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Abstract

Multiple Cdks (Cdk4, Cdk6, and Cdk2) and a mitotic Cdk (Cdk1) are involved in cell cycle progression
in mammals. Cyclins, Cdk inhibitors, and phosphorylations (both activating and inhibitory) at different
cellular levels tightly modulate the activities of these kinases. Based on the results of biochemical studies,
it was long believed that different Cdks functioned at specific stages during cell cycle progression.
However, deletion of all three interphase Cdks in mice affected cell cycle entry and progression only in
certain specialized cells such as hematopoietic cells, beta cells of the pancreas, pituitary lactotrophs, and
cardiomyocytes. These genetic experiments challenged the prevailing biochemical model and established
that Cdks function in a cell-specific, but not a stage-specific, manner during cell cycle entry and the pro-
gression of mitosis. Recent in vivo studies have further established that Cdkl is the only Cdk that is both
essential and sufficient for driving the resumption of meiosis during mouse oocyte maturation. These
genetic studies suggest a minimal-essential cell cycle model in which Cdkl is the central regulator of cell
cycle progression. Cdkl can compensate for the loss of the interphase Cdks by forming active complexes
with A-, B-, E-, and D-type Cyclins in a stepwise manner. Thus, Cdkl plays an essential role in both
mitosis and meiosis in mammals, whereas interphase Cdks are dispensable.
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1 Introduction

The cell cycle is the biological process through which cells dupli-
cate themselves. The universal cell cycle events are S phase (DNA
replication) and M phase (mitosis), and these are under the control
of Cyclin-dependent kinases (Cdks) [1]. Cdk activity during these
cell cycle phases is regulated by the binding of regulatory mole-
cules known as Cyclins. The temporal regulation of Cdks is a
unique feature of the cell cycle machinery in eukaryotes and
depends on the oscillations of Cyclin levels and the phosphoryla-
tion state of the Cdks [2]. Mammalian cells contain at least 20
different Cdks, but only a few subsets of Cdk—Cyclin complexes
are directly involved in cell cycle progression. These include three
interphase kinases (Cdk4, Cdk6, and Cdk2), a mitotic Cdk (Cdkl,
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1.1 Regulation
of Cdks by Cyclins

also called M-Cdk) and ten Cyclins of four different classes (the A-,
B-, D-, and E-type Cyclins) [2, 3]. Experiments in yeast have
contributed to an in-depth understanding of cell cycle regulation,
and these processes have been found to be highly conserved in
mammalian cells.

According to the long prevailing model of the cell cycle based
on biochemical evidence (see Fig. 1a), stage-specific Cdk—Cyclin
complexes orchestrate the various events during interphase in a
sequential manner. In response to mitogen cues, cells initiate DNA
synthesis and this is marked by specific binding of D-type Cyclins
(D1, D2, and D3) to Cdk4 and Cdko resulting in their activation
during G1 phase [4, 5]. This ‘preparatory’ phosphorylation leads
to partial inactivation of the retinoblastoma protein (RB) and its
homologues (pl107 and p130), and facilitates the transcription of
E2F-dependent genes such as Cyclin E [6]. Subsequently, E-type
Cyclins (E1 and E2) bind to and activate Cdk2 [7]. Further phos-
phorylation of RB is carried out by the Cdk2-Cyclin E complex
leading its complete inactivation. Additionally, several studies have
indicated that the Cdk2—Cyclin E complex is essential for driving
the Gl-S transition [8]. During late S phase, Cyclin-A2
(Cyclin-Al in germ cells) activates Cdk2 and the cell enters the G2
phase. At the end of G2 phase, A-type Cyclins activate Cdkl to
facilitate the onset of mitosis (the M phase). Furthermore, the
phosphorylation of CDHI1 (a component of the anaphase-
promoting complex (APC)) by the Cdk2—Cyclin A complex causes
its abrupt dissociation from the APC and leads to an increased level
of Cyclin B that is required for cell cycle progression through the
G2-M transition [9]. Nuclear envelope breakdown and A-type
Cyclins degradation precedes the formation of the Cdk1-Cyclin B
complex, which is responsible for driving M phase [10]. Cyclin
binding alone is not sufficient to make Cdks fully functional and
complete activation of Cdks requires their phosphorylation at a
threonine residue (Thrl6l in Cdkl, Thr160 in Cdk2) located
adjacent to the kinase active site by Cdk-activating kinase (CAK).
In mammalian cells, CAK phosphorylates the Cdks only after bind-
ing of Cyclins [11]. The regulation of the timing and coordination
of crucial cell cycle events, therefore, depends on the finely tuned
interactions of Cyclins (positive regulators), Cdk inhibitors (negative
regulators), and both activating and inhibitory phosphorylations.

In eukaryotic cells, Cyclins can be classified into G1-, G1/S-, S-,
and M-Cyclins based on their specific functions and temporal
expressions [12]. These specialized proteins bind to and activate
Cdks in various phases of the cell cycle, and the Cdk—Cyclin
complexes phosphorylate specific targets to ensure that cell cycle
events occur in a timely manner. During the cell cycle, the levels of
Cdks are held constant while the levels of Cyclins undergo cyclical
fluctuations. The Cyclins that directly control cell cycle events are
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Cyclin D
Cdk4

Classical cell-cycle model
(based on biochemical evidence)

Cyclin D

Essential cell-cycle model
(based on genetic evidence)

Fig. 1 Cell cycle models. (a) Diagram showing the classical cell cycle model
(based on biochemical analysis) that shows stage-specific functions of Cdks
during cell cycle progression. (b) The essential cell cycle model (based on genetic
evidence) that shows Cdk1 is the only essential Cdk needed to drive all the cell
cycle events by binding with different Cyclins in the absence of interphase Cdks
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1.2 Regulation
of Cdks by Cdk
Inhibitors

1.3 Regulation
of Cdks by
Phosphorylation

G1/S-, S-, and M-Cyclins, whereas the G1-Cyclins regulate cell
cycle entry in response to extracellular cues. The D-type Cyclins
typify the G1-Cyclins in mammals and their major catalytic part-
ners are Cdk4 and Cdk6. Complexes of D-type Cyclins with
Cdk4 /6 are essential for exiting G1 and the initiation of S phase
during the cell cycle [6]. Moreover, Cdk4 /6-Cyclin D also regu-
lates the expression of the E-type Cyclins. Levels of E-type Cyclins
begin to rise in late G1 and decline in late S phase, which eventu-
ally initiates progression through the restriction point leading to
DNA replication [2]. The commencement of S phase results in
autophosphorylation of Cyclin E by the Cdk2—Cyclin E complex.
The phosphorylated Cyclin E is then recognized by F-box protein
FBW?7 and is destined for proteasomal degradation [13]. This
event allows A-type Cyclins (also known as S-Cyclins) to form
complexes with Cdk2 to maintain DNA replication, and high lev-
els of Cdk2 activity are maintained in S phase, G2 and early mitosis
[14]. As the cell approaches mitosis, M-Cyclin (Cyclin B) comes
into play and its activity peaks during metaphase. The major bind-
ing partner of Cyclin B is Cdkl and the Cdkl-Cyclin B complex
leads to mitotic spindle assembly and the alignment of sister chro-
matid on the metaphase plate [1, 15].

The activity of the interphase and M-Cdks is regulated by the bind-
ing of Cdk inhibitors (CKIs). These polypeptide inhibitors of Cdks
are categorized into two groups based on their specificities: the
INK4 (INhibitors of Cdk4) family and the CIP/KIP (Cdk-
Interacting Protein/Kinase Inhibiting Protein) family [11, 16].
The INK4 family includes four members (pl6™NK4a pl5MHNKed)
pl8™Kicand pl9™K4d) that exclusively target Cdk4 and Cdk6.
These highly conserved 15-19 kDa polypeptides are roughly 40 %
homologous with each other, and it has been shown that mouse
INK4 proteins share 90 % identity with those of humans [17].
INK4 proteins bind to Cdk4,/6 and prevent phosphorylation of
RB and thus promote cellular differentiation and inhibit inappro-
priate reentry into the cell cycle [18]. On the other hand, CIP/
KIP family proteins (p21CP1/WAFLE 52 7KIPL “and p57¥IF2) prefer to
bind Cdk-Cyclin complexes involved in G1 and G1/S control,
and their promiscuous nature allows them to interact with Gl

Cdks [5, 17].

The activities of the major Cdks involved in cell cycle progression
are modulated by phosphorylation at positive (activating phosphor-
ylation) and negative (inhibitory phosphorylation) regulatory sites
[19-22]. The activating phosphorylation of Cdkl, Cdk2, Cdk4,
and Cdko is catalyzed by CAK, a complex of Cdk7, Cyclin H, and
Matl (ménage a trois 1) [23, 24]. Cyclin H activates Cdk7 and Matl
regulates the substrate specificity of the complex [25]. Studies of
Cdk2 showed that threonine 160 (Thr161 in Cdkl) located in the
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activation segment (T-loop) prevents binding of Cdk2 to its
substrates. Phosphorylation of this segment enhances substrate
binding by an additional 80- to 300-fold and leads to cell cycle
progression [ 11, 12]. Conversely, further phosphorylation at threo-
nine (Thrl4) and tyrosine (Tyrl5) of the Cdk2 and Cdk1 subunits
inhibits the kinase activity of the Thrl60,/161-phosphorylated
Cdk—Cyclin complexes [12, 19, 21, 22]. Crystallographic studies of
Cdk2 showed that the inhibitory phosphorylation is Cyclin depen-
dent, and that the phosphorylation alters the orientation of the
catalytic site residues and the phosphates of ATP [12, 21]. The
temporal regulation of mitosis entry by inhibitory phosphorylation
is a unique feature of the cell cycle machinery [12, 26]. For exam-
ple, inhibitory phosphorylation on Thrl4 and Tyrl5 of Cdkl
suppresses the activity of the Cdk1-Cyclin B complex during inter-
phase. In mammalian cells, Weel and Mytl kinases are responsible
for the conserved Thrl4 and Tyrl5 phosphorylation activity. At
the end of G2 phase, phosphatases abruptly dephosphorylate these
residues leading to the activation of Cdkl and subsequent entry of
the cell into mitosis [27-29]. The tight coupling between activat-
ing and inhibitory phosphorylation of Cdkl1 acts as a mitotic timer
to prevent catastrophic mitotic failure [30].

2 Genetic Models for In Vivo Functional Studies of Cdks

2.1 Cdk4 and Cdk6
Knockout Mice

The classical model of the cell cycle emphasizes the requirement of
specific Cdks for each phase of cell cycle (see Fig. 1a). However,
genetic experiments in cell cycle control in mice have challenged
this concept and suggested that the functions of Cdks are cell-
specific. Systematic loss-of-function studies in mice have given us a
wealth of information regarding cell-specific roles of Cdks and
their regulation at different cellular levels (Table 1).

Two initially independent studies revealed the in vivo function(s)
of Cdk4 in somatic cells [31, 32]. Cdk4/~ mice display normal
viability with defects in some organs, a similar phenotype to that
seen in Cyclin D/~ mice. The prominent phenotype of Cdk4/~
mice is both a small body size due to reduced cellularity compared
to controls, and partial sterility. Despite a normal proliferation rate,
Cdk4/~ Mouse Embryonic Fbroblasts (MEFs) show delayed entry
into S phase from their quiescence state. This is due to redistribu-
tion of p27, which attenuates Cdk2 activity. The double knockout
of both Cdk4 and p27 demonstrated the importance of Cdk2 in
normal S phase entry [32]. Additionally, pituitary hypoplasia and
lactotroph (prolactin-producing cells) dysfunction occurs in
Cdk4/~ mice [33]. In these types of cells, Cdk6 does not compen-
sate for the loss of Cdk4 and might not even be expressed in these
cells. In adult Cdk4/~ mice, degeneration of pancreatic beta cells
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Table 1

Cdk mutant mouse models exhibiting cell-specific phenotypes

Mouse models Phenotypes References
Cdkl Embryos die before E3.5 [48,49]
Cdk2 Meiotic failure; Sterile [42, 45]
Cdk4 Small body size due to reduced cellularity; Decreased pancreatic beta [31, 32]
cells resulting in diabetes; Both sexes are infertile due to perturbed
neuro-endocrine dysfunction
Cdhko Low cellularity in the thymus and spleen combined with mild anemia  [38]
Cdk4/6 Compromised maturation of erythroid precursor cells and severe [38]
anemia; Perhaps sterile, similar to Cdk4~/~
Cdk2/4 Cardiomyocyte proliferation defects; Might be sterile, similar to Cdk2~/~ [36]
Cdk2/6 Reduced body size; Hematopoietic defects; Male and female infertility [38]
Cdk2/4/6 Heart and hematopoietic defects; Might be sterile, similar to Cdk2/~  [48]
Cdkl Normal body size; Female infertile; Meiotic maturation failure [47]
(Oocyte-
specific)
Cdk2 Normal body size; Female fertile; Normal meiotic profile [47]
(Oocyte-
specific)

resulted in a reduced cellularity of the pancreas leading to the
development of diabetes mellitus in 80 % of the mutant mice.
Besides exhibiting endocrine dysfunctions, Cdk4/~ mice also dis-
play compromised fertility in both sexes. The male mutant suffer
from testicular atrophy contributing to impaired spermatogenesis,
whereas in females corpus luteum formation and ovulation are
compromised rendering them infertile [31, 32]. The infertility in
these mice is caused by perturbation of the neuro-endocrine axis in
the absence of Cdk4 as opposed to developmental abnormalities of
their gonads per se [31, 33]. The cell cycle inhibitor pl6™&4
inhibits Cdk4 activity and prevents the phosphorylation of RB pro-
teins [34]. Furthermore, the missense mutation of Cdk4 that
replaces arginine 24 with a cysteine (R24C) abrogates inhibition of
Cdk4 by pl6™& without hindering binding of Cdk4 to D-type
Cyclins. Generation of Cdk48?#¢/R24¢ mice corroborated the results
from Cdk4/- mice and highlighted the highly specific role of
Cdk4 in pancreatic beta cell proliferation and the maintenance of
glucose homeostasis [31].

The results with Cdk4 knockout mice raised the question of
whether or not Cdk2 could compensate for the loss of Cdk4in the
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mammalian cell cycle. This was based on the fact that both of these
genes are involved in the G1-S transition and there is the general
notion that the lack of individual Cdks is compensated for by other
Cdks [3]. Experiments with the Cdk4/Cdk2 double mutant
showed the intricate roles these kinases play in mammalian cell
cycle regulation. The predominant phenotype of these mutants is
cardiac insufficiency due to their limited number of cardiomyo-
cytes, which is caused by incomplete inactivation of the RB protein
[36]. The diminished phosphorylation of RB resulted in suppres-
sion of E2F-dependent genes such as Cdkl and Cyclin A2. The
subsequently reduced Cdkl expression level and failure of Cdk6 to
compensate for the lack of Cdk4 and Cdk2 resulted in defective cell
proliferation in the Cdk4/Cdk2 double mutant. This shows that
Cdk4 and Cdk2 are crucial for embryonic cardiomyocyte prolifera-
tion whereas these kinases appear to be dispensable in other cell
types and these two kinases cooperate to drive G1-S transition
with mitosis [ 35, 36].

Cdké6 is widely distributed in mammalian tissues but is most
prominent in lymphoid tissues [37]. Genetic studies in mice have
revealed its specific function in the expansion of differentiated
hematopoietic cells of erythroid lineage. Deletion of Cdk6 resulted
in delayed G1 progression in lymphocytes, lower cellularity in the
thymus and spleen, and mild anemia [38]. Nevertheless, the com-
bined deletion of Cdk2 and Cdk6 had no effect on cell prolifera-
tion and revealed no synergism between Cdk6 and Cdk2 in driving
cells through the G1-S transition. The phenotype of these mutants
were similar to that of the Cdk6 and Cdk2 single mutants with
limited hematopoietic defects and male and female sterility, respec-
tively [38].

Whether or not any compensatory mechanism exists between
Cdk4 and Cdké6 in the cell cycle has been highlighted by the study
of the Cdk4/Cdk6 double knockout. Cdk4 and Cdk6 are func-
tionally similar kinases that bind D-type Cyclins but govern differ-
ent stages of erythroid maturation [39]. The Cdk4/Cdk6 double
mutant exhibits late embryonic and postnatal lethality but normal
cell proliferation kinetics. The cause of this phenotype is a lack of
maturation of erythroid precursor cells that results in severe
anemia. Based on the evidence from these genetic experiments, it
can be assumed that these Cdks are dispensable in embryogenesis
and are not involved in exiting cells from their quiescence state
during cell cycle progression. In agreement with these observa-
tions, MEFs lacking both Cdk4 and Cdk6 showed normal prolif-
eration and cell cycle profiles, which is similar to the phenotype of
mice lacking the three D-type Cyclins [40]. In conclusion, Cdk4
and Cdké only play roles in cell cycle progression in specialized
cells, such as hematopoietic cells [38,41] and are dispensable in all
other cell types.
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22 Cdk2
Knockout Mice

2.3 GCdk1
Knockout Mice

Several lines of evidence indicate that Cdk2 governs the G1-S
transition (in association with E-type Cyclins), S phase progression
(in association with A-type Cyclins), progression to G2 phase, and,
perhaps, mitotic entry [12, 42]. It has also been suggested that
Cdk2 has specific roles in centrosome duplication [43], histone
synthesis, and chromatin assembly [44]. These observations all
portrayed Cdk2 as an essential regulator of the cell cycle for the
majority of] if not all, somatic cells. However, deletion of Cdk2 in
mice has refuted this idea and demonstrated that this seemingly
crucial cell cycle kinase is dispensable for cell proliferation and
development [42, 45]. Surprisingly, Cdk2-/~ mice are viable with-
out any developmental anomalies, but display delayed S phase
entry and dramatic meiotic failure [42, 45]. The obvious pheno-
type of Cdk2-deficient mice is infertility in both sexes with 100 %
penetrance, emphasizing the essential role of Cdk2 in germ cell
development beyond meiotic prophase 1.

The germ cells of Cdk2/~ males are arrested at the pachytene
stage of prophase I. This results in increased apoptosis of primary
spermatocytes combined with defective synaptonemal complex
formation [45]. On the other hand, the oocytes at embryonic day
14.5-18.5 (E14.5-E18.5) had normal meiotic profiles with dictyate
stage progression, normal synapsis, and apoptosis. Cdk2~/~ females
displayed postnatal meiotic defects with improper distribution of
synaptonemal complex protein 3 (a marker for the axial elements).
Additionally, the ovarian morphology of prepubertal and adult
mutant mice showed a depletion of functional oocytes along with
an increase in apoptotic cells that resulted in ovarian atrophy [45].
Even when Cdkl was expressed from the Cdk2 locus, male and
female sterility could not be rescued in these genetically modified
mice [46]. These studies indicate that Cdk2 is essential for cell cycle
progression in germ cells in mice and that this function cannot be
complemented by Cdkl. Deletion of Cdk2 from growing oocytes in
mice shows the dispensability of Cdk2 in meiotic maturation and
metaphase II arrest [47], but any roles of Cdk2 in early germ cell
development in mice still remain to be tested.

The idea of a minimally essential Cdk in mammalian cells, such as
is found in yeast, emerged from the results showing the dispens-
ability of all interphase Cdks in mice [3, 48]. The triple knockout
Cdk4/~; Cdk6/~; Cdk2~/~ MEFs show complete cell cycle progres-
sion, albeit with some delay in entry into difterent cell cycle stages.
Moreover, the deletion of Cdk4, Cdk6, and Cdk2 did not aftect the
expression levels of Cdkl, Cdk7, Cdk9 or Cyclins (D1, D2, E1,
A2, and B1), and the phosphorylation of RB at all four serine
residues that are targets for the interphase Cdks was normal [48].
It was found that Cdkl binds to all Cyclins, phosphorylates RB in
the absence of these interphase Cdks, and causes the cells to leave
their quiescent state [42]. Thus, Cdk1 is the only essential Cdk for



Animal Models for Studying CDKs 163

cell division as CdkI-null embryos fail to undergo even the early
stages of development and die before E3.5, and Cdkl-null MEFs
undergo premature senescence [48, 49].

A recent study used liver as an in vivo model to establish the
function of Cdkl in hepatocytes, which are terminally differenti-
ated cell types that do not divide in adults [49]. The absence of
Cdkl in hepatocytes renders them unable to enter into mitosis,
indicating that regeneration of liver can occur after partial hepatec-
tomy without cell division [49]. To understand the underlying
mechanism behind this, BrdU incorporation assays showed that
Cdlk1-null hepatic cells undergo some form of DNA replication.
Moreover, loss of Cdkl in these cells does not affect DNA replica-
tion in a wild-type Cdk2 background, but these cells are arrested at
G2 phase and fail to enter into mitosis [49 ]. Approximately 30 % of
Cdlk1-null cells undergo DNA re-replication. This is due to Cdk2
activity because knocking down of Cdk2 in CdkI-null cells signifi-
cantly reduces the re-replication phenotype [49]. Furthermore,
these studies also revealed that Cdkl regulates Cdk2 activity by
sequestering Cyclin A2 and preventing re-replication during late
S phase. Concomitant deletion of Cdkl with partial hepatectomy
resulted in polyploidy, perhaps because of re-replication. Thus, this
study suggests another layer of regulatory mechanisms for Cdkl
during cell cycle progression [49].

The above-mentioned studies have provided a wealth of infor-
mation regarding functions of different Cdks in dividing cells such
as hematopoietic cells, pancreatic beta cells, and pituitary lacto-
trophs. However, such details regarding the specific requirements
of Cdks in case of non-dividing cells like oocytes had been lacking.
In mammals, growing oocytes are arrested at prophase I of meiosis.
The resumption of meiosis takes place with the preovulatory surge
of luteinizing hormones, which is sequentially marked by germinal
vesicle (GV) breakdown (GVBD), chromosome condensation,
spindle formation, and the completion of meiosis 1 [47, 50].
Moreover, spontaneous meiosis resumption takes place when oocytes
are liberated into suitable culture medium where they undergo
meiosis I arrest until fertilization [50, 51]. Oocytes are mitotically
inactive cells, but oocytes arrested at the GV stage are considered
analogous to somatic cells at the G2—M transition phase of mitosis
[52]. Furthermore, Cdkl orchestrates the G2-M transition in
dividing cells as demonstrated by several studies [46, 48, 49].
Nonetheless, such studies have not been extended to non-dividing
cells like oocytes. Recently, this issue has been addressed by gener-
ating an oocyte-specific knockout of Cdk1 in mice [47]. This study
revealed that Cdkl is a central regulator for driving the resumption
of meiosis in mouse oocytes as the deletion of Cdkl from oocytes
causes permanent arrest at the GV stage and renders females infer-
tile. In mouse oocytes, Cdkl phosphorylates PP1 (protein phos-
phatase 1) and suppresses its phosphatase activity. This maintains
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the phosphorylation of lamin A/C and eventually leads to GVBD
and the resumption of meiosis [47]. Thus, the evidence provided
by these recent studies suggests that Cdkl1 is the only essential Cdk
that is sufficient to drive both mitosis and meiosis [53].

3 Concluding Remarks

The Cdk family of serine /threonine kinases is made up of 20 pro-
teins, of which only a few subsets have been shown to directly
participate in cell cycle progression. The biological functions of
these kinases are regulated by Cyclin binding, CKIs, and phos-
phorylation. More than two decades ago, a cell cycle model was
proposed that was based solely on the biochemical analysis of egg
extracts from different animal species. This cell cycle dogma
claimed that specific Cdks are responsible for governing each
phases of the cell cycle. However, genetic studies of deletions of
different Cdks in mice challenges this biochemical cell cycle
model. The interphase Cdks (Cdk4, Cdk6, and Cdk2) are not
essential for cell cycle progression, but are stringently necessary
for some specialized cells such as germ cells, hematopoietic pre-
cursor cells, pituitary lactotrophs, and pancreatic beta cells.
Additionally, a new role for Cdkl has emerged from these studies
as a master regulator of the basic cell cycle machinery that can
compensate for the absence of all interphase-Cdks in mammalian
cells (see Fig. 1b). Moreover, Cdk1 has been found to be the only
essential Cdk even for the resumption of meiosis in oocytes. Thus,
both the mitosis and meiosis are driven by Cdkl. Further research
is clearly needed towards delineating the regulatory mechanisms
that ensure the precise spatial and temporal activation of Cdks in
the specific cell types.
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