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Mammalian Development and Cancer: A Brief
History of Mice Lacking D-Type Cyclins

or CDK4/CDK6

Ilona Kalaszczynska and Maria A. Ciemerych

Abstract Cellular proliferation is controlled by the orchestrated action of many
cell cycle regulators. Among them are cyclins and cyclin-dependent kinases (CDKs),
the activity of which is necessary to drive each phase of the cell cycle. Mitogenic
stimulation leads to the expression of D cyclins which bind and activate CDK4 and
CDKa®6. This event triggers a chain of events ultimately leading to cell division.
Dissection of the functions of D cyclins and CDK4 in the regulation of proliferation
of mammalian cells was greatly facilitated by the generation of genetically modified
mice in which either D cyclins, their CDK partners, or other cell cycle regulators
were ablated or replaced. In general, variable impact of germline loss of these cell
cycle regulators on different tissues underscores specific roles for D cyclins and
their partner CDKs in differentiation and development. These mouse models have
also proved crucial for studies analyzing tumor development and for the discovery
and evaluation of anticancer therapies, often linking tissue-specific functions to
antineoplastic effects of inhibition of cyclin-D-dependent processes. This chapter
summarizes the history of mice lacking D cyclins and CDK4/CDK6 and presents a
synopsis of key findings from those animal models.
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2.1 Introduction

In 1855 Rudolf Virchow formulated his famous Omnis cellula e cellula—all cells
come from cells. He also explained that “we must reduce all tissues to a single
simple element, the cell (...), and from it emanate all the activities of life both in
health and in sickness” [216]. Thus, to understand how the organism originates,
develops, and matures, we have to understand how its cells proliferate, differentiate,
become quiescent, die, or transform to malfunction and cause disease, such as can-
cer. Importantly, unicellular organisms, as well as cells of multicellular organisms,
exploit the same molecular machinery governing their proliferation. This machinery
ensures that the newly formed cell becomes ready to replicate its genetic material
and that any mistakes occurring during replication will be removed. Next, this pro-
cess dictates that cell division will produce two daughter cells properly prepared for
either the next cell cycle or another fate, such as differentiation. Due to the wide
variety of dividing cells, some aspects of cell cycle progression may be modified;
however, the core of this process is constant and relies on the function of cyclin-
dependent kinases (CDKs) and their regulatory cofactors (cyclins).

In this chapter we will present one of the crucial cell cycle regulators, D-type
cyclins and their CDK partners. We will center on the “ab ovo” part of the charac-
terization of these proteins, i.e., their role in the development, and also outline their
involvement in carcinogenesis. The majority of the studies presented here would not
have been possible without the groundbreaking discoveries and techniques devel-
oped by Martin Evans and Matthew Kaufman as well as Gail Martin, who derived
the first lines of mouse embryonic stem cells [58, 146], and Mario Capecchi and
Oliver Smithies who showed how to genetically modify these cells [141]. Important
input also came from Andrzej K. Tarkowski who was the first to create chimeric
mice [229, 230], which established the basis for an indispensable method to gener-
ate knock-out or knock-in mice. Our major goal is to summarize what has been
learned using mice in which cyclins D, CDK4, CDK®6, or other cell cycle regulators
were ablated or replaced. We are aware, however, that presenting all of the currently
available data is not possible. Thus, we do regret the omission of any relevant find-
ing and view. We are sure, however, that other chapters presented in this book will
expand upon our summary of progress made in understanding D-type cyclin func-
tion derived from genetically modified mice.

2.2 The Core

The first studies leading to the discovery of the universal mechanisms governing
cell cycle progression focused on Rana pipiens oocytes undergoing meiotic divi-
sion—the so-called meiotic maturation. Experiments demonstrating that cytoplasm
from dividing frog oocyte induced meiosis in prophase oocytes led to the discovery
of the activity described as MPF (maturation-promoting factor or M-phase-
promoting factor [148, 149, 219]). In a short time, similar activity was confirmed in
mouse oocytes [11] and also in dividing somatic cells [183, 221] proving that MPF
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triggers not only meiosis but also mitosis and is responsible for interphase/meta-
phase transition. Next, a drop in MPF activity was shown to be prerequisite for
metaphase exit. The biochemical nature of MPF was soon revealed—it was charac-
terized as a complex of a protein kinase, later termed cyclin-dependent kinase
(CDK), and a regulatory component, cyclin. The first CDK, i.e., CDK1, was discov-
ered in yeast by cloning cdc2 and CDC28 [81, 82, 125, 215]. CDK1 activators were
identified during analyses of dividing sea urchin and clam embryos [59, 192, 224].
They were named cyclins due to their periodic expression pattern. Cyclins accumu-
lated in interphase and were abruptly degraded in M-phase just before each cleavage
division of an embryo. These milestone discoveries were soon followed by charac-
terization of other cyclins, CDKs, and their positive and negative regulators, present
not only in yeast and animal cells but also in plant cells. It was also shown that
specific CDKs can be regulated only by particular cyclins, the synthesis of which
leads to activation of these enzymes. Precisely orchestrated destruction of the
cyclins results in a drop in CDK activity.

Next, G1- and S-phase-specific CDK-cyclin complexes were identified along
with their cell cycle-specific substrates. Thus, cyclin D-CDK4 or CDK6 (CDK4/
CDKG6) complexes regulate G1 phase, CDK2 together with E- and A-type cyclins
controls S phase, and CDKI1 activated by A- and B-type cyclins coordinates
M-phase progression (Fig. 2.1). Current evidence supports a simplified model

mitogens

Fig. 2.1 Simplified summary of cell cycle regulation. Cell cycle progression is precisely con-
trolled by periodically active cyclin-CDK complexes. Mitogen stimulation drives cell cycle reentry
by induction of D-type cyclin synthesis. Once synthesized, D cyclins bind and activate CDK4 and
CDKG6 kinase subunits, which in turn phosphorylate and inactivate pRb allowing activation of E2F
transcription factors and their cofactors. One of the first products of E2F-controlled transcription
is cyclin E which binds and activates CDK2 allowing initiation of S-phase. Next, S-phase is con-
trolled by cyclin A-CDK2 complexes. Cyclin A-CDK1 activation that is necessary for M-phase
entry is followed by cyclin B-CDKI1 activation. Completion of each cell cycle phase requires
degradation of the specific cyclin and, as a result, CDK inactivation. Each of the CDKs is blocked
by specific inhibitors—CDK4/CDK6 by INK4 family members, e.g., p16™* CDK2, and CDK1
by KIP/CIP inhibitors, i.e., p21¢!, p274r! and p575r? (Modified from Ciemerych et al. [42])
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showing that in order to be active, a CDK has to be postranslationally modified.
One of the crucial modifications is introduced by CAK, i.e., CDK-activating kinase
that phosphorylates the T-loop of monomeric CDK [66]. Interestingly, CAK is
itself composed of a CDK, CDK7, which is activated by cyclin H and MAT1.
Further, in addition to its involvement in cell cycle control, CDK7 is also a compo-
nent of transcription factor TFIIH, which plays a role in the regulation of gene
expression [34] as do other CDKs, such as CDK8 or CDK9 (for review see [142]).

In addition to activation by posttranslational modification, CDKs are also subject
to inhibitory phosphorylation, e.g., p-T14/Y15 in case of CDK1, which needs to be
removed by CDK-specific phosphatases [208], and also to inhibition by members of
the INK family (e.g., pl16™**—specific for CDK4 and CDK6) or CIP/KIP family
(e.g., p21°Prl, p27Kirl p57%P2__gpecific for CDK2 and CDK1) of protein inhibitors.
Interestingly, cyclin D-CDK4/CDK6 complexes bind and sequester CIP/KIP proteins,
such as p279!, avoiding being inhibited by them and promoting activation of other
CDKs [9, 23, 114]. Nevertheless, it is the binding of CDK and cyclin that is a sine qua
non condition for CDK activation, with each of the other events described serving to
add exquisite layers of regulatory control on these vital cell cycle control enzymes.

The core of the cell cycle regulatory machinery is operative in dividing cells.
However, one has to be aware that many cell types utilize customized adjustments
to fundamental cell cycle mechanisms. These sometimes subtle differences allow
certain cells to adapt to specific developmental or environmental requirements. For
example, proliferation of certain embryonic cells, such as embryonic stem cells
(ESCs), is not inhibited by pl6™“ [201] raising the possibility that the cyclin
D-CDK4/CDK6 pathway might be modified or not fully operative during early
mammalian development [61, 238]. Thus, the regulation of cleavage divisions in
developing embryos and proliferation of precursors of various cell types, or embry-
onic stem cells, can serve as illustration of such fine-tuning (for review see, e.g.,
[42,76, 111, 161, 202]).

2.3 The Details

2.3.1 D-Type Cyclins: What Are They and What Do They Do?

Three D-type cyclins, i.e., cyclin D1, D2, and D3, are present in mammalian cells
and tissues. They were first reported as products of genes responding to mitogen
stimulation and involved in G1 phase regulation [128, 153, 165, 166, 241, 244,
245]. They are encoded by separate genes but share significant amino acid identity
that reaches 50—60% throughout the entire coding sequence and 75-78% within
the most conserved cyclin box domain [91, 245]. As was mentioned above, expres-
sion of D-type cyclins is largely controlled by the extracellular environment—they
are upregulated during cell cycle entry as a result of signals coming from extracel-
lular matrix or soluble mitogens reaching the cell [106]. For example, cyclin D1
levels can be increased by mitogenic stimulation activating the MAPK canonical
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pathway, i.e., Ras-Raf-MEK-ERK1/ERK?2 [3, 120], PI3K, Wnt, or other signaling
pathways [106, 167]. Conversely, D-type cyclin expression declines when anti-
mitogens are added and for these reasons they might be described as sensors of
environmental changes.

The first identified function of D-type cyclins was to control cell cycle reentry by
activating CDK4/CDK6 which phosphorylates pRb family members, i.e., pRb,
pl107, and p130 [18, 154, 155, 158, 253]. In its active, i.e., hypophosphorylated,
state, pRb binds and prevents activity of the E2F transcription factors. Phosphorylation
of pRB leads to the release of E2Fs and results in the activation of E2F-controlled
genes, among them those encoding E- and A-type cyclins, i.e., cyclins involved in
the activation of CDK2-regulating initiation and progression of S-phase [45, 54,
209, 210]. Cyclin D-CDK4/CDK6 complexes impact cell cycle progression also by
controlling other proteins, such as SMAD family members. Phosphorylation of
SMAD3, a factor playing a crucial role in the antiproliferative TGF-3 pathway, leads
to the inhibition of its antiproliferative function [133, 156] and promotion of cell
cycle progression. Systemic screening for cyclin D1-CDK4/CDK6 and cyclin
D3-CDK4/CDKG6 substrates revealed, apart from pRB family members and SMAD3,
another 68 potential targets for these kinases [4]. Among identified targets were such
factors as Myc or forkhead box M1 (FOXM1), proteins which when phosphorylated
and stabilized activate the expression of G1/S phase genes [4]. Interestingly, the
number of substrates uncovered as a result of these analyses seemed to depend on
the cyclin D type. Cyclin D1-CDK4/CDKG6 substrates were less abundant than those
phosphorylated by cyclin D3-CDK4/CDK6. In recent years CDK-independent
functions of D-type cyclins were also uncovered (see below).

2.3.2 D-Type Cyclins: Where Are They Expressed?

All three D-type cyclins, as well as their CDK partners, are detectable during
oogenesis [107, 164], spermatogenesis [19, 103, 254], and also at each step of
pre- and post-implantation mammalian development [40]. Interestingly, they are
expressed with significant overlap (Fig. 2.2). For example, in the developing ner-
vous system, cyclins D1 and D2 are detectable in distinct cellular compartments,
and their synthesis dynamically changes along the course of development [2,
239]. In some tissues, such as stratified squamous epithelia, cyclin D1 synthesis is
associated with proliferating cells, whereas cyclin D3 is present in cells more
advanced in differentiation [15]. In proliferating skeletal myoblasts, cyclin D1
prevents exit from the cell cycle and terminal differentiation [184, 217, 218].
Thus, the formation of mature myotubes is associated with decrease in cyclins D1
and D2 and increase in cyclin D3 expression [31, 104, 145]. In embryonic and
also in adult tissues, some cellular compartments express a combination of two or
even three D-type cyclins (e.g., [15, 16, 41, 73, 175, 186, 226, 248]) (Fig. 2.2).
Expression of CDK4 and CDKG6 does not seem to be so finely assigned as is the
case for D-type cyclins [41].
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Fig. 2.2 Cyclin D, CDK4, and CDKG6 expression in E13.5 mouse embryos. Sagittal sections of
mouse embryos were hybridized with riboprobes specific for cyclin D1, cyclin D2, cyclin D3,
CDK4, and CDKG6 (Technical details in Ciemerych et al. [41]). Black color represents hybridiza-
tion signal. B brain, Ret retina, L liver, V vertebrae, H heart, Lu lungs

The precisely timed expression patterns of D-type cyclins suggested that each of
them may play some non-redundant and/or CDK-unrelated functions. Experiments
aiming at the verification of this hypothesis started with the generation of mutant
mice lacking a single D-type cyclin [62, 211, 213, 214] and soon was followed by
experiments analyzing results of ablation of two and finally all three D-type cyclins
[43, 109]. Next, kinase-dependent functions were tested in CDK4- and CDK6-null
mice [144, 157, 182, 231]. As a result it was uncovered that lack of D-type cyclins
or CDK4/CDK®6 had dramatic consequences for the proper development of certain
cellular compartments.

2.3.3 D-Type Cyclins and Their Partners: How to Live
Without Them?

2.3.3.1 Single Knock-Out Mice

In 1995, the phenotype of the first cyclin D knock-out mice was described. It was
only a few years after D-cyclin-encoding genes were cloned, and as not much was
known about their specific function, a lot was to be discovered. Although all three
D cyclins showed very high sequence similarity, it was suspected that each of them
could play unique functions. This notion was supported by observations showing
that despite widespread expression of each D-type cyclin, phenotypes of knock-out
mice were limited to a narrow subset of cellular compartments. Importantly, mice
lacking CDK4 or CDKG6 displayed abnormalities within tissues and organs similar
to those affected by the lack of D-type cyclins suggesting that at least some pheno-
types resulting from D-cyclin loss are CDK related (Table 2.1).
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Table 2.1 Phenotypes of mice lacking cyclins D or CDK4/CDK6

Gene/genes
disrupted Survival Phenotypes References
“Conventional” knock-outs
Cyclin D1 Viable Reduced body size, neurological [62, 89,
abnormalities, hypoplastic retinas, 190, 213,
impaired proliferation of mammary gland 249]
epithelium during pregnancy
Resistant to Ras- and ErbB2-driven breast
cancers, skin papillomas, Apc™"-driven
intestinal polyps
Cyclin D2 Viable Infertile females (inability of ovarian [29, 47, 87,
granulosa cells to proliferate in response to | 95, 115,
FSH; oocyte development not affected), 214, 220]
males fertile but have small testes and
decreased sperm counts, impaired
cerebellar development, impaired
proliferation of B-lymphocytes
Reduced susceptibility to gonadal tumors,
BCR/ABL-driven transformation of
hematopoietic cells, Apc™-driven
intestinal polyps
Cyclin D3 Viable Hypoplastic thymi (reduced expansion of [211]
immature T lymphocytes)
Resistance to Notch-driven leukemias
(T-ALL); delayed development of
pS6lck-driven thymomas
Cyclins D1D2 Viable but die Reduced body size, hypoplastic cerebella [43]
within 3 weeks
after birth
Cyclins D1D3 Most die Neonatal lethality due to aspiration with [43]
immediately meconium (probably caused by
after birth; a neurological defects)
fraction can
survive up to
2 months
Cyclins D2D3 Embryonic Severe megaloblastic anemia [43]
lethal
(E16.5-17.5)
Cyclins Embryonic Severe megaloblastic anemia, multilineage | [109]
D1D2D3 lethal (E16) hematopoietic failure, abnormal heart
development
CDK4 Viable Reduced body size, neurological [157, 160,
abnormalities, pancreatic dysfunction 182, 191,
resulting in diabetes (p-cell hypoplasia), 231]

males infertile due to reduced number of
spermatids and mature spermatozoa,
females infertile due to failure in formation
of corpus luteum.

Decreased incidence of skin tumors,
Myc-driven tumors of oral mucosa

(continued)
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Gene/genes
disrupted

Survival

Phenotypes

References

CDK6

Viable

Reduced thymus and spleen cellularity,
defects in expansion of immature T

[86, 144,
203]

lymphocytes, deficiency in hematopoietic
stem cell function

Resistant to Akt-driven lymphomas and
BCR-ABL!*!-induced leukemia

Severe anemia, defects in maturation of
different hematopoietic lineages

CDK4, CDK6 Embryonic
lethal

(E14.5-E18.5)

[144]

CDK4, CDK®6,
CDK2

Die at E13.5-15.5. Multilineage
hematopoietic failure, abnormal heart
development
“Conventional”/conditional” knock-outs
*gene disrupted using Cre-LoxP technique

[200]

DI1* Loss of cyclin D1 in hepatocytes causes
increased gluconeogenesis and
hyperglycemia

Loss of cyclin D1 in mammary glands
prevents tumors induced by ErbB2

oncogene

(37, 127]

D3* Hypoplastic thymi (reduced expansion of
immature T lymphocytes)

Resistance to Notch-driven leukemias
(T-ALL)

Loss of hematopoietic stem cells

[37]

D1*D2D3*
DI1D2D3E1*E2

[38]
[134]

Loss of D- and E-type cyclins in ES cells
does not prevent proliferation

Loss of D- and E-type cyclins in MEFs
abolishes proliferation

CDK4* and
CDK2*

No obvious abnormalities [12]

The first cyclin studied using a genetic mouse model was cyclin D1. Its expres-
sion was independently disrupted by Sicinski (Weinberg group) and Fantl (Dickson
group) [62, 213]. D1-null mice display reduced body mass, a spastic leg-clasping
reflex, and a partially penetrant premature mortality within the first weeks of life.
The latter phenotype is explained by abnormalities in the development and function
of the nervous system. Despite the neurological deficiencies, brain size and neural
progenitor cell number is comparable to that observed in wild-type controls [36,
74]. The loss of cyclin D1 does not reduce the number of neural progenitor cells in
the subgranular zone (SGZ) [108]. It impacts, however, Schwann and glial cell pro-
liferation associated with postnatal injury [7, 171] but does not markedly prevent
axonal regrowth during induced regeneration [105]. Two initial studies on D17/~
mice revealed abnormal development of retinas [62, 213] resulting from restricted
proliferation of retinal cells and increased photoreceptor cell death [137].
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Interestingly, functional redundancy among D-cyclin subtypes was documented by
the analysis of knock-in mice expressing cyclin D2 in place of cyclin D1 in that
development of retinas was nearly normal [30]. Cyclin D2 could also replace cyclin
D1 function in estrogen-induced proliferation of other tissues, i.e., mouse uterine
epithelium [33]. However, other studies suggested that neither cyclin D2 nor cyclin
D3 could fully ameliorate the retinal phenotype [52]. Interestingly, the function of
cyclin D1 was replaceable by a downstream cell cycle regulator—cyclin E [70]. A
second dramatic phenotype of D1-null mice is associated with the failure of mam-
mary glands to undergo normal lobuloalveolar development during pregnancy [62—
64, 213]. As a result D17~ females cannot feed their pups. This phenotype could
also be rescued by cyclin D2 [30].

Dissection of specific functions of cyclin D1 led to the generation of two knock-
in mouse strains. At first, knock-in mice carrying a version of cyclin D1 that lacks
the ability to activate CDK4/CDK6 were analyzed [117]. Such animals manifest
only slightly underdeveloped retinas. Also pregnancy-induced mammary gland epi-
thelial expansion is not substantially affected in uniparous knock-in females [117].
Further studies showed, however, that abrogation of cyclin D1-associated kinase
activity influences mammary gland progenitor cell self-renewal and impacts their
differentiation and tissue regeneration [96], as well as leads to upregulation of
autophagy [27]. Similar to cyclin D1 knock-out animals, “knock-ins” are also char-
acterized by some growth deficiency and neurological phenotypes, i.e., leg clasping.
In contrast, mutation in the LxCxE motif, which is required for binding of D-type
cyclins with pRb [55] and is essential for cell cycle regulatory functions of these
proteins, impacts neither retinal development nor mammary gland function [10,
118]. In vitro studies exposed, however, that the LxCxE motif is crucial for cyclin
D2 function, documenting that these two cyclins might not play redundant roles in
cell cycle control [10].

The phenotype of cyclin D2-deficient mice is also very narrow. Females are ster-
ile as a result of the inability of ovarian granulosa cells to proliferate in response to
follicle-stimulating hormone (FSH). As a consequence, ovarian follicles do not
form properly, and oocytes cannot be ovulated. D27~ males are fertile but testes are
hypoplastic [214]. Lack of cyclin D2 also impacts the proliferation of peripheral
B-lymphocytes [115, 220] and pancreatic p-cells [71, 112, 113]. Next, several neu-
rological phenotypes are characteristic for cyclin D27~ mice. Among them are mild
cerebellar abnormalities [75, 87], a decrease in intermediate progenitor cells in the
embryonic cortex [74], as well as impaired adult neurogenesis [5, 108]. D3-deficient
mice, in turn, are viable but display abnormalities in T and B cell [48, 150, 211] as
well as erythrocyte development [199]. D3-null mice are also characterized by defi-
cient maturation of granulocytes in bone marrow and a reduced number of granulo-
cytes and neutrophils in the blood [212]. Interestingly, cyclin D3 was also shown to
be involved in pancreatic f-cell function, since in the nonobese diabetic (NOD) type
1 diabetes-prone mouse, lack of this cyclin exacerbates diabetes and impairs glu-
cose responsiveness [195].

D-type cyclins bind and activate CDK4 and CDK6. As with their cyclin partners,
the expression of these catalytic subunits during mammalian development is gener-
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ally overlapping [41] (Fig. 2.2). Both kinases were shown to share 71% amino acid
identity and phosphorylate the same substrates, e.g., pRb family members; thus, it
was initially widely accepted that they play a redundant function [158, 159].
However, some lines of evidence document that subtle functional differences
between these two kinases might exist. For example, CDK4 was shown to preferen-
tially phosphorylate pRb at the threonine 826 residue, while CDK6 phosphorylates
threonine 821 [225]. Next, in T lymphocytes, CDKG6 is activated before CDK4
[136], and their actions seem to be different in such distinct cells as thymocytes [85,
86], osteoblasts [56, 57], or astrocytes [173], strongly suggesting a tissue-specific
role for CDKG6 in cellular differentiation [77, 78].

Generation of CDK4- and CDK6-deficient mice showed that both mutants are
viable and characterized by rather mild phenotypes, suggesting that either CDK4
and CDKG6 could substitute for each other in many tissues, or they can be replaced
by CDK2, which indeed is able to provide functional compensation by interacting
with D-type cyclins [144]. Importantly, some defects of CDK4- and CDK6-deficient
mice mimic those observed in single D-type cyclin mutants (Table 2.1). CDK4~~
mouse phenotypes essentially equate with those of both cyclin D1 and cyclin D2
knock-out mice, i.e., retarded growth (similar to cyclin D17/7), ovarian and testicular
defects, and also pancreatic hypoplasia (similar to cyclin D277) [147, 157, 182,
231]. Female infertility, however, is not caused by a defect in granulosa cell prolif-
eration, as was shown for cyclin D27~ females. Rather, infertility in CDK4~'~ mice
results from a failure in the development of pituitary lactotroph cells that leads to a
deficiency in prolactin production and defective formation of corpus luteum and as
a consequence prevents embryo implantation [98, 162, 163, 182]. Other affected
processes include adipogenesis [1] and T lymphocyte maturation [39]. Lack of
CDK4 also causes some neurological deficiencies, e.g., compromised locomotion
[182] and a decrease in the proliferation of Schwann cells, but only during early
postnatal development [8]. CDKG6 deficiency results in hematopoietic defects (simi-
lar to cyclin D37~ mice) manifested by abnormal spleen and thymus development,
decreased number of peripheral blood cells [86, 144], as well as a partial deficiency
in hematopoietic stem cell function, i.e., impaired repopulation after competitive
transplantation [203]. The fact that some cell types fail to properly develop and
function when either a single D-type cyclin CDK or CDKG6 is absent in tissues that
express most or all of these subunits underscores their unique functions.

2.3.3.2 Double and Triple Knock-Out Mice

In 2002 we stated that “These single-knock-out experiments are illuminating, but
their analyses are greatly confounded by the presence of two remaining, intact
D-cyclins, which may compensate for the ablated protein. We decided to reduce
this complexity by creating mouse strains expressing only a single D-type cyclin.
In doing so, we hoped to be able to directly test which proliferative and developmental
functions can be executed solely by cyclin D1, D2, or D3” [43]. The double knock-
out mice, i.e., D17"D27~ (expressing only cyclin D3), D17"D3~"~ (expressing only
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cyclin D2), and D27-D3~~ (expressing only cyclin D1), so-called “single-cyclin”
mice, displayed the additive defects characteristic for mice lacking a single D-type
cyclin. Animals expressing only cyclin D3 were born alive but died within 3 weeks
after birth, likely due to enhanced neurological abnormalities affecting locomotive
ability and proper feeding. These mice were also characterized by abnormal, under-
developed cerebella. The majority of mice expressing only cyclin D2 died immedi-
ately after birth, with a small number able to survive up to 2 months. Again, the cause
of their death was likely related to neurological defects leading to the aspiration of
meconium into their lungs. Finally, development relying on cyclin D1 was terminated
before birth, i.e., at 17.5-18.5 days of pregnancy. Analysis of surviving embryos
revealed that they suffered from severe megaloblastic anemia [43]. Searching for the
mechanisms allowing nearly normal development of the majority of tissues and
organs in single-cyclin mice, we discovered upregulation of the remaining cyclin.
This suggested the existence of a negative feedback loop in which a D-type cyclin
that plays a key role in given tissue might repress the expression of the remaining
ones. Interestingly, in tissues that failed to develop, e.g., cerebellum of D1~-D2~/~
mice, the remaining cyclin (i.e., cyclin D3) was not upregulated. In the case of the
cerebellum, this failure is caused by the inability of N-myc, which plays the crucial
role in the proliferation of granule neuron precursors, to communicate with cell cycle
machinery via cyclin D3. Thus, this result suggested the existence of transcription
factor—cyclin D dependency [43]. The requirement of D1-associated kinase activity
for cerebellar development was documented by the analysis of mice lacking cyclin
D2 and expressing kinase-deficient cyclin D1. Such mice were characterized by
severely retarded cerebellar development, leading to the conclusion that cyclin
D-CDK4/CDK6 activity is necessary for morphogenesis of this organ [117].
Moreover, we also showed another feedback loop involving D-type cyclins, i.e., facil-
itation of cell cycle progression-mediated downregulation of p27kipl levels [43].
Analysis of double knock-out mice suggested that either the presence of a single
cyclin D allows nearly normal development of a majority of tissues and organs or
proliferation of at least some cell types may occur in the absence of D-type cyclins.
The latter scenario was proven by us by the generation of mice lacking all three
D-type cyclins [109]. Cyclin D17-D27-D3~~ embryos developed until mid-
gestation and died before 17.5 day of pregnancy. Detailed analyses of triple knock-
out embryos revealed that indeed the majority of cell types can proliferate normally.
Proliferative failure was limited to myocardial cells and hematopoietic stem cells
making these lineages critically dependent on D-type cyclins [109]. Importantly,
Cdk4 and Cdk6 double knock-out mouse embryos were also embryonic lethal,
severely anemic, and displayed various defects in variety of hematopoietic lineages
[144]. Interestingly, these embryos were able to survive a few days longer than
cyclin D triple “knock-outs” most probably because D cyclins were able to interact
and activate CDK2 [144]. Thus, cellular proliferation was shown to be possible
without D-type cyclin-associated kinases, also suggested by the observation that in
cyclin D27-D3/~ embryos, in the presence of cyclin D1 only, CDK4 activity was
not detectable [41]. Therefore, proliferation of only selected cell lines depends on
cyclin D-CDK4/CDKG6. At that time, however, it was uncertain if these cells fail to
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proliferate only because of their strict cell cycle requirements or because they
require specific cyclin D functions, independent of CDK.

The fact that mouse embryos with acute ablation of all D-type cyclins failed to
develop to term [109] made detailed studies of D cyclin function in peri- and post-
natal development impossible. However, the development of the Cre-loxP system
refining the conventional method of gene knock-out offered an excellent opportu-
nity to avoid embryonic lethality and investigate consequences of acute ablation of
a chosen gene in a tissue- and time-specific manner [129]. The technology of con-
ditional gene knock-out is based on insertion of specific sequences (loxP or FRT)
upstream and downstream of the target gene or gene fragment. Depending on the
orientation of the sequences, the flanked region can be either irreversibly removed
or inverted thanks to the activity or either Cre or FLP recombinase, respectively. By
breeding mice carrying a floxed gene (f/f) with mice expressing Cre recombinase
under the control of a tissue-specific promoter, tissue-/cell-specific deletion of a
floxed gene is possible. Thus, using this method one can analyze the function of a
selected gene in chosen tissue and at the chosen moment of embryonic or postnatal
development, including adult organisms (reviewed in [193, 256]).

Based on the Cre-loxP system, conditional “knock-outs” of all three D-type
cyclins were created that allowed a more precise test of the requirement for D-type
cyclins in adult mice [38]. Using this technique conditional triple mouse mutants
were generated by crossing “original” cyclin D27~ mice with animals carrying con-
ditionally modified cyclin D1- and D3-encoding genes. Next, these triple mutant
mice were intercrossed with Mx1-Cre animals characterized by induced expression
of Cre recombinase in hematopoietic cells [38]. A controlled shutdown of all D-type
cyclins leads to abrupt disappearance of hematopoietic stem cells (HSCs), while the
number of mature bone marrow cells remains unaffected, demonstrating that HSCs
depend on D-type cyclins for their survival. The pro-survival function of D-type
cyclins involves regulation of the death receptor Fas and its ligand FasL which,
upon deletion of D-type cyclins, are strongly upregulated leading to the initiation of
caspase-8-dependent apoptosis [38]. Thus, analysis of conditional knock-out of all
D-type cyclins unraveled unexpected, non-cell cycle-related, functions of D-type
cyclins in quiescent HSCs. This pro-survival role of D-type cyclins in adult hema-
topoietic cells was not demonstrated in the initial analysis of the “conventional”
triple, i.e., cyclin D1, D2, and D3, knock-out model [109].

Conditional knock-out mice also allowed analyses of mice lacking a single
D-type cyclin which, due to the embryonic or early postnatal lethality of mice, were
impossible using traditionally derived knock-out mouse strains (e.g., [43, 109,
200]). Conditional deletion of cyclin D1 in liver proved that lack of this particular
cyclin does not hamper liver development but uncovered the role of this protein in
glucose metabolism regulation [127]. Lack of cyclin D1 does not induce changes in
gluconeogenic gene expression and glycemia in fasting mice; however, in the re-fed
state, it significantly increases expression of gluconeogenic genes, glycemia, glu-
cose, and insulin intolerance. Thus, this study also revealed a cell cycle-unrelated
function of cyclin DI, i.e., involvement in the regulation of nutrient and insulin
signaling to regulate glucose metabolism. Importantly, inhibition of CDK4 activity
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fails to enhance this phenotype, suggesting that cyclin D1 alone mediates metabolic
effects in the liver [127]. The conditional knock-out approach was also used in a
study focusing on the cyclin-dependent kinases. Deletion of Cdk4 and Cdk2 results
in lethality manifested shortly after birth [12]. Such mice die due to the failure of
cardiac development. A decreased number of proliferating cardiomyocytes indicate
that CDK4 and CDK2 play compensatory roles during heart development.
Conditional ablation of Cdk4 in Cdk2-null mice produces animals with no obvious
abnormalities, proving that the function of adult tissues does not depend on CDK4
and CDK2 activity [12].

2.3.3.3 Quadruple and Quintuple Knock-Out Cells Enter the Stage

Generation of triple cyclin D knock-out mice and cell lines was followed by the deri-
vation and analysis of the cells lacking either all G1 cyclins, i.e., cyclins D1, D2, D3,
El, and E2 [134], or those lacking cyclins E1, E2, A1, and A2 [102]. Surprisingly
depletion of cyclins D and E did not block the proliferation of quintuple knock-out ES
cells but completely prevent the proliferation of MEFs [134]. These ES cells, however,
attenuated their pluripotent character and become prone to differentiate into trophec-
toderm. Further studies showed that G1 cyclin-dependent CDK activity is necessary
to stabilize the pluripotency factors, such as Nanog, Sox2, and Oct4. Interestingly,
ablation of G1/S cyclins, i.e., cyclins E and A, had no impact on MEFs [102].

2.3.3.4 What About Mice Deficient in CDK Inhibitors or pRb Family
Members?

The goal of this chapter is to present the role of D cyclins and CDK4/CDKG6 in cell
cycle regulation during embryogenesis and cancer and also to describe some cell
cycle-independent functions of these proteins. However, at least briefly, we would
like to discuss the phenotypes of mice lacking some of the factors interacting with
cyclin D-dependent kinases, i.e., CDK4/CDKG6 inhibitors and pRb family members.
The consequences of ablation of the expression of these proteins, resulting in the
development of a variety of cancers, have been published in an enormous number of
research articles, and it would be extremely difficult to present here a comprehen-
sive summary. Thus, we will focus on studies describing the development and
proper function of adult tissues.

The INK family of inhibitors includes pl16™a, pl5hkét  p]8Mnkdc apnd pl9inksd
(e.g., [32, 79, 80, 83, 204]). Expression of p16™“* and p15™* is detectable only in
adult tissues and increases with age [257]. p18™ ¢ and p19™ 4, on the other hand,
are expressed in tissues of developing embryos as well as of adult animals [257,
259]. At the time of generation of p /6™ knock-out mice, it was not known that the
Ink4a locus (CDKN2A) encodes not only p16™ but also p1947 [180]. Ablation of
these two genes, however, did not result in obvious developmental abnormalities
but promoted lymphomas and sarcomas [205]. Subsequently, knock-out mice were
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produced lacking p 6™ exclusively, and these animals developed almost normally.
They were characterized by hyperplastic thymi, increased lymphocyte proliferation,
and again high tumor incidence in keeping with a tumor suppressor function of
pl6™# 110, 206, 207]. p15™-null mice displayed hyperplastic lymph nodes and
spleen, as well as extramedullary hematopoiesis, and also an increased proliferation
rate of lymphocytes [119]. Lack of p18™ alone also does not affect development.
With age, however, p/8™-null mice become larger and reveal a hypoplastic pitu-
itary gland and development of pituitary tumors, enlarged spleen, thymus, and other
organs, as well as deregulated proliferation of epithelia, e.g., mammary gland epi-
thelium [68, 119]. Deletion of genes encoding both p157 and p 18" added some
new phenotypes to those characteristic of the single knock-outs, i.e., double mutant
mice suffer from enlarged testes and hyperplastic Langerhans islets [119]. Deficiency
in p19™ Jeads to male infertility due to testicular hyperplasia and hearing loss due
to the malfunction of the auditory epithelium [35, 258, 260]. Therefore, the lack of
inhibitors of cyclin D-CDK4/CDK6 complexes does not demonstrably impact
embryonic development but in adult mice increases proliferation and leads to the
development of hyperplasia of many organs, and eventually tumor development. On
the other hand, ablation of cyclin D-CDK4/CDKG6 substrates, i.e., pRb family mem-
bers, results in much more severe phenotypes.

pRb, together with two other pRb-related proteins, namely, p107 and p130, is the
first identified cyclin D-CDK4/CDKG6 target [50]. Their phosphorylation and as a
result inactivation are prerequisite for cell cycle progression since, as mentioned
above, in the active state, they bind E2F transcription factors and prevent expression
of crucial positive regulators of the cell cycle. During development, pRb is expressed
starting from the peri-implantation stage of mouse embryo development (i.e., blasto-
cyst) [93]. At later stages of development, all three pRb family proteins are specifi-
cally expressed in certain tissues [97]. The first studies focusing on Rb-null mice
strongly suggested that this protein is indispensable for embryonic development.
Knock-out mice died between 12 and 15 days of pregnancy due to severe anemia.
They were also characterized by defects in lens development and massive cell death
in the central (CNS) and peripheral nervous system (PNS) [44, 94, 124]. Generation
of chimeric mice in which Rb-null cells were able to participate in the formation of
many lineages, including the erythroid lineage, put in doubt a crucial role of this
protein in hematopoiesis [138, 240]. Also, the neuronal apoptotic defects were not as
obvious as described in the characterization of the phenotype of Rb~~ embryos.
Generation of mice in which the Rb gene was conditionally deleted only in CNS,
PNS, and lens revealed that CNS mutant tissues displayed ectopic S-phase entry but
no apoptosis [65, 139].

Increased expression of hypoxia-inducible genes in Rb-null embryos suggested
that observed apoptosis was induced by hypoxia [139]. This hypoxia, in turn, was
thought to have resulted from placental malfunction. Experiments involving the
“tetraploid complementation” technique allowing generation of mutant mice
developing within wild-type placentas verified this notion [242]. Wu et al. proved
that abnormal proliferation and differentiation of trophoblast cells prevented
development of the labyrinth within the placenta which resulted in deficient nutri-
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ent and oxygen supply. These mice also died prematurely; however, they were able
to develop to term, allowing observation of nearly normal development of the
erythroid compartment and nervous system. Further studies showed that ablation
of pRb in trophoblast stem cells resulted in abnormal trophoblast and placenta
development [237].

The experiments described above, the creation of conditional mice and analyses
of mice carrying Rb hypomorphic alleles, revealed the crucial role of pRb in embry-
onic myogenesis—muscle lacking pRb is characterized by hypoplastic myofibers
[53, 242, 252]. Deletion of Rb in differentiating myoblasts resulted in apoptosis and
failure to produce myotubes [88]. pRb’s myogenic connection was also revealed
during analysis of p/30 mutant mice. p/30-null mice on a BALB/cJ background
(characterized by reduced activity of p16™4) died in utero between days 11 and 13
of pregnancy due to defects in neuro- and myogenesis, i.e., reduced number of myo-
cytes in the differentiating myotome [121]. The phenotype of p/07-null mice is also
influenced by the genetic background, i.e., BALB/cJ mutants were characterized by
growth retardation and myeloid hyperplasia, but p107-deficient mice on a 129Sv/
C57BL6 background displayed no obvious abnormalities [46, 122, 126].
pl077"p1307"~ animals were characterized by defects in chondrocyte proliferation
and abnormal endochondral bone development [46]. Next, ablation of pRb either
with p107 or p130 proved that these factors can substitute for each other, as the
phenotype of either genetic combination is very similar—embryonic lethality
occurs between 11 and 13 days of pregnancy due to liver and CNS abnormalities
[126]. Finally, the consequence of deletion of genes encoding all three pRb family
members analyzed in embryonic stem cells revealed that these proteins were crucial
for successful differentiation and proper control of cellular proliferation [51, 196].
Again, as was the case with CDK inhibitors, deregulation of pRb protein expression
led to tumor development, proving a crucial role of these cyclin D-CDK4/CDK6
regulators and substrates in the cell cycle control.

2.3.4 Cell Cycle-Independent Functions of Cyclins and CDKs

Many lines of evidence document that cyclins are involved in balancing prolifera-
tion and differentiation by impacting various tissue-specific transcription factors.
Functions of cyclin D1 in this regard are the best studied so far, and the control of
processes other than CDK4/CDKG6 regulation is very well documented. Thus, it was
shown that upregulation of cyclin D1 in cancer cells stimulates cellular migration
by p27%r! stabilization and also by impacting Rho protein function [130]. On the
contrary, ablation of cyclin D1 negatively impacts cellular motility [170]. Cyclin
D1 is also linked to DNA repair by data demonstrating that it can recruit RADS1
[131] and antagonize BRCA 1-dependent repression of estrogen receptor o activity
[234]. Further, cyclin D1 forms a complex with BRCA2, RAD51, and the Sp1 tran-
scription factor [174, 228], interacts with PCNA [152, 243] and replication factor C
(RFC) [233], all of which are also involved in DNA repair. In addition to the
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aforementioned functions, cyclin D1 involvement in the regulation of transcription
is unquestionable. For example, cyclin D1 was shown to compete with androgen
receptor for p300/CBP-associated factor (P/CAF) binding [189] and to inhibit the
function of peroxisome proliferator-activated receptor gamma (PPARgamma)
[235], to interact with transcription factors such as myb-like binding protein
(DMP1) [92], repress STAT3 [20, 21] and inhibit NeuroD function [135, 185].
Moreover, both D1 and D2 cyclins inhibit transcription activated via the v-Myb
DNA-binding domain [69].

The identification of additional novel cyclin D1 roles was possible due to the
generation of knock-in mice expressing proteins labeled with such tags as Flag or
hemagglutinin (HA). This approach was initially used by Bienvenu et al. who gen-
erated transgenic mice expressing Flag- and HA-tagged cyclin D1 [22]. By sequen-
tial immunoaffinity purification using anti-Flag and anti-HA antibodies, followed
by repeated rounds of high-throughput mass spectrometry, novel cyclin
Dl-interacting proteins were identified. Among cyclin D1 interactors identified
were known cell cycle partners, such as CDK4 and CDK®6, and those less typical,
such as CDK1, CDK2, CDKS5, and CDK11. This study also confirmed involvement
of cyclin DI in the regulation of transcription—it was shown to bind to promoter
regions of more than 900 genes [22]. Importantly, this approach revealed the mech-
anism leading to the retinal phenotype characteristic of D1-deficient mice. In reti-
nas, cyclin D1 physically binds and recruits CBP histone acetyltransferase to the
Notchl upstream regulatory region [22]. In the absence of cyclin D1, acetylation
of histones was decreased, resulting in transcriptional repression of the targeted
gene, i.e., Notchl. Cyclin DI transcriptional function in the development of other
tissues and cancer formation will be the next major goal of many research efforts
using this approach. In the meantime, protein interactome analyses of human can-
cers proved cyclin D1 interaction with DNA repair proteins, including RADS51 [99,
100]. Thus, the generation of knock-in mice carrying genes encoding tagged pro-
teins provided a unique chance to uncover a whole new world of previously unap-
preciated protein functions.

2.4 Cyclin D- and CKD4/6-Deficient Mice Versus Cancer

Oncogenic roles of D-type cyclins and their CDK partners are widely documented
by analyses showing that these proteins are overexpressed in a variety of tumors and
by experiments involving either their overexpression or elimination [142, 143, 168].
Aberrant cyclin D1 expression is observed in a wide spectrum of human cancers,
such as colorectal cancer, uterine cancer, malignant melanoma, squamous cell carci-
noma of head and neck, astrocytoma, non-small-cell lung cancer, soft tissue sar-
coma, and others [14, 17, 67, 123, 140, 151, 198]. Importantly, breast cancer is
perhaps the best documented malignancy involving cyclin DI. Approximately
15-20% of mammary tumors contain amplification of the CCND1 gene whereas its
overexpression is detected in over 50% [14, 72, 116, 262]. Interestingly,
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overexpression of cyclin D1 is more common than can be explained by gene altera-
tion. Therefore, other mechanisms such as deregulation of mitogenic signaling path-
ways or aberrant proteolytic degradation must underlie cyclin D1 overexpression.
Indeed, elevated levels of cyclin D1 protein were observed in the absence of increased
mRNA reflecting a defect in its proteolysis [194]. This effect was confirmed in trans-
genic mice expressing phosphorylation-deficient cyclin D1 under the control of the
tissue (i.e., mammary gland)-specific MMTV promoter. Disruption of cyclin D1
phosphorylation led to the accumulation of the protein in the nucleus, prevented its
cytoplasmic proteolysis and accelerated mammary carcinogenesis [132].

MMT V-driven expression in transgenic mice has facilitated analysis of mam-
mary gland-specific expression of various oncogenes, including cyclins, associated
kinases, inhibitors, Ras, Myc, and others [227]. In 1994, MMT V-cyclin D1 mice
were shown to develop mammary adenocarcinomas within 22 months of age [236].
The relatively late occurrence of these mammary tumors suggests involvement of
other oncogenic pathways. Interestingly, intercrossing MMTV-cyclin D1 with
p53*~ mice did not result in mammary neoplasia [84]. In mice heterozygous for p53
deficiency and simultaneously carrying the MMTV-cyclin DI transgene, only
tumors typical for p53-deficient mice developed, and interestingly, their growth was
significantly accelerated by cyclin D1 overexpression. Surprisingly, mammary
tumors were not observed. More rapid development of non-mammary tumors in
MMTV-cyclin D1/p53*=, as compared with p53*~, raise the possibility that p53
inactivation might complement or cooperate with cyclin D1 deregulation during the
development of some types of non-mammary tumors.

The connection between cyclin D1, and also D2 and D3, and tumorigenesis was
strengthened by the analyses of mice, or cells derived from them, that lacked single,
two, or all three D-type cyclins or their CDK partners. Lack of cyclin D1 prevents
not only physiological but also pathological proliferation of mammary gland epithe-
lium. Yu et al. revealed that breast tumors arising in MMTV-ras and MMT V-neu
mice expressed almost exclusively cyclin D1, very low levels of cyclin D3, and no
cyclin D2 [249]. In contrast, several tumors arising in MMTV-Wnt-1 and MMT V-
myc females expressed, in addition to cyclin D1, also high levels of D2. Importantly,
all tumors arose from luminal epithelial cells, indicating that, in mammary epithelial
cells, Ras and Neu oncogenes communicate with the cell cycle machinery through
cyclin D1, whereas Wnt-1 and Myc can signal through other targets. Therefore,
therapies involving cyclin D1 inhibition might be highly selective in shutting off the
growth of human breast cancers, particularly those characterized by amplification
and/or overexpression of c-Neu (ErbB-2, HER-2). This hypothesis was recently
challenged in a genetic mouse model that allows controlled expression of cyclin
DI in progressing mammary tumors [255]. Zhang observed that cyclin D1 defi-
ciency delayed the development of tumors; however, it did not protect against
ErbB2-driven mammary carcinogenesis as previously reported [249]. Moreover, in
the absence of cyclin D1, cyclin D3 was upregulated. Knockdown of cyclin D3 in
tumor-derived cells lacking cyclin D17~ resulted in significant tumor growth impair-
ment in comparison to cells expressing cyclin D3. It is, therefore, possible that only
the combined inhibition of cyclin D1 and D3 might serve as an effective strategy for
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breast cancer therapy. Further studies demonstrated that cyclin D1 absence sup-
pressed Neu- and mutant Neu (activated c-neu)-driven mammary tumor formation
confirming that cyclin DI is required for the Neu-driven signal transduction path-
way [25]. Interestingly, no significant changes in either cyclin D2 or cyclin D3
expression were detected in MMTV-c-neu/cyclin D17--derived mammary tumors.
However, increased levels of cyclin E and higher activity of cyclin E-CDK?2 com-
plexes were demonstrated. Thus, Bowe et al. suggested that neither cyclin D2 nor
D3 compensate for the absence of cyclin D1 to promote the oncogenic potential of
Neu [25]. The above discrepancies were addressed by Choi et al. who created con-
ditional cyclin DI and D3 knock-out mice allowing acute ablation of individual
cyclins [37]. Contrary to what was presented by Zhang et al., induced ablation of
cyclin D1 in the whole body, including ErbB2-driven mammary carcinomas,
resulted in cessation of tumor progression [37].

Mice expressing a mutated form of cyclin D1 proved that cyclin-associated CDK
activity is crucial for oncogene-induced breast cancer development [117, 247].
Knock-in mice expressing kinase-deficient cyclin D1-CDK4 complexes are resis-
tant to mammary carcinomas triggered by ErbB-2 [117]. Also, analyses of CDK4-
deficient mice confirmed the role of CDK4 in breast cancer [187, 188, 251].
Therefore, it was not surprising that administration of PD0332991, a specific and
potent inhibitor of cyclin D-CDK4/CDKG6 kinases, halted the progression of breast
cancers [37]. Interestingly, cyclin E was shown to be able to replace the function of
cyclin D1 in Wnt-induced tumors [70], however, CDK4 function seems to be unre-
placeable by CDK6 [188]. Remarkably, cyclin D1-CDK2 complexes were present
in mammary carcinoma cells; hence, they might be an additional factor contributing
to the oncogenic effects of cyclin D1 overexpression [223]. Indeed, transgenic mice
expressing a cyclin D1-CDK2 fusion protein under the control of the MMTV pro-
moter developed breast tumors [49].

Cyclin D1 gene amplification was demonstrated in breast cancers in which
CCNDI overexpression was linked to estrogen and progesterone receptor status
(reviewed in [178]). This connection is attributed to cyclin D1 regulation by estro-
gen (ER) and interaction of cyclin D1 with ER coactivators to activate estrogen
receptor binging elements (ERE) in a CDK4—/CDK6-independent manner [169,
197, 263]. Furthermore, cyclin D1 was shown to regulate progesterone receptor
(PR) expression, through an estrogen- and cyclin D1-responsive enhancer localized
on the 3’UTR [246]. Loss of cyclin D1 led to decreased PR mRNA levels in mam-
mary glands. In addition, a higher risk of development of tumors that express estro-
gen receptor is associated with elevated prolactin (PRL) and PRL receptor (PRLR)
levels—both critical for epithelial proliferation during development and pregnancy
[222, 232]. Cyclin D17~ mouse epithelial cells fail to proliferate in response to
prolactin [26]. Although deletion of cyclin D1 in transgenic mice overexpressing
PRL markedly decreased tumor incidence, cyclin D17~ females overexpressing
PRL developed significantly more preneoplastic lesions than D17/~ females [6].
Interestingly, tumors that formed in this background exhibited elevated levels of
cyclin D3 and a squamous histotype similar to those that developed in MMT V-
cyclin D3 mice [179].
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Cyclin D1-deficient mice were also shown to be “resistant” to other cancers. For
example, they do not develop Ras-triggered skin papillomas [190] or intestinal pol-
yps in the Apc™® background [89]. Extending results with cyclin D1 overexpressing
or null mice, the involvement of other D cyclins in carcinogenesis was also docu-
mented. Despite the fact that cyclin D2 was shown to be a direct target of Myc [24,
177], much less attention has been devoted to investigation of cyclin D2 involve-
ment in breast cancer. Clinical data demonstrate, however, that cyclin D2 is absent
in breast cancer cell lines and tumors [28, 60]. Mice lacking cyclin D2 are character-
ized by reduced susceptibility to gonadal tumors [29] and insensitivity to BCR/
ABL-driven transformation [95] and, similarly to D1-deficient animals, to Apc™-
induced formation of intestinal polyps [47]. Aberrant accumulation of cyclin D3
was also documented in a subset of breast carcinomas [13, 194]. As mentioned
above, ablation of cyclin D3 in cyclin D17~ mice further reduces mammary tumor
development. Lack of cyclin D3 was shown to result in delayed development of
thymomas caused by p56'* and resistance to Notch-driven leukemias (acute lym-
phoblastic leukemia, T-ALL) [211], and acute ablation of cyclin D3 in abnormal
CD4+*CD8* cells blocked the development of Notchl-driven T-ALL in vivo [37].

Although all D-type cyclins are highly related and are expressed in a largely
overlapping fashion, it is clear that there are differences in their specificity to trans-
mit specific oncogenic signals to the cell cycle machinery. Thus, requirement for
D-type cyclins in oncogenic transformation was also tested using mouse embryonic
fibroblasts lacking two or all three D-type cyclins [109, 250]. Each of the D-type
cyclins is certainly sufficient to mediate the action of such oncogenes as Ras and
c-Myc [250]. However, triple knock-out fibroblasts are resistant to the action of Ras,
c-Myc, or Ras combined with c-Myc, dnp53, or EIA [109]. Also CDK4-deficient
cells are unaffected by Ras and dnp53 [181, 261]. Further, CDK4 deficiency in mice
resulted in decreased incidence of skin tumors [191] as well as Myc-induced tumors
in the oral mucosa [160]. Similarly, CDK6-deficient mice were shown to be resis-
tant to Akt-driven lymphoma [86] as well as BCR-ABLP*'!-driven leukemia [203].

Current development of high-throughput platforms allows to study interactomes
of various factors involved in oncogenesis, such as cyclin D1 or CDK4 [100, 101,
172, 176]. Results of such analyses document cell cycle-dependent functions of
cyclins and CDKs as well as reveal their non-canonical properties (for the summary,
see [90]). Such studies are of the vital importance for the development of future
therapeutic approaches.

2.5 Concluding Remarks

Deletion of the genes encoding D-type cyclins and their partners provided valuable
clues about their role in embryonic development and in cell cycle progression of
different cell types. Consequently, observing the characteristics of mice lacking
these genes has provided copious information that can be used to better understand
D cyclin contributions to cancer formation. Taking advantage of conditional
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knock-out mice lacking one or more D cyclins, it has been possible to determine if
a particular D cyclin is required at different developmental stages or for tumor ini-
tiation and maintenance. Since aberrant expression of cell cycle regulators is very
frequent in tumorigenesis, it is of outmost importance to test if these proteins could
be potentially targeted in various therapeutic approaches. Another burning problem
that can be addressed using conditional mouse models is whether therapeutic target-
ing of those proteins will have negative consequences in tumor-free organs.
Furthermore, dissection of the mammalian cell cycle machinery, including uncover-
ing novel cyclin D1 roles, is possible based on the generation of variety of knock-in
mice, including animals expressing tagged proteins. The exploration of such new
tools has already brought surprising results although the process has just begun.
Thus, the discovery of novel D cyclin roles in mechanisms regulating normal and
tumor cell cycles is ongoing, and these studies will be invaluable in extending the
understanding and application of current therapies targeting D-cyclin-dependent
kinases.
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