activity. Consistent with the role of nuclear cyclin D1/CDK4
complex in Cdt1 stabilization, down-regulation of cyclin D1 E3 ligase was also shown to
stabilize Cdt1 through the accumulation of nuclear cyclin D1 by its disrupted proteolysis
(Barbash et al., 2008). All these observations suggest that nuclear retention of active cyclin
D1/CDK complex may be a critical determinant to elicit the oncogenicity of cyclin D1 in
addition to its prevalent overexpression in cancers. Then, the next logical question would be
to elucidate the detailed functions of nuclear cyclin D1/CDK complex in the context of
neoplastic transformation. Given the requirement of CDK activity to induce genomic
instability, identification of specific substrates targeted by the nuclear cyclin D1/CDK
activity would be of a great interest to address this question.

In addition to its critical role as a regulator of CDK4/6 activity, a growing body of work has
suggested CDK-independent function for cyclin D1. Several groups have observed
interactions between cyclin D1 and steroid hormone receptors. Current data suggest that
direct interaction between cyclin D1 and estrogen (or androgen) receptor can promote
association of the nuclear receptor with its coactivator(s) even in the absence of the hormone
ligands (Knudsen et al., 1999; Petre et al., 2002; Roy and Thompson, 2006; Zwijsen et al.,
1997). Thus cyclin D1 can induce nuclear receptor activity independent of soluble ligand,
participating in gene expression program as a transcriptional regulator in these hormone-
responsive tissues (Coqueret, 2002). This CDK-independent, nuclear receptor-agonistic
activity of cyclin D1 may contribute to its oncogenicity in certain types of cancers including
breast cancer. A potential kinase-dependent role for cyclin D1 in transcriptional repression
of Cul4A and Cul4B by nuclear cyclin D1 was recently described (Aggarwal et al., 2007). It
is currently unknown whether cyclin D1 plays a direct transcriptional role or it involves
additional effector(s) to mediate the transcriptional regulation. The relative contribution of
this noncanonical function for cyclin D1 relative to its role as a CDK4 activator remains to
be determined.
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Targeting cyclin D/CDK activity as a therapeutic modality
The oncogenic capacity of cyclin D1 explored in various cancer models and human cancers
seems to present cyclin D1 and its associated CDK activity as potential therapeutic targets.
In fact, CDK4 turned out to be a promising therapeutic target in MCL cells. Treatment of
MCL cells that express predominantly cyclin D1a isoform (full-length cyclin D1) with a
small molecule CDK4/6 inhibitor PD0332991 efficiently suppresses RB phosphorylation
and cell proliferation at nanomolar concentrations (Marzec et al., 2006). While there are no
inhibitors that target cyclin D1 directly so far, alternative therapeutic strategies targeting
cyclin D1 turnover may be postulated, such as modulation of GSK3β activity especially
when nuclear retention of cyclin D1 is considered to be a causative factor for initial
oncogenic events. Because GSK3β was shown to increase cyclin D1 proteolysis by
generating degradable cyclin D1 substrates for ubiquitin ligase and also augmenting the E3
ligase activity by promoting dimerization of the ligase (Barbash et al., 2008), GSK3β
appears to be an attractive target if selective modulation of its activity can be achieved for
cyclin D1-overexpressing cells.

Would such an approach only be useful in the subset of tumors harboring mutations in
cyclin D1 or Fbx4? This is unlikely to be the case. Experimental evidence is also available
demonstrating that cyclin D1 serves as an effector during tumorigenesis. This has been most
elegantly demonstrated in mouse models of mammary carcinoma where cyclin D1 deficient
mice were found to be resistant to mammary tumors induced by either the neu or ras
oncogenes (Yu et al., 2001). Strikingly, the D1−/− mice were not resistant to the oncogenic
effects of myc or wnt demonstrating that the coupling of oncogenic pathways to the cell
cycle machinery is highly specific. Additional work using mice wherein endogenous CDK4
was deleted via homologous recombination also reported resistance to mammary
tumorigenesis (Reddy et al., 2005; Yu et al., 2006). This set of experiments provides the
most striking evidence that cyclin D1-dependent kinase activity is necessary for neoplastic
growth and could represent point of therapeutic intervention.
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Figure 1. Cyclin D1 regulation in normal versus cancer cells
A: In normal cells, following G1 progression, cyclin D1 exits the nucleus via a distinct
mechanism that involves GSK3β-mediated phosphorylation of Thr286 and CRM1-
dependent nuclear export. Once in cytoplasm, phosphorylated cyclin D1 is recognized and
ubiquitylated by SCFFbx4/αB-crystallin ligase, targeting the cyclin D1 to the 26S proteasome
for degradation. B: In cancer cells, constitutive nuclear accumulation of active cyclin D1/
CDK4 complexes can be achieved through one of several mechanisms: 1) mutations in
cyclin D1 that prevent recognition by Crm1 (Benzeno et al., 2006; Moreno-Bueno et al.,
2003); 2) mutation of Fbx4 which blocks ubiquitin-dependent degradation (Barbash et al.,
2008); 3) alternative splicing of the cyclin D1 transcript which removes sequences that
direct nuclear export and Fbx4-dependent destruction (Lu et al., 2003). The accumulation of
active nuclear cyclin D1/CDK4 complex during S-phase stabilizes Cdt1 by transcriptionally
inhibiting Cul4A and Cul4B, promoting DNA re-replication during S phase and
consequently inducing genomic stability (Aggarwal et al., 2007).
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