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Abstract: Cyclin D1, an important regulator of cell cycle, carries out a central role in the pathogenesis
of cancer determining uncontrolled cellular proliferation. In normal cells, Cyclin D1 expression levels
are strictly regulated, conversely, in cancer, its activity is intensified in various manners. Different
studies demonstrate that CCDN1 gene is amplified in several tumor types considering it as a negative
prognostic marker of this pathology. Cyclin D1 is known for its role in the nucleus, but recent
clinical studies associate the amount located in the cytoplasmic membrane with tumor invasion and
metastasis. Cyclin D1 has also other functions: it governs the expression of specific miRNAs and it
plays a crucial role in the tumor-stroma interactions potentiating most of the cancer hallmarks. In the
present review, we will summarize the current scientific evidences that highlight the involvement
of Cyclin D1 in the pathogenesis of different types of cancer, best of all in breast cancer. We will
also focus on recent insights regarding the Cyclin D1 as molecular bridge between cell cycle control,
adhesion, invasion, and tumor/stroma/immune-system interplay in cancer.
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1. Introduction

Cyclin D1 is mostly known for the role played in the nucleus, as regulator of cell cycle progression.
Cyclin D1 modulates the transition from G1 to S phase through its action as allosteric regulator of the
cyclin-dependent kinase 4 (CDK) and CDK6. The active Cyclin D1/CDK4 complex translocates into
the nucleus, phosphorylates retinoblastoma (RB) protein together with Cyclin E/CDK2, and dismisses
the repressive action on the E2F transcription factor [1,2], which regulates the transcription of specific
genes required for cell proliferation. The high expression of Cyclin D1 drives unchecked cellular
proliferation promoting tumor growth, thus, the Cyclin D1 carries out a central role in the pathogenesis
of cancer.

Together with the well-known role played by Cyclin D1 in cell cycle control, other functions
are also described. Particularly, several studies investigate the effects of Cyclin D1 on mitochondrial
metabolism [3,4], on the regulation of gene transcription [5,6]. It is reported that Cyclin D1 degradation
is an essential component of the cellular response to genotoxic stress. [7].

Cyclin D1 is a 36-kDa protein encoded by CCND1 gene, located on chromosome 11q13. Cyclin D1
is expressed by the majority of normal human cells apart from cells derived from bone marrow stem
cell lines [8]. In numerous cells, Cyclin D1 is quite early induced by growth factors; next, it critically
intercepts a number of intracellular pathways controlling cell proliferation. Dysregulation of Cyclin D1
transcription, accumulation and ubiquitination, as well as assembly and hyperactivation of its cognate
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CDK, lead to uncontrolled cell growth. Thus, Cyclin D1 is regarded as an oncogenic driver in different
types of cancers including breast cancer, lung cancer, and melanoma [9]. The oncogenicity of Cyclin
D1 was defined through in vivo models starting from studies of Bodrug et al., 1994, and Lovec et al.,
1994 [10,11], which undoubtedly demonstrate that Cyclin D1 is involved in human B cell lymphoid
malignancies, although they evidence that Cyclin D1 oncogenicity depends by collaboration with
specific partners. Moreover, Wang et al. in 1994 [12] demonstrated that mice overexpressing Cyclin D1
in mammary epithelium display the predisposition to mammary cancer after a long latency period.
Further data establish that Cyclin D1 is important for the development of mammary cancers induced by
different oncoproteins such as receptor tyrosine-protein kinase erbB-2 (Her2/neu) [13] and v-Ha-ras, but
not those induced by c-Myc or Wnt-1 [14]. These observations are consistent with data demonstrating
that molecular signals targeted by Cyclin D1 overexpression cooperate with p53 loss in breast cancer
initiation. Notably, the development of several types of cancers is related to p53 inactivation together
with Cyclin D1 dysregulation [15].

The role of Cyclin D1 in cancer initiation and progression appears complex and multifaceted,
indicating that nowadays further investigations are needed for a more exhaustive comprehension of
the therapeutic intervention targeting Cyclin D1-dependent mechanisms. Recent evidences strongly
suggest the role of Cyclin D1 in the resistance to therapy and cancer progression. Cyclin D1 antagonizes
BRCA1-mediated repression of estrogen receptor o (ERx)-dependent gene expression suggesting
that silencing of CCND1 combined with PARP inhibitors may lead to substantial benefit for several
type of cancer patients [16]. In this concern, orthotopic ovarian cancer models respond better to
olaparib treatment after knockdown of CCND1 gene compared with olaparib treatment alone [17].
Besides, Cyclin D1 and the autophagic degradation machinery [18] are together linked to hepatocellular
carcinoma (HCC) tumorigenesis [19]. It is reported that rise of autophagy-dependent Cyclin D1
degradation using amiodarone and rapamycin, represses tumor growth in both the orthotopic liver
tumor and subcutaneous tumor xenograft models [19]. The proliferative status of the induced tumors
is not significantly different regardless of the Cyclin D1 localization in the nucleus or in the cytoplasm.

Notably, an important role of cytoplasmic and membrane-associated Cyclin D1 for the regulation
of cellular invasive capacity is emerged [20,21]. Based on the first major studies [20,22-24], more
recently authors demonstrated that Cyclin D1 plays a role in the dissemination of glioblastoma (GBM)
in vivo [25]. Using GBM xenografts, it is shown that invasive GBM cells, but not cells within the tumor
masses, express a Cyclin D1 mostly located in the cytoplasm, and forced membrane accumulation of
Cyclin D1 induces the number of invading cells.

This review focuses on novel acquisitions regarding Cyclin D1 dysregulation in the cell cycle
control, emerging from current research in human cancer. We first discuss the molecular basis
underlying the role of Cyclin D1 in cancer initiation, progression and metastasis, and then, we highlight
the role of Cyclin D1/CDK in the complex interplay between tumor and stroma. Furthermore, we discuss
the preclinical rationale for targeting Cyclin D1/CDK in combination with current immunotherapy.

2. Cyclin D1-Mediated Mechanisms and Alterations in Human Cancer

Cyclin D1 protein consists of an RB protein binding portion, a domain for CDK binding or CDK
inhibitor, a LxxLL motif recruiting coactivators, PEST site for Cyclin D1 degradation and a residual
threonine, which controls nuclear export and protein stability [26].

2.1. CDK-Dependent and -Independent Mechanisms

The main role of Cyclin D1 is CDK dependent to initiate RB phosphorylation, relieve histone
deacetylases (HDAC)-binding, and finally allow access of Cyclin E/CDK2 complexes to their target [1,2].
RB hyperphosphorylation disrupts its association with E2F and allows transcriptional activation of
the S-phase genes. These mechanisms of action are widely investigated, however, still collect many
scientific interests. For instance, very recently, it is reported that in breast tumors inhibition of important
cellular energy sensor such as mTOR Complex (TORC) 1/2 causes a decrease of Cyclin D1 protein,
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RB phosphorylation and E2F-mediated transcription. Combination of an mTORC1/2 inhibitor with a
CDK4/6 inhibitor results in more profound effects on E2F-dependent transcription, which translate
into a more durable growth arrest and a delay in the onset of therapy resistance [27].

Cyclin D1, through CDK-dependent and -independent mechanisms, can function as a
transcriptional modulator by regulating the activity of several transcription factors involved at
different levels in the cell cycle control, such as: (1) phosphorylation and inhibition of mediators of
the transforming growth factor beta (TGF-f3) such as Smad3 and consequent release of G1 arrest [28];
(2) activation of forkhead Box M1 (FOXM1) transcriptional function, control of several factors of G1/S
phase, decrease of reactive oxygen species (ROS), inhibition of cancer cells senescence [29]; (3) association
with histone acetyltransferase (HAT) complexes, such as P300/CBP-associated factor (P/CAF) to regulate
both ERx and androgen receptor (AR) activity in breast and prostate epithelial cells [30,31]. Notably,
Cyclin D1 regulates cell cycle, cell growth, and cell differentiation in CDK-independent manner,
by binding nuclear receptors such as ERx, AR, peroxisome proliferator-activated receptor (PPAR) vy,
thyroid hormone receptor beta (TR-f3), and multiple nuclear receptor coregulators [32]. For instance,
Cyclin D1 can directly bind to the hormone-binding domain of ERx, mediating gene transcription
also in the absence of estrogens. Thus, Cyclin D1 may be retained as an independent activator of
ERx [33]. Remarkably, data show the physical interaction between Cyclin D1 and ER«, paralleled
by increases in ligand-independent ER-mediated transcription from an estrogen response element
containing reporter construct. The level of transactivation indicates that maximal activation of ERx can
be achieved by Cyclin D1 overexpression. This mechanism may explain how Cyclin D1 contributes
to ERa activation [32] driving breast cancer initiation and progression. Therefore, both increased
expression of Cyclin D1 and ER« positivity are valuable indicators for the prediction of recurrence and
prognosis for breast cancer patients [34].

Conversely, Cyclin D1 attenuates the transactivation potential of the AR and it is reported that
Cyclin D1 modulates the androgen-dependent molecular profile [35]. In prostate cancer AR target
genes are suppressed by Cyclin D1, which limits, in such a way, the AR activity induced by its specific
ligands. Moreover, Cyclin D1 markedly reduces the AR recruitment on clinically relevant gene loci.
Thus, these studies identify the transcriptional regulatory functions of Cyclin D1 as critical effector of
androgen-dependent signaling and AR-associated chromatin dynamics [36].

Cyclin D1 is also a corepressor for thyroid hormone receptors (TR) [37]. During transcription,
Cyclin D1 acts as a bridging factor to recruit HDAC3; this causes the silencing activity of the unbound
TR and the repression of the thyroid hormone-dependent transcriptional activity [37]. Therefore,
the repression of TR transcriptional activity, mediated by Cyclin D1, generates a negative feedback
loop to maintain the regulatory network controlling the expression of target genes involved in cell
cycle control.

Several studies demonstrate the regulation of PPARs signaling by Cyclin D1 [38]. It is likely
that Cyclin D1 plays a dual role by promoting cell proliferation and inhibiting cellular differentiation.
Analysis of tissues and cells from Cyclin D17~ mice demonstrate an important physiological role for
Cyclin D1 as an inhibitor of adipocyte differentiation through repression of PPARY function [38]. Further
studies indicate that Cyclin D1 inhibits the activity of PPAR«, a key metabolic transcription factor,
that induces fatty acid oxidation. In primary hepatocytes, Cyclin D1 inhibits PPAR« transcriptional
activity and gene expression in a CDK4-independent manner. In liver and breast cancer cells,
knockdown of CCND1 gene leads to increased PPAR« transcriptional activity, expression of PPAR«
target genes, and fatty acid oxidation [39]. Thus, these data highlight a possible molecular link between
Cyclin D1 and cellular metabolism influencing cancer cells proliferation.

2.2. Amplification or Overexpression of Cyclin D1

During G1 phase, nuclear import controls the amount of Cyclin D1/CDK4 complexes in the
nucleus; next, during S-phase, Cyclin D1 becomes phosphorylated and exported from the nucleus [40].
Nuclear export is coupled with ubiquitin-dependent destruction of Cyclin D1 in the cytoplasm. Thus,
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in normal cells, Cyclin D1 expression levels are strictly regulated. In contrast, many carcinomas
are characterized by Cyclin D1 overexpression [41]. For instance, the amplification of the CCDN1
gene sequence or overexpression of Cyclin D1 result in dysregulated CDK activity, alteration of cell
cycle control, bypass of key cellular checkpoints, induced cell proliferation, and ultimately neoplastic
growth [42].

The Cyclin D1 is overexpressed in up to 50% of breast cancer, and amplification of the CCND1
gene is associated with a poor patient outcome in several studies [41]. In breast tumors, higher Cyclin
D1 positive rate corresponds to higher ER positive rate but lower Her-2 positive rate [43]. Nevertheless,
controversy regarding overexpression of Cyclin D1 protein and/or CCDN1 gene amplification in
relation to survival of cancer patients still exists.

Forinstance, itis reported that the amplification of CCND1 contributes to the loss of cell cycle control
only in a small fraction of malignant gliomas [44]. In an interesting study Lundgren et al. characterizes
the association between CCND1 amplification, Cyclin D1 protein levels, and breast cancer recurrence,
in a large randomized cohort of ER-positive breast cancer postmenopausal patients, treated with
endocrine therapy. Clinical data indicate that amplification of CCND1 observed in 8.7% of the tumors
associates with increased risk of disease recurrence. In contrast, both higher nuclear expression and high
cytoplasmic expression of Cyclin D1 instead associate with a decreased recurrence risk. No difference is
observed in the response to different therapies with aromatase inhibitors (anastrozole) compared with
tamoxifen, according to CCDN1 gene amplification or protein expression [45]. The amplification of
CCDNT1 and deletions of PPP2R2A gene, encoding for a serine/threonine-protein phosphatase marker
of worse prognosis, have been recently associated to a subgroup of luminal breast carcinoma that
exhibits poor survival. The combined analysis of Cyclin D1 and PPP2R2A expression, assessed by
immunohistochemistry, identified an immunophenotype of luminal breast that associates with poor
overall survival and disease-free survival [46]. Significant copy number alterations of CCND1 and
EGEFR correlate with clinical stage, tumor differentiation, and lymph node metastasis in oral squamous
cell carcinoma (OSCC). Furthermore, CCND1 and EGFR show an additive effect on OSCC tumor
progression [47]. Exome sequencing analysis of 243 liver tumors demonstrates mutational signatures
associated with specific risk. CCND1 amplification, together with 161 putative driver genes and p53
alterations, is evidenced at more advanced stages in aggressive tumors [48].

3. Cyclin D1: Role as Cell Cycle Regulator in Tumor Behavior

3.1. Cyclin D1 in Breast Cancer

In hormone-dependent breast carcinoma, estradiol and ER« regulate initiation and progression
through transcriptional activation of specific genes. In this concern, the induction of Cyclin D1
expression and/or the activation of multiple simultaneous pathways converging on the Cyclin
D1-CDK4/6 axis are fundamental [49]. Interestingly, combination of antiestrogen therapies, including
tamoxifen and CDK inhibitors, induce cell cycle arrest in the G1 phase [50]. Not only ERs but also
other receptors such us progesterone receptor (PR), human Her2, and AR play important prognostic
and predictive roles in the pathogenesis of breast cancer. Androgens, through their own receptor
AR, exert a protective role on breast tumor development and progression, counteracting the estrogen
activity [51-53]. Cyclin D1 expression is negatively modulated by dihydrotestosterone (DHT) through
a genomic mechanism dependent by AR (See Figure 1 left panel).
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Figure 1. A schematic summary illustrating mechanisms targeting Cyclin D1 in estrogen receptor
« (Erx)-positive breast cancer cells. LEFT PANEL Cyclin D1 as a key target of dihydrotestosterone
(DHT)/androgen receptor (AR) action in breast cancer cells for the repression of cell proliferation [54].
RIGHT PANEL. Cyclin D1 as a key target of adiponectin action in ERx- positive breast cancer cells.
Adiponectin induced signals, AMP-activated protein kinase (AMPK) and mitogen-activated protein
kinase (MAPK), phosphorylate both specificity protein 1 (Sp1) and ER«, producing the recruitment of
an activator complex on Cyclin D1 promoter. This causes the increased Cyclin D1 expression and breast
tumor growth [55]. See the text for details. Abbreviations: DAX1 (corepressor complex component),
ARE (androgen responsive element), histone deacetylases (HDAC1), Basal TM (basal transcriptional
machinery) Adipo R1 (Adiponectin receptor 1), P/CAF (P300/CBP-associated factor).

The latter is recruited at the androgen responsive element (ARE)- and specificity protein 1
(Sp1)-containing region of the proximal CCDN1 gene promoter, with consequent suppression of Cyclin
D1 transcription [54]. These data support the idea that inhibition Cyclin D1 expression by AR may be
a protective mechanism to reduce estradiol-dependent cell cycle progression in breast cancer cells [56].
Modulation of Cyclin D1 levels accordingly to ERx expression could explain the double action of the
adipokine adiponectin in breast cancer occurrence and progression [57]. In animals injected with human
ERx-negative breast cancer cells, pretreated with adiponectin, authors observed a reduction of tumor
volume, whereas in the animals receiving human ERx-positive cells, authors observed an increase of
tumor growth. Further in vitro experiments demonstrate opposite effects of adiponectin on Cyclin
D1 expression levels and gene promoter activity. In ERx-positive cells, the adiponectin produces the
specific recruitment of a coactivator complex inducing Cyclin D1 transcription, sustaining ERo-positive
breast cancer cell proliferation. (See Figure 1 right panel). In ERx-negative breast cancer cells, upon
adiponectin treatment, Sp1 is phosphorylated by AMP-activated protein kinase (AMPK) and recruited
on the responsive region of the Cyclin D1 promoter, causing the recruitment of a corepressor complex,
the displacement of RNA Polomerase II, and the reduction Cyclin D1 transcriptional activity [55].

Recent studies show a specific role of short, noncoding RNA (miRNAs) in breast cancer
pathogenesis [58]. These findings open new therapeutic perspectives and a new era of biomedical
science. However, despite showing immense promise, miRNAs have not been successfully implemented
in the clinical setting due to a lack of a standardized approach and conflicting results [59]. In addition to
regulating the coding region, Cyclin D1 has been shown to regulate noncoding miRNA and vice versa.
Several studies focus on the human miR-17/20 cluster, whose amplification and overexpression has been
described in different type of cancers [60]. Notably, authors demonstrate that miR17/20 inhibits breast
cancer cellular proliferation by repression of Cyclin D1 translation, via a conserved 3’ untranslated
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region miRNA-binding site. Furthermore, the cell cycle effect of miR-17/20 disappears after Cyclin D1
silencing and in Cyclin D1-deficient breast cancer cells. Besides, in the Cyclin D1-induced mammary
tumors, the miR-17/20 cluster appears upregulated, since Cyclin D1 is able to bind the miR-17/20
cluster promoter regulatory region [61]. The mechanism by which Cyclin D1 regulates noncoding
RNA is further defined by studies of miRNA processing. Cyclin D17/~ cells are characterized by
reduction in pre-miRNA processing, which is restored by Cyclin D1 rescue. Indeed, in vitro and
in vivo experiments demonstrate that Cyclin D1 induces the expression of RNase III endoribonuclease
Dicer, which cleaves long double-stranded RNA (dsRNA) or stemloop-stem-structured pre-miRNA
to form mature miRNAs. Particularly, Dicer is transcriptionally modulated by Cyclin D1, through
a CDK-independent mechanism. Since Cyclin D1 and Dicer expressions significantly correlate in
luminal A and basal-like subtypes of human breast cancer, authors conclude that Cyclin D1 through
Dicer coordinates microRNA biogenesis in these breast cancer subtypes [62]. Further elegant studies
demonstrate that Cyclin D1 governs a specific cluster of miRNA, which correlates with ERx positivity
in breast cancer and with Wnt signaling activation. The Cyclin D1-mediated miRNA signature engages
a network of coding genes, including the Dickkopf Wnt signaling pathway inhibitor (DKK) proteins
antagonists of the Wnt signaling. Thus, Cyclin D1 governs an additional regulatory mechanism that
activates Wnt via non-coding miRNA [63]. Interestingly, further recent data report that Cyclin D1
induces the secretion of specific miRNAs governing the tumor immune response. miR-21 and miR-93,
which bind Toll-Like Receptor 8 to trigger a pro-metastatic inflammatory response, represent >85% of
the Cyclin D1-induced secreted miRNA transcripts. Thus, these researches, demonstrate an unknown
function of Cyclin D1, suggesting increased secretion of immuno-miRNAs that lead a pro-tumorigenic
immune phenotype [64].

3.2. Cyclin D1 in Hepatocellular Carcinoma

A new role for Cyclin D1 in controlling liver cell proliferation and cancer stem cells self-renewal
is rapidly emerging. During hepatic carcinogenesis, Cyclin D1 is induced by activated (3-catenin,
it can partially substitute activated 3-catenin and cooperates with the oncogene MET to induce liver
cancer formation in vivo [65]. Besides, Cyclin D1 modulates liver cancer stem cells self-renewal,
interacting with and activating Smad2/3 and Smad4. Accordingly, the Cyclin D1-dependent activation
of Smad?2/3 and Smad4 is also evidenced in hepatocellular carcinoma (HCC) patients and predicts
disease progression [66]. Increased expression of the Cyclin D1 mRNA is observed in patients
with HBV-HCC [67], however, further in vivo models show that over-expression of Cyclin D1 alone
may not be sufficient for HCC development. Recent evidences indicate that a high expression of
Minichromosome maintenance complex component (MCM) 7 is associated with poor prognosis in
HCC patients. The MCMY plays an essential role in initiating DNA replication and its upregulation
increases the proliferation of HCC cells in vitro and tumorigenicity in vivo. The combination of MCM7
and Cyclin D1 has a prognostic value in HCC patients. Indeed, a positive association between MCM7
and Cyclin D1 expression is found in mouse models and human tumor tissues. DNA damage and
chromosomal abnormalities cause the overexpression of Cyclin D1 and its accumulation in cancer cell
nuclei interfering in cell cycle control, further suggesting the crucial role of the nuclear Cyclin D1 in
this type of cancer [68].

3.3. Cyclin D1 in Ovary Cancer

Ovarian cancer (OC) is a significant cause of mortality, because patients develop chemoresistance
after initial response to chemotherapy [69]. Several studies demonstrate a role of Cyclin D1 in initiation
and progression of the disease. Chen et al., 2015 discovered that follicle-stimulating hormone (FSH)
stimulates proliferation of epithelial OC, by regulation of Cyclin D1 expression. FSH-induced Cyclin D1
expression is mediated by the candidate oncogene gankyrin, usually expressed at higher levels [70,71].

Important evidences obtained by the large-scale cancer genomic analysis indicate that the genes
of cell cycle control are altered in 70% of high-grade OC [72]. Specifically, the overexpression of Cyclin
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D1 is often detected, and it is strongly associated with chemoresistance and poor prognosis in OC, thus,
Cyclin D1 overexpression significantly influences the clinical outcome in advanced epithelial OC [73].
Similarly, Bali et al. identified Cyclin D1 overexpression as an independent prognostic factor in the
multivariate analysis of 134 serous OC cases [74]. A database search evidences that in human OC
tissues miR-211 is significantly downregulated in clear-cell, an uncommon, but aggressive epithelial
OC and high-grade serous carcinomas, compared to healthy control tissue. Authors demonstrate that
miR-211 directly binds to sequences in Cyclin D1 and CDK6 mRNA, repressing their translation into
protein [75].

3.4. Cyclin D1 in Lung Cancer

Cyclin D1 overexpression is reported in 18-76% of evaluated patients [76] and CCND1 gene
amplification in 5-32% of non-small cell lung carcinoma patients (NSCLC). Oncogenic Cyclin D1
overexpression produces a global transcriptome downmodulation probably due to the interaction
of Cyclin D1 with the transcription machinery [77]. Moreover, KRAS-driven lung tumorigenesis
requires the activation of extracellular signal-regulated kinase (ERK)/Cyclin D1 pathway in human-lung
adenocarcinoma tissues and transgenic mice [78]. These studies suggest a possible cooperation of
Cyclin D1 with KRAS in early pathogenesis of NSCLC. Similarly to KRAS, also the alteration of the
oncosuppressor phosphatase and tensin homolog (PTEN) [79] is associated with the overexpression of
Cyclin D1. Different studies show that wild-type PTEN prevents the increase in nuclear localization of
Cyclin D1 and induces G1 cell cycle arrest. Not only in NSCLC but also in other types of cancer the
depletion of PTEN is significantly correlated with increased Cyclin D1 expression [80]. In patients with
NSCLC, it has been observed also that hypermethylation of PTEN [81], EGFR gene’s amplification,
and oncogene MET coexistence are correlated with Cyclin D1 overexpression [82].

4. Membrane Associated and Cytoplasmatic Cyclin D1: Linking Cell Cycle Control, Adhesion
and Invasion

Cyclin D1 is especially known for its catalytic and noncatalytic roles regarding the transcriptional
regulation of genes that are involved in proliferation and differentiation. However, recent data
demonstrate that Cyclin D1 complexes also target substrates with roles in cytoskeletal modelling,
cell adhesion, and motility [20]. Particularly, Cyclin D1 is not restricted to the nucleus but it is also
associated to the cytoplasm and cytoplasmic membrane, where it can activate cytoplasmic targets
involved in cell invasive potential [21].

Pioneering evidences demonstrate that Cyclin D1 deficiency in bone marrow-derived macrophages
increases focal complex formation and adhesion, yielding a flattened, circular morphology with reduced
membrane ruffles [20]. Moreover, Cyclin D1 loss is associated with reduced cellular migration in
response to different stimuli. Besides, Cyclin D1-loss in mouse embryo fibroblasts (MEFs) and
mammary epithelial cells causes increase of cell adhesion and decrease of motility compared with
wild-type cells [23,24]. This phenotype is counteracted by transduction of Cyclin D17/~ cells with a
Cyclin D1 cDNA, inducing cell migration and reduction of the activity of Rho GTPase, master of cellular
migration, governing spatiotemporal activation and coordination of subsequent protein—-protein and
protein-lipid interactions [83].

Further studies identify Cyclin D1 in the cytoplasmic membrane [84] and show Cyclin D1 to
interact and modulate the function of several cytoplasmic membrane-associated proteins including
the filamin A [85], protein kinase C, casein kinase substrate in neurons protein 2 (PACSIN II) [22],
and paxillin (Pxn) [86]. Paxillin, a key component of focal adhesion, interacts with many molecules
thus monitoring the Rho GTPases [87]. Notably, Pxn contains many phosphorylation sites, and it was
demonstrated that Pxn acts as a substrate for the Cyclin D1/CDK4 complex [86]. We recently reported
that low levels of Pxn phosphorylation at Ser 83, resulting to the reduced Cyclin D1/CDK4 functional
interaction, led to the inhibition of mediators of membrane ruffles and actin rearrangements such as
Racl and its effector Pak, as evidenced by the reduction of pSer144-Pak1 levels [88] (see Figure 2).
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Figure 2. A schematic summary illustrating Cyclin D1 as a key target of ligand-activated progesterone
receptor (PR)-B in breast cancer cells invasion. [88]. hydroxyprogesterone (OHPg)/PR-B reduce Cyclin
D1 expression by transcriptional regulation due to the recruitment of PR-B on Cyclin D1 promoter.
Cyclin D1/cyclin-dependent kinase 4 (CDK4)/paxillin (Pxn) complex, pSer83Pxn, Rac, and Pak are
inhibited causing delay of cell invasion and migration. See the text for details. Abbreviations: PRE
(progesterone responsive element), histone deacetylases (HDAC1), Pol IT (RNA polymerase II).

High levels of Cyclin D1/CDK4 also promote GBM cells dissemination. Cyclin D1 induces the
invasion of primary human GBM cells through a cytoplasmic RB protein-independent mechanism.
Using GBM mouse models, authors discovered that evaded GBM cells (such as perivascular cells)
show that Cyclin D1 colocalizes with regulators of cell invasion such as RalA and Pxn. Genetic data
indicate that, in GBM cells, the Cyclin D1/CDK4 complex is acting upstream of those regulators.
Hence, expression of Cyclin D1 induces focal adhesion kinase, RalA and Racl activities. In agreement
with these findings in vivo experiments demonstrated increased GBM dissemination after exogenous
expression of membrane-targeted Cyclin D1 [25].

Analyzing by immunohistochemistry of the localization of Cyclin D1 in endometrial, breast,
prostate, and colon carcinomas with different types of invasion, Fuste et al. [89] found that in
prostatic adenocarcinoma Cyclin D1 displays an asymmetric pattern of localization. Specifically,
cytoplasmic-membranous Cyclin D1 expression correlates with the Gleason grade and, the higher
expression is evidenced in pT3, that is, when tumor extends beyond the prostate [89]. In the
cells exogenously expressing a membrane-attached variant of Cyclin D1, authors observed that the
sequestration of Cyclin D1 in the membrane enhances cell invasion and metastasis without affecting
cell proliferation.

Future studies could be aimed at characterizing the partners of Cyclin D1 responsible for these
noncanonical oncogenic features, using proteomic screen in Cyclin D1-expressing cell models [90].
Body et al. demonstrate that Cyclin D1 accumulates in the cytoplasm in mantle cell lymphoma
(MCL) cell lines and primary tumors. They investigate the main molecular functions of Cyclin D1
in MCL, by identifying factors interacting with Cyclin D1. Proteomic data reveal a large number of
Cyclin D1-interacting factors involved in cell migration, invasion, and adhesion [91]. Most of these
partners of Cyclin D1 found in B-cell lymphoma and myeloma cells, are also present in solid tumors
such as breast cancer, squamous cell carcinoma, and colorectal cancer. Although further studies are
required to address the specific role mediated by Cyclin D1 in the cytoplasm, at least several of the
above-described effects on cancer cell migration/invasion might be targets for the development of
improved combinatorial cancer treatment regimens. Indeed, all these data suggest that pharmacological
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inactivation of Cyclin D1/CDK could be included in the therapeutic portfolio, not only to counteract
tumor cell proliferation but also against the invasive capacity.

5. Cyclin D1 Role in the Tumor Microenvironment

The tumoral microenvironment is an essential aspect of the tumor, since it provides a nurturing
for the malignant process. Particularly, the relationship between the two components of the solid
tumors, tumor cells, and stromal cells is essential for tumor growth, progression, and development of
metastasis [92]. Stromal cell population in many tumor types is characterized by cancer-associated
fibroblasts (CAFs), cells from different cell populations including bone-marrow mesenchymal stem
cells, epithelial to mesenchymal transition cancer cells, endothelial cells, and resident fibroblast [93].
Understanding the molecular interaction between tumor cells and stroma cells provides new and
valuable clinical targets for cancer treatment. A growing scientific interest is directed to the role of
Cyclin D1 in this complex interplay and how it is correlated with proliferative signaling, cellular
energetics, inflammation, angiogenesis, activating invasion, and metastasis all contributing with tumor
progression. A pioneering study evidences the importance of Cyclin D1 as a crucial regulator of
tumor-stroma interactions, in prostate cancer progression [94]. By exogenous expression of Cyclin D1
in benign stromal cells, authors found that cell behavior mimics that of cancer stromal cells. Particularly,
the Cyclin D1-overexpressing fibroblasts have an increased life span and share several similarities with
CAFs. Microarray studies demonstrate a high concordant gene expression profile between the Cyclin
D1-overexpressing fibroblasts and CAFs, compared with normal prostate fibroblasts. Subsequent
in vivo studies establish that the Cyclin D1/CDK4 axis plays a critical role not only in glial tumor cells
but also in stromal-derived cells, which sustain tumor growth [95]. Specifically, tumor-associated
microglia (TAM) in tumors from Cyclin D1 and CDK4 knockout mice show a cell morphology
characterized by multiple protrusions associated with a reduced state of activation. Cathepsin and
other markers of TAM activation are reduced. Moreover, platelet-derived growth factor-transformed
glial cells engrafted orthotopically into the mice, formed more aggressive tumors in wild-type mice
compared with Cyclin D1-deficient animals. This in vivo model suggests the idea that loss of Cyclin
D1 in TAMs impedes the progression to increased malignancy. Thus, therapies directed to Cyclin
D1/CDK4 may be useful in targeting both the tumor cell and modulating the activity of a stromal cell
type that is critical to support malignant progression.

More recent studies show that the expression of the Cyclin D1 increases in human cancer stroma,
promoting tumor inflammation, angiogenesis, and stem cell expansion in advanced breast cancer.
An increase of nuclear Cyclin D1 levels in stromal fibroblast of 914 breast cancer patients has been
demonstrated, predicting poor outcome. This increase correlates with the secretion of factors that
promote expansion of stem cells, such as breast stem-like cells, embryonic stem cells, and bone
marrow-derived stem cells, and induces an inflammatory infiltration increasing the recruitment of
F4/80+ and CD11b+ macrophages and angiogenesis. Stromal Cyclin D1 also increases the secretion
of pro-inflammatory cytokines (CCL2, CCL7, CCL11, CXCL1, CXCL5, CXCL9, CXCL12), CSF (CSF1,
GM-CSF1) and osteopontin (OPN) [96]. These data demonstrate that Cyclin D1 expression in stroma
cells regulates tumor microenvironment development, promoting several key hallmarks of cancer.

A very recent database investigation suggests that CCND1 amplification may be associated
with poor clinical response to antiestrogen therapy in breast cancer patients, through suppressing
the antitumor immunity in TME [97]. Transcriptomic analysis shows various degrees of immune
cell exclusion in the population characterized by CCND1 amplification. The gene set enrichment
analysis indicates that CCND1 amplification correlates with multiple aggressive, immunosuppressive
hallmarks including epithelial-mesenchymal transition and hypoxia signaling. Some limitations to
these conclusions are related to other issues such as tumor type, standardization of detection, and
accompanying gene mutation status. Therefore, the full implication of Cyclin D1 in the molecular
connection between tumor and stroma deserves more complete investigation regarding the mechanism
of CCND1 amplification and primary immune resistance.
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6. Conclusions

Cyclin D1 through its binding partners CDKs is a key regulator of the cell cycle and is overexpressed
with high frequency in many human cancers. A series of studies demonstrate how Cyclin D1 is
essential in the mechanisms involved in the pathogenesis of cancer. In recent years, in vitro and
in vivo studies have delineated a new position of Cyclin D1 as controller of cellular invasiveness and
aggressiveness. Notably, Cyclin D1 overexpression is a fundamental determinant of the reciprocal
interplay between cancer cells and the stroma, exerting in such a way a “tumor-promoting” action.
All these concepts support the use of CDKs inhibitors in cancer therapy. Notably, CDK4/6 inhibitors
are small selective, orally bioavailable molecules able to restrain proliferation of sensitive cancer cells,
preventing cell cycle progression. The recent discovery of ribociclib and abemaciclib, added to the
therapeutic portfolio including palbociclib, contributes to increase the response rates and prolongs
disease control when combined with endocrine therapy in hormone-responsive advanced breast
cancer. Moreover, a number of preclinical studies indicate that these molecules are able to determine
an antitumor immune response, evidenced by the combination with immune checkpoint blockade,
targeting pathways such as the programmed cell death protein-1 (PD-1) axis resulting in a synergistic
effect on tumor growth [98]. These promising results of durable responses in patients with advanced
cancer also underscore the importance of understanding the roles of the Cyclin D1 in shaping the
development of the tumor microenvironment and in the therapeutic efficacy for successful clinical
translation in treating patients with cancer.

Assessing the contribution of each function of Cyclin D1 to cancer progression could contribute to
develop therapies in an appropriately targeted and personalized manner.
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