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Abstract

Cyclin-dependent kinases (CDKs) play a central role in the orderly transition from one phase of
the eukaryotic mitotic cell division cycle to the next. In this context, p27KiP! (one of the CIP/KIP
family of CDK specific inhibitors in mammals) or its functional analogue in other eukarya prevents
a premature transition from GI to S-phase. Recent studies have revealed that expression of a
second member of this family, p57XiP2, is induced as trophoblast stem (TS) cells differentiate into
trophoblast giant (TG) cells. p57 then inhibits CDKI activity, an enzyme essential for initiating
mitosis, thereby triggering genome endoreduplication (multiple S-phases without an intervening
mitosis). Expression of p2lCP!, the third member of this family, is also induced in during
differentiation of TS cells into TG cells where it appears to play a role in suppressing the DNA
damage response pathway. Given the fact that p2| and p57 are unique to mammals, the question
arises as to whether one or both of these proteins are responsible for the induction and

maintenance of polyploidy during mammalian development.

The road to polyploidy

When metazoan cells proliferate, they employ the mitotic
cell cycle in which separation of sibling chromosomes
during mitosis (M-phase) and DNA synthesis during
genome duplication (S-phase) are separated by two inter-
vening gaps of time called the G1 and G2-phases to gen-
erate a repeating series of events: M—>G1-5>S—>G2—->M.
Cell division (cytokinesis) occurs immediately after mito-
sis. Cell growth occurs primarily during G1-phase. In
addition, metazoan cells can exit their mitotic cell cycle
and enter a quiescent state termed GO in which the living
state is maintained in the absence of either cell growth or
proliferation. Mitotic cell cycles restrict genome duplica-
tion to once and only once per cell division. Therefore,
G1l-phase somatic cells contain two copies of their
genome (2N or diploid), whereas somatic cells in G2 or

M-phases are tetraploid (4N DNA). Cells with greater than
4N DNA content are referred to as polyploid.

Polyploidy can result from aberrant DNA re-replication
during S-phase. DNA re-replication occurs when newly
assembled replication forks re-replicate parts of the
genome that have already been replicated, resulting in
replication bubbles within replication bubbles [1]. This
occurs when one or more of the normal controls that pre-
vent reutilization of replication origins during S-phase is
circumvented. For example, DNA replication can be
induced in some metazoan cells either by over-expression
of Cdtl, a protein essential for loading the replicative
MCM DNA helicase, or by suppression of the Cdt1 spe-
cific inhibitor geminin. Both changes promote loading of
the MCM helicase at replication origins [2]. As DNA re-
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replication is not a normal part of mammalian growth
and development, it triggers programmed cell death
(apoptosis).

Polyploidy can also occur as a normal component of ani-
mal or plant development. This is common among ferns,
flowering plants, arthropods, fish, and salamanders, but it
is rare among mammals. Developmentally programmed
polyploidy is the result of multiple S-phases in the
absence of cytokinesis under conditions that prevent the
induction of apoptosis. Such cells are terminally differen-
tiated, they grow in size, but they no longer proliferate.
Thus, the simplest mechanism by which cells become
polyploid is acytokinetic mitosis, repeated S and M phases
in the absence of cytokinesis (Fig. 1). This occurs during
liver development to produce multinucleated hepatocytes
(Table 1, [3-19]). Multinucleated cells also arise by cell
fusion, a process in which GO-phase cells simply fuse their
membranes together, to produce a single cell in which
multiple nuclei are distributed throughout the cytoplasm.
This occurs during skeletal muscle development.

The remaining two mechanisms by which cells become
polyploid are genome endoreduplication and endomito-
sis. Endoreduplication occurs when a cell undergoes mul-
tiple S-phases without entering mitosis and without
undergoing cytokinesis. This results in a giant cell with a
single giant nucleus. Examples of endoreduplication are
found among protozoa, arthropods, mollusks and plants.
In contrast with these organisms, developmentally regu-
lated endoreduplication in mammals is rare. The clearest
example of endoreduplication occurs during differentia-
tion of trophoblast stem cells into the trophoblast giant
cells that are required for implantation of blastocysts into
the uterine endothelium and placental development [20].
The DNA content of these giant cells generally ranges from
8N to 64N, although levels as high as 1000N have been
reported

Endomitosis is similar to endoreduplication. Whereas
endoreduplication results from arresting cells in G2-phase
before they enter mitosis, endomitosis results from arrest-
ing cells within M-phase before they complete mitosis.
The clearest example of endomitosis occurs in the bone
marrow when megakaryoblasts differentiate into meg-
akaryocytes, the cells that give rise to blood thrombocytes
(platelets). The result is a single giant cell containing a sin-
gle multilobulated nucleus with a genome content of up
to 32N; each lobe presumably containing a diploid
genome. With time, individual lobes may separate from
one another to produce a multinucleated cell.

The pathways that regulate mitotic cell cycles are now
understood in considerable detail [21]. This allows one to
address the question, "How do mammalian cells switch
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from mitotic cell cycles to mechanisms that result in ter-
minally differentiated polyploid cells?"

Preventing Polyploidy During Mitotic Cell Cycles
Mammals encode as many as ten different cyclin-depend-
ent kinases (CDKs), but only two of them are critical for
regulating mitotic cell cycles. CDK1 activity triggers the
transition from G2 to M-phase during cell proliferation,
and CDK2 activity triggers the transition from G1 to S-
phase. All eukarya contain an analogue of CDK1, the only
CDK that is essential for mammalian development. None
of the other CDKs can substitute for CDK1, and only
CDK1 can substitute for CDK2 in activating S-phase in
mitotic cell cycles [22-27].

DNA replication in mammalian cells begins with the
assembly of prereplication complexes (preRCs) at replica-
tion origins distributed throughout the genome [28].
First, a six subunit origin recognition complex (ORC)
binds to chromatin during the transition from mitotic
anaphase to Gl-phase [29,30]. As cells transit from
mitotic telophase to G1-phase, the ORC:chromatin com-
plex recruits Cdc6 and then Cdtl, two proteins that are
required to load the six subunit MCM DNA helicase onto
chromatin [31]. Additional proteins are then added to
form a preinitiation complex that is acted upon by
Cdk2:cyclin E(CcnE) and by DDK (a Dbf4-dependent
protein kinase) to initiate DNA synthesis (S-phase) [32].
The MCM helicase is responsible for initiating DNA
unwinding at the replication origin, and it continues to
unwind DNA as it travels with the replication forks during
S-phase.

PreRC assembly in all eukarya occurs only in the absence
of CDK activity, and CDK activity is absent only during
the period from mitotic anaphase to late G1-phase. From
the period of late G1-phase through mitotic metaphase,
CDK activity prevents assembly of new preRCs and helps
to disassemble preRCs that formed during the anaphase
to Gl-phase transition [33]. In this way, the mitotic cell
cycle prevents re-replication of the same DNA sequences
from occurring before mitosis is complete and a nuclear
membrane is present. The primary targets of CDK phos-
phorylation within the preRC are the Orc1 subunit, Cdc6
and Cdtl. Once phosphorylated these proteins are tar-
geted for degradation by the SCFSkp2 ubiquitin ligase. The
resulting polyubiquitinated proteins are then degraded by
the 26S proteasome. In addition, unphosphorylated Cdt1
is a substrate for the CDRPdb1 ubiquitin ligase. Both the
SCF and CDR ubiquitin ligases are active only during S
and G2-phases. As if this were not sufficient, multicellular
eukarya contain one more mechanism for preventing
loading of the MCM helicase. Cdt1 is specifically inhib-
ited by binding to geminin, a unique metazoan protein
expressed only during S, G2 and early M-phases. Conse-
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Developmentally regulated polyploidy. Normal mitotic cell cycles results in two diploid mononucleated daughter cells
with each nucleus containing two copies of each homologous chromatid (2N). Re-replication of DNA during S-phase is an
aberrant event that produces giant nuclei and apoptosis. However, developmental signals can induce cells to become polyploid
either by completing mitosis in the absence of cytokinesis [(C-), acytokinetic mitosis], or by melding two GO-phase cells into a
single cell containing two G-phase nuclei (cell fusion), or by arresting cells in G2-phase and then inducing another S-phase
(endoreduplication), or by arresting cells in M-phase (M*) in the absence of cytokinesis (endomitosis). Multiple rounds of acy-
tokinetic mitosis produce multinucleated giant cells. Multiple cell fusion events produce multinucleated myotubes in skeletal
muscle. Multiple rounds of endoreduplication (endocycles) produce mononucleated giant cells, whereas multiple rounds of
endomitosis produce a single multilobular nucleus.
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Table I: Polyploidy and expression of p57 and p21 in mice
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Tissue p57 p2l Polyploid Mechanism
Placenta [18] + + + Endoreduplication
trophoblast stem cell—>giant cell

Bone Marrow [4] - + + Endomitosis
megakaryoblast—>megakaryocyte

Liver [3] + + + Acytokinetic Mitosis
hepatocyte development

Skeletal Muscle [13] + + + Cell Fusion
myoblast—>myotube

Bone [15] ? + + Cell Fusion
monocytes—osteoclasts

Placenta [8,14] ! + + Cell Fusion
Syncytiotrophoblasts

Heart Muscle [5,6,19] + + +* ?
cardiomyocytes—myotube

Skin [9] + + +¥ ?

basal epithelial cell>keratinocyte

Kidney [10] + - +¥ ?
primitive podocyte—mature podo

Eye [7,11] + ? ?

lens epithelial cell—>fiber cell

Bone [12] + + ?

osteoblast—bone

Cartilage [16,17] +
Chondrocytes—fiber cell

— Indicates expression of p57 and p2| up-regulated during normal cell differentiation.

* Polyploidy results from injury (e.g. heart attack) or infection.

quently, both geminin and Cdk2:cylin A(CcnA) activity
are required to prevent DNA re-replication in mammalian
cells [34].

Suppression of CDK activity and activation of preRC
assembly begins when the anaphase promoting complex
(APC), a ubiquitin ligase, targets the mitotic cyclin A
(CcnA) and cyclin B (CcnB) for ubiquitin-dependent pro-
teolysis by the 26S proteasome (Fig. 2) [35]. This event
cannot occur until several APC subunits, including its sub-
strate targeting subunit Cdc20, have been phosphorylated
by Cdk1:CcnA or Cdk1:CcnB. Even then, APCCd<20 js held
back by the spindle checkpoint until metaphase is com-
plete. Once the APC becomes active, not only are the
mitotic cyclins degraded, thereby suppressing CDK1 activ-

ity and allowing the homologous chromatids to separate
(anaphase), but geminin is also degraded, thereby allow-
ing preRC assembly to begin.

Once the mitotic cyclins are degraded, CDK1 protein is
converted into an inactive form through site-specific
phosphorylation by the Weel and Myt1 protein kinases.
To insure that conditions in G1-phase remain suitable for
preRC assembly, two additional events occur during the
M to G1-phase transition. As Cdk1 activity disappears, the
APCCd20 j5 dephosphorylated and therefore inactivated.
In its place, the APC core subunits recruit a second sub-
strate targeting protein called Cdh1. APCCdh1 has the same
substrate specificities as APCCd20, except that APCCdh1
functions only in the absence of CDK activity, whereas
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The role of p27Kir! in preventing premature activation of S-phase. Cdkl:CcnA and Cdk|:CcnB activities are both
required to induce mitosis during mammalian cell proliferation. Either activity is required to activate the APCCd<20 ybiquitin
ligase which, in turn, targets the mitotic cyclins A and B for ubiquitin mediated degradation by the 26S proteasome. Cdk|:CcnA
also phosphorylates the Orcl subunit and thereby prevents ORC binding to chromatin until metaphase is completed and
APCCd20 jnhibits Cdk| activity by reducing the pools of mitotic cyclins A and B. Once this occurs, and the spindle checkpoint
releases APCCd<20, cells move into anaphase and APCCd<20 targets geminin for degradation. In the absence of CDK activity,
Orcl and Cdcé are dephosphorylated and bind to chromatin. In the absence of geminin, Cdtl loads the MCM DNA helicase
onto ORC+Cdcéechromatin sites. Cdk| protein is inactivated by the Weel and Myt| protein kinases. APCCdh! appears and tar-
gets Cdc20 for ubiquitin-dependent degradation. The cells are now maintained in G|-phase by APCCdh! preventing the synthe-
sis of cyclins A and B. However, cyclin E is not an APC substrate. As cyclin E appears, Cdk2:CcnE activity activates the
replication complexes and drives the cells into S-phase. The role of p27 is to prevent premature accumulation of Cdk2:CcnE

activity.

APCCde20 functions only in the presence of CDK activity.
Therefore, expression of the mitotic cyclins and geminin
continues to be suppressed.

p27Kip! Prevents Premature Entrance Into S-Phase During
Mitotic Cell Cycles

The second event is the appearance of the CDK-specific
inhibitor p27 (Fig. 2). All mammals encode three proteins
(p21€irt, p27Kirl and p57Kip2) that belong to the CIP/KIP
family and specifically inhibit cyclin-dependent protein
kinases, primarily CDK1 and CDK2. One member of this
CIP/KIP family, p27 [or its analogue in budding yeast
(Sic1), fission yeast (Rum1l), flies (Dacapo), and frogs
(Xic1)], delays the transition from G1 to S-phase until
assembly of prereplication complexes (preRCs) at replica-
tion origins is complete. It does so by inhibiting
CDK2:CcnE activity. When cells exit mitosis, cyclin E
begins to appear. Since cyclin E is not a substrate for

APCCdh1 it can activate CDK2. Therefore, the primary role
of p27 is to delay the accumulation of Cdk2:CcnE activity
until preRC assembly is complete. With time, phosphor-
ylation of p27 by Cdk2:CcnE converts p27 into a substrate
for SCPFSkr2 and subsequent proteolysis, thus releasing
cells into S-phase. Premature activation of CDK activity
results in premature entrance into S-phase with the conse-
quence that too few replication origins are activated
[36,37]. This means that replication must travel longer
distances, thereby increasing the probability of replication
fork malfunction and genomic instability.

p57Kip? Triggers Endoreduplication in Trophoblast Stem
Cells

Endocycles can occur only when mitosis and cytokinesis
are prevented under conditions that permit assembly and
subsequent activation of preRCs. Therefore, the transition
from a mitotic cell cycle to an endocycle in mammals
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requires suppression of CDK activity with concomitant
inactivation of geminin. Once preRC assembly is com-
plete, then CDK activity must be restored in order to initi-
ate S-phase. This series of events is then repeated several
times without going through mitosis, resulting in cells
with a single nucleus that contains integral multiples of
2N DNA content (Fig. 3).

Recent analysis of the differentiation of mouse trophob-
last stem (TS) cells into trophoblast giant (TG) cells has
revealed that endoreduplication is triggered by suppres-
sion of CDK1 activity by the CDK specific inhibitor p57
[18]. Cultured TS cells undergo normal mitotic cell cycles
in the presence of fibroblast growth factor 4 (FGF4), and
differentiate into TG cells when deprived of FGF4, condi-
tions that mimic trophectoderm development in vivo
[38]. Differentiation of TS cells into TG cells is accompa-
nied by genome endoreduplication with concomitant
expression of both p21 and p57; cellular levels of p27
remain unchanged [18]. Of p21 and p57, only the latter is
required to trigger endoreduplication and to sustain the
subsequent endocycles. p57 is expressed at the end of S-
phase and localized to the nucleus where it inhibits CDK1
activity and prevents entrance into mitosis (Fig. 4A). Con-
sequently, cells accumulate in G2-phase. In the case of TS
cells, they begin a new round of genome duplication for
which both p57 and APCCdh1 are essential [18,39]. Recent
analysis of endocycles in Drosophila follicle cells demon-
strates that geminin activity during endocycles is regulated
by APCCdh1/Fzr activity [40,41]. Thus, the role of p57 is to
inhibit CDK1, one consequence of which is the appear-
ance of APCCdhl in place of APCCdc20, The role of APCCdh1
is to inactivate geminin. The essential role of p57 in trig-
gering endoreduplication in TS cells is the single feature
that distinguishes endocycles in mammalian cells from
endocycles in Drosophila [1].

Several lines of evidence confirm that the role of p57 dur-
ing differentiation of TS cells into TG cells is to inhibit
CDK1 activity [18]. The appearance of p57 was coincident
with the disappearance of CDK1 activity and the appear-
ance of endoreduplication. CDK1 co-immuno-precipi-
tated with p57 from lysates of TG cells, but not TS cells. TS
cells that lack a functional p57 gene fail to arrest mitosis
and fail to endoreduplicate their genome when deprived
of FGF4, although they do increase their size and express
genes characteristic of TG cells. p57-/- TS cells deprived of
FGF4 form multinucleated giant cells as a consequence of
incomplete cytokinesis (Fig. 4). p57-/- TS cells cannot
endoreduplicate their genomes, because p57 is required
to inhibit CDK1. This was confirmed by the fact that
RO3306, a drug that selectively inhibits CDK1 [18,42],
induces endocycles in p57-/- TS cells as effectively as it
does in wild-type TS cells cultured in the presence of
FGF4. This observation provides an explanation for the
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appearance of multinucleated syncytiotrophoblasts [8].
Like p57-/- TG cells, syncytiotrophoblasts express p21, but
not p57 [14], suggesting that loss of p57 activity in these
trophoblast cells results in acytokinetic mitosis. Alterna-
tively, syncytiotrophoblasts may result from cell fusion

[8].

The fact that p27 is expressed at the same level in both TS
and TG cells, and that p21 is also induced during differen-
tiation of p57-/- TS cells into TG cells suggests that neither
of these CDK-specific inhibitors triggers endoreduplica-
tion in response to FGF4 deprivation. In fact, endoredu-
plication in p21-/- TG cells is delayed until the appearance
of p57. One explanation for the failure of either p21 or
P27 to substitute for the role of p57 in TS cell differentia-
tion is that neither p21 nor p27 are expressed at the same
time and place as p57. However, a recent study in which
the p57 gene was replaced by the p27 gene in mice sug-
gests that this is not the case. p27 shares sequence similar-
ity with both the N-terminal and C-terminal regions of
p57. Mice containing both the normal p27 alleles as well
as two additional copies of the p27 gene under control of
the native p57 gene promoter revealed that many, but not
all, of the defects in mouse development associated with
the absence of a functional p57 gene could be rescued by
p27 [43]. One tissue that did not respond to p27 therapy
was the placenta. Recombinant p27 protein expressed
from the p57 promoter failed to accumulate in the pla-
centa, although the level of p27 mRNA was equivalent to
that of p57 mRNA in wild-type placenta. Thus, p27
expressed from the p57 promoter is selectively degraded
whereas p57 expressed from the p57 promoter is not.
Moreover, KPC and Pirh2, two ubiquitin ligases that selec-
tively target p27 for degradation [44,45], are expressed
prominently in the same placental layers that express high
levels of p57. Therefore, p27 can not compensate for p57
in specific regions of the placenta, which is why placental
dysplasia observed in p57 null mice is not restored by
replacing p57 with p27.

p57Kir2 Oscillations Sustain Endocycles

The requirement for p57 to trigger endoreduplication in
TS cells by inhibiting CDK1 presents a conundrum,
because p57 is also a potent inhibitor of CDK2, an
enzyme that normally drives cells from G1-phase into S-
phase. Just as in mitotic cell cycles, activation of S-phase
requires either Cdk2 or Cdk1 activity [18]. Therefore, the
cellular levels of CDK specific inhibitors must oscillate
during endocycles just as they do doing mitotic cell cycles.
In fact, p57 is present in TG cells only when they are not
undergoing DNA replication (G-phase [18,46]). Inactiva-
tion of both p27 and p57 is achieved by site-specific phos-
phorylation of these two proteins by Cdk2:CcnE, one of
the two protein kinases that activates preinitiation com-
plexes to begin DNA synthesis. Cyclin E (CcnE) is
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Figure 3

Fluorescence activated cell sorting (FACS) analysis of mouse trophoblast stem (TS) cells undergoing mitotic
cell cycles or endoreduplication as they differentiate into trophoblast giant (TG) cells when deprived of FGF4.
p57-/- TS cells respond to the same conditions by forming multinucleated TG cells. Data are from [18].
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Figure 4 (see previous page)

The role of p57KiP2 jn the initiation and maintenance of endocycles. (A) Endocycles are initiated in mouse TS cells in
the absence of FGF4. When p57 is expressed in TS cells as a consequence of FGF4 deprivation, Cdk| activity is inhibited. Con-
sequently, APCCdh! will be assembled instead of APCC4<20, Orc| will not be phosphorylated. In the absence of phosphorylation,
any Orcl-P and Cdcé-P produced during S and G2-phases by Cdk2:CcnA will be dephosphorylated by cellular protein phos-
phatases. In the absence of CDK activity, APCCdhl js assembled and targets geminin for degradation. Thus, the cell has effec-
tively entered a Gl-phase-like state without passing through mitosis. (B) Based on studies of endocycles in Drosophila follicle
cells, Cdk2:cyclin E activity oscillates such that it is high during the S-phases and low during the G-phases. In contrast, APCCdhl/
Fzr activity is high during G-phases and low during S-phases [40,41]. This is in keeping with the fact that Cyclin E:Cdk2 inacti-
vates Cdh|/Fzr [51] suggesting that APCCdh!/Fzr oscillations are driven by periodic inhibition of Fzr by Cyclin E:Cdk2 [40,41].
Similarly, geminin levels are high during S-phase and low during gap phase [41]. In cells programmed for endoreduplication, inhi-
bition of Cdk| activity results in premature assembly of APCCdhl/Fzr. Thus, a feedback loop exists that reinforces inhibition of
Cdkl activity triggered by endocycle entry. In the absence of Geminin and CDK-dependent protein phosphorylation, preRC
assembly occurs as though cells had entered GI-phase. Symbols: L indicates target is inhibited, +— indicates target is activated,

— indicates product of reaction.

required to sustain endocycles in mammals [47,48], and
unlike the mitotic cyclins A and B, cyclin E is not an APC
substrate [35]. The phosphorylated forms of p27 and p57
are substrates for the ubiquitin ligase SCFSkr2 which tar-
gets them for proteolysis by the 26S proteasome [49,50].
This step is necessary for both mitotic cell cycles and for
endocycles. If a non-degradable form of p57 that lacks the
CDK-target site is expressed in Rcho-1 cells (a rat cell line
that models TS cells), or if wild-type p57 is over-expressed
in these cells, these cells neither proliferate nor endoredu-
plicate their genome [46]. The events occur after removal
of FGF4 that trigger accumulation of p57 as the TS cells
differentiate into TG cells remain to be determined.

Endocycles are successive oscillations of G and S-phases
(Fig. 4B). In both flies and mammals, these oscillations
require both CDK2:cyclin E and APCCdh1/Fzr activities [1].
Since phosphorylation of Cdhl/Fzr by CDK2:cyclin E
inhibits APCCdh1/Fzr activity [51], oscillations of APCCdhl/
Fzr activity appear to be driven by periodic inactivation of
Cdh1/Fzr by CDK2:cyclin E [40,41]. Low CDK2:cyclin E
activity during G-phases allows high APCCdh1/Fzr activity,
which in turn, degrades mitotic cyclins and Geminin,
thereby initiating preRC assembly. High CDK2:cyclin E
activity during the G1 to S-phase transition inhibits
APCCdh1/Ezr thereby initiating S-phase and allowing gem-
inin to accumulate [41]. Geminin should prevent DNA re-
replication during endocycle S-phases. CDK2:cyclin E also
phosphorylates Cdc6, thereby restricting preRC assembly
to the G-phase while simultaneously protecting Cdc6
from APC-dependent proteolysis [52]. Cdc6 is subse-
quently dephosphorylated and assembled into preRCs
during the G-phase. Thus, inactivation of CDK1 results in
premature expression of APCCdhl/Fzr activity which rein-
forces inhibition of CDK1 activity by degrading mitotic
cyclins, and in addition, eliminates the block to preRC
assembly imposed by geminin.

The role of p57 during endocycles, and presumably p27 as
well, is to prevent CDK1:Cyclin E or CDK2:Cyclin E activ-
ities from accumulating before preRC assembly is com-
plete. Otherwise, cells would initiate S-phase prematurely,
resulting in genomic instability that would trigger apopto-
sis. The reiteration of these events, driven by the oscilla-
tion of CDK2:Cyclin E activity, appears to be the primary
driving force behind multiple endocycles [40,41]. In
mammalian mitotic cell cycles, CDK2:Cyclin A phospho-
rylates cyclin E, thereby enabling SCFSkp2 to target cyclin E
for ubiquitin-dependent degradation. Presumably, the
same mechanism accounts for oscillation of CDK2:Cyclin
E activity during mammalian endocycles, as well.

A Role For p2I€it! In Production Of Polyploid Cells

One remarkable feature of cells undergoing endocycles is
their ability to tolerate genotoxic stress induced either
from DNA damage or incomplete DNA replication. In
Drosophila, this apparently is due to the absence of a
checkpoint that insures completion of S-phase [53-55]. In
mammals, suppression of apoptosis in endocycling cells
is linked to expression of the CDK-specific inhibitor p21
[18], a cyclin-dependent protein kinase inhibitor whose
abundance increases in cells exposed to radiation or other
DNA-damaging agents. Consequently, CDK-dependent
cell cycle events are arrested until these problems can be
corrected. Mice that lack p21 are hypersensitive to
gamma-irradiation and exhibit a greater incidence of met-
astatic tumors [56]. The primary role of p21 during TS to
TG cell differentiation appears to be prevention of apop-
tosis in response to incomplete DNA synthesis and DNA
damage that may occur during endoreduplication. It does
this by suppressing (either directly or indirectly) expres-
sion of Chk1, a key intermediary in the ATR-Chk1-Cdc25
DNA damage response pathway (Fig. 5). Chk1 is required
for preventing proliferating cells from entering mitosis
with DNA damage or stalled replication forks [57,58]. A
strong correlation exists between expression of p21, sup-
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Figure 5

Role of p21€iP! in preventing apoptosis during endocycles. Upon completion of DNA replication in mitotic cell cycles,
Cdc25 protein phosphatase and cyclin B are transported into the nucleus where they convert the inactive form of Cdkl into
an active form that can bind to cyclins and initiate mitosis. ATR is a protein kinase that senses the presence of excess single-
stranded DNA resulting either from stalled replication forks, or from DNA damage. ATR then phosphorylates Chkl. This acti-
vates the Chkl protein kinase and it, in turn, phosphorylates Cdc25, inhibiting it and thereby preventing cells from entering
mitosis until the problem is corrected. p21 either directly or indirectly prevents expression of Chkl protein. Under these con-
ditions, cells do not trigger apoptosis in response to incomplete DNA synthesis or DNA damage.

pression of Chkl, and reduced sensitivity to genotoxic
stress [18]. Cells that express Chk1, such as TS and ES
cells, are sensitive to genotoxic stress, whereas cells that do
not express Chkl (e.g. TG cells) are not. p21 alone can
down-regulate Chkl protein levels in cancer cells, and
cancer cells lacking p21 do not suppress Chk1 in response
to genotoxic stress [59]. However, TG cells lacking p21
still suppress Chkl protein levels, but only after they
express p57 [18]. Presumably, p57 can substitute for p21
in suppressing Chk1 protein synthesis.

p2ICir! And p57Ki2 Promote Cell Fusion In Myoblasts

Three examples of developmentally regulated cell fusion
have been reported (Table 1). One occurs in bone marrow
where monocytic macrophages differentiate into polynu-

cleated osteoclasts, the cell responsible for bone resorp-
tion by removing its mineralized matrix. Another is
syncytiotrophoblasts, multinucleated cells found in the
placenta. They are the outer syncytial layer of the trophob-
lasts and actively invade the uterine wall. A well character-
ized example, however, is the differentiation of skeletal
muscle myoblasts into myotubes. During myogenesis, for
example, mononucleated myoblasts withdraw from the
cell cycle, initiate muscle specific gene expression, and
subsequently fuse with one another to form multinucle-
ated myofibers [60]. Cell cycle arrest is an essential step in
skeletal muscle differentiation. Once arrested, mononu-
cleated myoblasts fuse to form syncytial myofibers. p21
and p57 are highly expressed in skeletal muscles and
redundantly induce cell cycle arrest during differentiation.
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Inactivation of either p21 or p57 does not affect muscle
differentiation in mice. However, inactivation of both
genes produced the same muscle deficient phenotype
observed with nullizygous myogenin mice [56]. Their
activity is linked directly to MyoD expression, one of the
earliest myogenic regulatory proteins expressed during
muscle differentiation. MyoD commits mesoderm cells to
a skeletal lineage, and in doing so it can block cell prolif-
eration. MyoD is phosphorylated on Ser 200 in proliferat-
ing myoblasts by either Cdkl or Cdk2 in myoblasts
[58,59]. During differentiation MyoD induces expression
p21 and p57 [61]. p21 and p57 prevent CDK-dependent
phosphorylation of MyoD and thereby prevent its ubiqui-
tin-dependent degradation. Analysis of synchronized
myoblasts reveals that they exit the mitotic cell cycle dur-
ing G1-phase, when MyoD levels are highest. Thus, inhi-
bition of CDK:cyclin E activity by either p21 or p57 is
likely the mechanism by which these CDK specific inhib-
itors trigger differentiation of myoblasts into myotubes.

Possible Role For CIP/KIP Proteins In Endomitosis
Another role for p21 may be in triggering endomitosis
during differentiation of megakaryoblasts (MKBs) into
megakaryocytes (MKCs). Thrombopoietin stimulates dif-
ferentiation of MKBs into MKCs with concomitant stimu-
lation of p21 expression [62]. As with TS to TG cell
differentiation, Cdk1 is degraded during MKB to MKC dif-
ferentiation, p21, p27 and cyclin E levels remain high, and
cyclins A and B are present, but at a reduced level
[4,63,64]. However, in contrast with TG cells, MKCs
express only p21 and p27; p57 has not been detected [4],
suggesting that p21 may inhibit entrance into mitosis.
Given the role proposed for p21 during normal mitotic
cell cycles, stimulation of p21 in cells developmentally
programmed for endoreduplication could have the same
effect as stimulation of p57 that is to arrest mitosis.

During mitotic cell cycles, p21 accumulates transiently in
late G1-phase of where it helps to prevent premature entry
into S-phase by inhibiting CDK2:cyclin E activity [65],
and it is then targeted for degradation by the SCF ubiqui-
tin ligase during the G1 to S-phase transition. p21 again
accumulates during G2-phase where it helps to prevent
premature activation of CDK1-mitotic cyclin activities,
and it is then degraded in prometaphase following its
ubiquitination by APCCde20 [66]. Thus, stimulation of p21
levels during G2-phase would provide cells with another
mechanism to inhibit Cdk1l activity, arrest mitosis and
initiate preRC assembly. However, mice nullizygous for
p21 are viable and fertile [67] and produce MKCs [4] that
contain giant nuclei indistinguishable from those in wild-
type animals. Since p57 expression is not induced in these
p21-/- MKCs, p27 may substitute for the role of p21 dur-
ing MKB to MKC differentiation, as it appears to do so in
osteoblast differentiation [68]. As discussed below,
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genetic analyses of mouse development and cell differen-
tiation in vitro has revealed functional redundancies
among the CIP/KIP family of proteins.

MKB differentiation is reminiscent of differentiation of
p57-/- TS cells into TG cells. TS cells expressing both p57
and p21 arrest proliferation in G2-phase and endoredu-
plicate. However, TS cells that are nullizygous for p57 con-
tinue to divide in the absence of FGF4 until p21 is
expressed, at which time they become multinucleated
[18]. These results reveal that Cdkl activity is strongly
inhibited when p57 and p21 are both expressed during TS
to TG cells differentiation, but only weakly inhibited
when p21 alone is expressed. Therefore, when throm-
bopoietin stimulates p21 expression in MKBs, cells will
not arrest in G2-phase (as they do when p57 is expressed),
but will progress into mitosis albeit slowly. Complete
inhibition of CDK1 in these cells may require additional
steps.

Other mechanisms that have been suggested for induction
of endomitosis in MKBs include suppression of cyclin B1
expression [69,70], suppression of CDC25C expression
[71] [the protein phosphatase that converts Cdk1-P into
its active form (Fig. 5)], and degradation of CDK1 [72].
One difficulty in these studies is that many of them have
used either megakaryocytic leukemia cell lines, such as
UT-7 and HEK, or immortalized cell lines, such as MegT,
which may not accurately represent the events in differen-
tiation of primary MKBs [62,69,72]. Obviously, further
studies will be required to elucidate the mechanism of
endomitosis and its relationship with endoreduplication.
Whatever the mechanism, it must account for the fact that
MKCs enter mitosis but do not complete it. Therefore,
some CDKI1:mitotic cyclin activity is needed to transit
prophase, prometaphase and metaphase and the presence
of this activity will be needed in successive cycles. In addi-
tion, the transition from metaphase to anaphase requires
the appearance of APC activity with concomitant the loss
of CDK1:mitotic cyclin activity.

Acytokinetic Mitosis

Acytokinetic mitosis occurs when cells separate their
homologous chromosomes into two groups (mitosis) but
fail to form a cleavage furrow in the center of the cell and
undergo cell division (cytokinesis). This occurs during
postnatal liver development. Liver parenchyma undergoes
dramatic changes characterized by gradual appearance of
tetraploid and octoploid hepatocytes containing one or
two nuclei [73]. Thus, hepatocytes are exclusively diploid
in the liver of a newborn rat, but in adult rats, approxi-
mately 25% of these cells are diploid, 70% are tetraploid
and 5% are octoploid. Binucleated tetraploid hepatocytes
are the result of acytokinetic mitosis. The mechanism that
specifically prevents cytokinesis is unknown.
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TG cells in bovine and alpaca placenta can also develop
two or more nuclei, indicative of cycles of acytokinetic
mitoses or, in the case of alpaca placenta, lobulated nuclei
suggestive of endomitosis [74]. These multinuclear TG
cells are reminiscent of the multinuclear p57-/- TG cells
that develop in vitro [18], suggesting that down-regula-
tion of p57 during placental development could give rise
to acytokinetic mitosis.

Cell Differentiation

Induction of p57 appears to play a critical role in differen-
tiation of some cell types by arresting their mitotic cell
cycle without inducing polyploidy. Osteoblasts, for exam-
ple, differentiate into mineralized bones. In doing so, they
appear to first arrest proliferation by induction of p57, an
event that can be induced in vitro by serum starvation of
osteoblastic cells [12]. Events that increase p57 levels in
osteoblasts stimulate differentiation into bone, whereas
events that decrease p57 levels inhibit differentiation.

A second example is chrondrocyte differentiation, an
event required for bone formation. Chondrocytes pass
from a proliferative state to a postmitotic, hypertrophic
state equivalent to GO-phase. As with osteoblasts and
myoblasts, growth arrest is a central feature of chrondro-
cyte differentiation. Mice lacking p57 exhibit chondrodys-
plasia and loss of collagen type X expression. Over-
expression either of p57, or of p57 and p21 together
induced growth arrest in chondrocytes, but it was not suf-
ficient for the induction of collagen type X [17]. Thus,
p57-mediated growth arrest is not sufficient for expres-
sion of the hypertrophic phenotype, but rather it occurs in
parallel with other aspects of the differentiation pathway.
Conversely, parathyroid hormone-related peptide stimu-
lates chondrocyte proliferation during bone develop-
ment, and the effects of this mitogen are mediated, at least
in part, through suppression of p57 expression [16].

Other examples are skeletal myoblasts, lens fiber cells, ret-
inal cells, keratinocytes and intestinal epithelial cells
(Table 1).

The Special Place Of p57 In Mammalian Development

p57 is the only CIP/KIP protein that is essential for mam-
malian development. Compared to p21 and p27, p57
exhibits a restricted pattern of expression during embry-
onic development and in adult tissues. However, its
expression does not always result in polyploid cells indi-
cating that expression of p57 only in the proper context of
development can result in polyploid cells. Expression of
p57, on the other hand, is often associated with terminal
differentiation (Table 1). In the mouse, p57 and p21 are
co-expressed in cartilage and skeletal muscle during devel-
opment although other tissue types (brain, skin, nose,
and eyes) exhibit non-overlapping patterns of p21 and
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p57 [75,76]. Like p57 and p21, p27 is also expressed
highly in the skeletal muscle and other tissues expressing
p27 include the brain, heart, placenta, lung, kidney, and
pancreas [77]. Expression of p57 appears to be restricted
to terminally differentiated cells such as trophoblast giant
cells, myotubes, retinal fiber cells, osteoblasts, and kerati-
nocytes. Highest expression of p57 is observed in the pla-
centa.

In mouse embryos, p57 protein is first detected in the
heart (E10.5), and then in neural tissues (E11.5) called
Rathke's pouch and the infundibulum, which become the
pituitary, and some cells of the dorsal brain [19]. By day
E13.5, p57 is present in cells of the heart and skeleton-
muscular system, neural system (including choroid
plexus), parenchymal organs such as lung and kidney,
and in extraembryonic tissues of the placenta. After E13.5,
p57 protein levels decline markedly in all tissues except
skeletal muscle where staining persists at relatively high
levels to day E17.5. In adult mice, p57 RNA is localized to
the brain, eye, cartilage, skeletal muscle, kidney, heart,
lung, and liver [75].

Functional Redundancy Of CIP/KIP Proteins

CIP/KIP family members exhibit a remarkable ability to
substitute for one another in various functions. For exam-
ple, mice lacking p21 develop normally [67], presumably
because the roles of p21 can be carried out either by p27
or p57. Nevertheless, p21 heterozygous and nullizygous
mice are more sensitive to gamma-irradiation [56], con-
sistent with the role of p21 in arresting cell proliferation
during periods of genotoxic stress. Mice lacking p27 sur-
vive into adulthood, although they exhibit abnormalities
that include organ hyperplasia, female sterility, and sus-
ceptibility to tumorigenesis [78]. Mice lacking maternal
p57 die before birth or very shortly thereafter [79-81].
Thus p57 is the only family member of this group that is
required for embryonic development. p57 null mice have
large placenta (placentomegaly). Additionally these mice
show lens cell hyperproliferation and apoptosis, abdomi-
nal muscle defects and cleft palate. These phenotypes cor-
relate well with the restricted expression pattern of p57
(Table 1).

Defects in the placenta associated with the lack of p57
function are explained by the inability of the cells to ter-
minally differentiate into TG cells. In the absence of CDK
inhibitor p57, the cells continue to go through mitosis
resulting in large placenta. This was also observed when
TS cells derived from p57 null blastocysts were differenti-
ated into TG cells [18]. Unlike the wild type TG cells p57
null cells continued to proliferate and did not enter a ter-
minally differentiated state. In contrast with the essential
role of p57 in the formation of TG cells, the role of p21 is
not essential, apparently because p57 substitute for p21
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during differentiation of p21-/- TS cells into TG cells [18].
p57 is also involved in the terminal differentiation of ocu-
lar lens cells into secondary lens fiber cells. As with TG
cells, loss of p57 also resulted in additional cell divisions
in the lens [81].

Interestingly, both the lens cells and cells in the placenta
underwent additional cell division in the p27/p57 double
knockout animals [82]. This suggests that p27 partially
compensates for the role of p57 in the placenta and lens
cells. However, whether this compensatory role of p27
applies to TG cells or not is not clear. While p21, p27 and
p57 are all expressed in TG cells, only p57 appears to
inhibit CDK1 activity in TG cells and is required for
endoreduplication. p57 null TG cells express high levels
of both p21 and p27, but continue to proliferate. Thus the
role of p57 in TG cells can neither be compensated by p21
nor p27. In other tissues, however, the different family
members seem to compensate for each other very well.
For example both p21 and p57 are expressed at higher lev-
els in skeletal muscles, but neither single mutant animal
showed significant defects in muscle differentiation.
However, animals that lacked both p21 and p57 showed
profound defects in muscle development [83]. Absence of
both p21 and p57 resulted in over-proliferation of the
muscle cells.

Conclusion

p57 Is Often, But Not Always, Associated With Polyploidy
Of the three CIP/KIP CDK inhibitors in mammals, only
p27 and p21 have been shown to play a role in regulating
mitotic cell cycles. p27 is expressed in all mammalian cells
where it is primarily responsible for preventing premature
entrance into S-phase, a role that may be common to both
mitotic cells cycles and endocycles. p21 facilitates this role
and in addition helps to prevent premature entrance into
M-phase. The up-regulation of p21 in response to DNA
damage arrests cells in G1-phase, revealing that excessive
levels of CIP/KIP proteins can block DNA replication.
Although more research is needed to clearly define the
role of p21 in the differentiation and maintenance of
polyploid cells, it appears to be involved in preventing
polyploid cells from undergoing apoptosis through sup-
pression of checkpoint pathways.

p57 is expressed at high levels specifically in terminally
differentiated cells, most of which are clearly polyploid. In
fact, p57 has been shown to be expressed in six of the
eight tissues known to produce polyploid cells (Table 1).
Surprisingly, however, the ability of p57 to induce endo-
cycles during terminal differentiation of a mammalian tis-
sue appears to be unique to the trophoblast cell lineage.
Endoreduplication occurs only when p57 is expressed in
TS cells. It is not expressed during endomitosis in MKCs,
and its role in myoblast cell fusion is to arrest cells in GO-
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phase. The role of p57 in the other six tissues where it is
expressed is unknown, but its likely role is to arrest cells
either in GO or G2-phase.

Going Polyploid

The results described above and summarized in Table 1
suggest a unifying view of developmentally programmed
polyploidy. First, the essential step is inhibition of cytoki-
nesis, not mitosis. Once cells lose the ability to divide, the
presence or absence of p57 and/or p21 determine which
of three possible roads to polyploidy is taken. Increasing
the level of CIP/KIP proteins above those that occur dur-
ing mitotic cell cycles arrests cells either in GO (e.g. myob-
lasts), or in G2 (e.g. TS cells) or in anaphase (e.g. MKBs).
When cells are arrested either in G2 or anaphase, preRC
assembly occurs, because CDK activity is suppressed and
geminin is degraded. These cells will undergo multiple S-
phases without an intervening mitosis and therefore pro-
duce a single nucleus. However, if the cellular level of CIP/
KIP inhibitors is not significantly elevated in cells that
cannot undergo cytokinesis, then acytokinetic mitosis
occurs to produce multinuclear cells. The advantage of
either acytokinetic mitosis or cell fusion over endoredu-
plication and endomitosis may simply be that the former
do not require uncoupling of checkpoint controls from
genome duplication, whereas the later do.

Competing interests
The authors declare that they have no competing interests.

Authors' contributions

ZU, CL and MD contributed equally to the research, anal-
ysis, organization and writing of this article. MD con-
structed the figures. All authors read and approved the
manuscript.

Acknowledgements
This work was supported by the intramural program of the National Insti-
tute of Child Health and Human Development.

References

I. Ullah Z, Lee CY, Lilly MA, Depamphilis ML: Developmentally pro-
grammed endoreduplication in animals. Cell Cycle 2009, 8:.

2. Saxena S, Dutta A: Geminin-Cdtl balance is critical for genetic
stability. Mutat Res 2005, 569:111-121.

3. Awad MM, Sanders JA, Gruppuso PA: A potential role for
p15(Ink4b) and p57(Kip2) in liver development. FEBS Lett
2000, 483:160-164.

4. Baccini V, Roy L, Vitrat N, Chagraoui H, Sabri S, Le Couedic JP, Debili
N, Wendling F, Vainchenker W: Role of p21(Cipl/Wafl) in cell-
cycle exit of endomitotic megakaryocytes. Blood 2001,
98:3274-3282.

5. Brodsky WY, Tsirekidze NN, Arefyeva AM: Mitotic-cyclic and
cycle-independent growth of cardiomyocytes. | Mol Cell Cardiol
1985, 17:445-455.

6.  Engelmann GL, Vitullo JC, Gerrity RG: Age-related changes in
ploidy levels and biochemical parameters in cardiac myo-
cytes isolated from spontaneously hypertensive rats. Circ Res
1986, 58:137-147.

Page 13 of 15

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19372757
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19372757
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15603756
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15603756
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11042273
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11042273
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11719364
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11719364
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=4032483
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=4032483
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2417743
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2417743
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2417743

Cell Division 2009, 4:10

20.

21.
22.
23.
24.

25.
26.

27.

28.

29.

Gao CY, Rampalli AM, Cai HC, He HY, Zelenka PS: Changes in cyc-
lin dependent kinase expression and activity accompanying
lens fiber cell differentiation. Exp Eye Res 1999, 69:695-703.
Getsios S, MacCalman CD: Cadherin-1 | modulates the terminal
differentiation and fusion of human trophoblastic cells in
vitro. Dev Biol 2003, 257:41-54.

Gosselet FP, Magnaldo T, Culerrier RM, Sarasin A, Ehrhart JC: BMP2
and BMPé control p57(Kip2) expression and cell growth
arrest/terminal differentiation in normal primary human
epidermal keratinocytes. Cell Signal 2007, 19:731-739.
Hiromura K, Haseley LA, Zhang P, Monkawa T, Durvasula R, Peter-
mann AT, Alpers CE, Mundel P, Shankland S): Podocyte expression
of the CDK-inhibitor p57 during development and disease.
Kidney Int 2001, 60:2235-2246.

Jia ], Lin M, Zhang L, York JP, Zhang P: The Notch signaling path-
way controls the size of the ocular lens by directly suppress-
ing p57Kip2 expression. Mol Cell Biol 2007, 27:7236-7247.

Kim M, Nakamoto T, Nishimori S, Tanaka K, Chiba T: A new ubiq-
uitin ligase involved in p57KIP2 proteolysis regulates osteob-
last cell differentiation. EMBO Rep 2008, 9:878-884.

Kitzmann M, Fernandez A: Crosstalk between cell cycle regula-
tors and the myogenic factor MyoD in skeletal myoblasts.
Cell Mol Life Sci 2001, 58:571-579.

Korgun ET, Celik-Ozenci C, Acar N, Cayli S, Desoye G, Demir R:
Location of cell cycle regulators cyclin Bl, cyclin A, PCNA,
Ki67 and cell cycle inhibitors p21, p27 and p57 in human first
trimester placenta and deciduas. Histochem Cell Biol 2006,
125:615-624.

Kwak HB, Jin HM, Ha H, Kang M), Lee SB, Kim HH, Lee ZH: Tumor
necrosis factor-alpha induces differentiation of human
peripheral blood mononuclear cells into osteoclasts through
the induction of p21 (WAFI1/Cipl). Biochem Biophys Res Commun
2005, 330:1080-1086.

MacLean HE, Guo J, Knight MC, Zhang P, Cobrinik D, Kronenberg
HM: The cyclin-dependent kinase inhibitor p57(Kip2) medi-
ates proliferative actions of PTHrP in chondrocytes. | Clin
Invest 2004, 113:1334-1343.

Stewart MC, Kadlcek RM, Robbins PD, MacLeod N, Ballock RT:
Expression and activity of the CDK inhibitor p57Kip2 in
chondrocytes undergoing hypertrophic differentiation. |
Bone Miner Res 2004, 19:123-132.

Ullah Z, Kohn M), Yagi R, Vassilev LT, DePamphilis ML: Differentia-
tion of trophoblast stem cells into giant cells is triggered by
p57/Kip2 inhibition of CDKI activity. Genes Dev 2008,
22:3024-3036.

Westbury |, Watkins M, Ferguson-Smith AC, Smith J: Dynamic tem-
poral and spatial regulation of the cdk inhibitor p57(kip2)
during embryo morphogenesis. Mech Dev 2001, 109:83-89.
Cross JC: How to make a placenta: mechanisms of trophob-
last cell differentiation in mice - a review. Placenta 2005,
26(Suppl A):S3-9.

Morgan DO: The Cell Cycle, Principles of Control New Science Press;
2007.

Aleem E, Kiyokawa H, Kaldis P: Cdc2-cyclin E complexes regu-
late the G1/S phase transition. Nat Cell Biol 2005, 7:831-836.
Berthet C, Kaldis P: Cdk2 and Cdk4 cooperatively control the
expression of Cdc2. Cell Div 2006, 1:10.

Hochegger H, Dejsuphong D, Sonoda E, Saberi A, Rajendra E, Kirk J,
Hunt T, Takeda S: An essential role for Cdkl in S phase control
is revealed via chemical genetics in vertebrate cells. | Cell Biol
2007, 178:257-268.

Pacek M, Prokhorova TA, Walter |C: Cdkl: unsung hero of S
phase? Cell Cycle 2004, 3:401-403.

Santamaria D, Barriere C, Cerqueira A, Hunt S, Tardy C, Newton K,
Caceres JF, Dubus P, Malumbres M, Barbacid M: Cdkl is sufficient
to drive the mammalian cell cycle. Nature 2007, 448:811-815.
Satyanarayana A, Berthet C, Lopez-Molina J, Coppola V, Tessarollo L,
Kaldis P: Genetic substitution of Cdkl by Cdk2 leads to
embryonic lethality and loss of meiotic function of Cdk2.
Development 2008, 135:3389-3400.

Aladjem MI: Replication in context: dynamic regulation of
DNA replication patterns in metazoans. Nat Rev Genet 2007,
8:588-600.

Noguchi K, Vassilev A, Ghosh S, Yates JL, DePamphilis ML: The BAH
domain facilitates the ability of human Orcl protein to acti-
vate replication origins in vivo. Embo | 2006, 25:5372-5382.

30.

31

32

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51,

http://www.celldiv.com/content/4/1/10

Baldinger T, Gossen M: Binding of Drosophila ORC proteins to
anaphase chromosomes requires cessation of mitotic cyclin-
dependent kinase activity. Mol Cell Biol 2009, 29:140-149.
Sivaprasad U, Dutta A, Bell SP: Assembly of Pre-replication
Complexes. In DNA Replication and Human Disease Edited by:
DePamphilis ML. Cold Spring Harbor, NY: Cold Spring Harbor Labo-
ratory Press; 2006:63-88.

Walter JC, Araki H: Activation of Pre-replication Complexes.
In DNA Replication and Human Disease Edited by: DePamphilis ML.
Cold Spring Harbor Laboratory Press; 2006:89-104.

DePamphilis ML, Blow ]J, Ghosh S, Saha T, Noguchi K, Vassilev A:
Regulating the licensing of DNA replication origins in meta-
zoa. Curr Opin Cell Biol 2006, 18:231-239.

Zhu W, DePamphilis ML: Selective Killing Of Malignant Cancer
Cells By Suppression Of Geminin Activity. Cancer Res 2009 in
press.

Pesin JA, Orr-Weaver TL: Regulation of APC/C activators in
mitosis and meiosis. Annu Rev Cell Dev Biol 2008, 24:475-499.
Tanaka S, Diffley JF: Deregulated Gl-cyclin expression induces
genomic instability by preventing efficient pre-RC forma-
tion. Genes Dev 2002, 16:2639-2649.

Lengronne A, Schwob E: The yeast CDK inhibitor Sicl prevents
genomic instability by promoting replication origin licensing
in late G(1). Mol Cell 2002, 9:1067-1078.

Simmons DG, Cross |JC: Determinants of trophoblast lineage
and cell subtype specification in the mouse placenta. Dev Biol
2005, 284:12-24.

Garci-Higuera I, Manchado E, Dubus P, Canamero M, Mendez |,
Moreno S, Malumbres M: Genomic stability and tumour sup-
pression by the APC/C cofactor Cdhl. Nat Cell Biol 2008,
10:802-81 1.

Narbonne-Reveau K, Senger S, Pal M, Herr A, Richardson HE, Asano
M, Deak P, Lilly MA: APC/CFzr/Cdhl promotes cell cycle pro-
gression during the Drosophila endocycle. Development 2008,
135:1451-1461.

Zielke N, Querings S, Rottig C, Lehner C, Sprenger F: The ana-
phase-promoting complex/cyclosome (APC/C) is required
for rereplication control in endoreplication cycles. Genes Dev
2008, 22:1690-1703.

Vassilev LT, Tovar C, Chen S, Knezevic D, Zhao X, Sun H, Heim-
brook DC, Chen L: Selective small-molecule inhibitor reveals
critical mitotic functions of human CDKI. Proc Natl Acad Sci
USA 2006, 103:10660-10665.

Susaki E, Nakayama K, Yamasaki L, Nakayama KI: Common and
specific roles of the related CDK inhibitors p27 and p57
revealed by a knock-in mouse model. Proc Natl Acad Sci USA
2009, 106:5192-5197.

Kamura T, Hara T, Matsumoto M, Ishida N, Okumura F, Hatakeyama
S, Yoshida M, Nakayama K, Nakayama KI: Cytoplasmic ubiquitin
ligase KPC regulates proteolysis of p27(Kipl) at Gl phase.
Nat Cell Biol 2004, 6:1229-1235.

Hattori T, Isobe T, Abe K, Kikuchi H, Kitagawa K, Oda T, Uchida C,
Kitagawa M: Pirh2 promotes ubiquitin-dependent degradation
of the cyclin-dependent kinase inhibitor p27Kipl. Cancer Res
2007, 67:10789-10795.

Hattori N, Davies TC, Anson-Cartwright L, Cross JC: Periodic
expression of the cyclin-dependent kinase inhibitor
p57(Kip2) in trophoblast giant cells defines a G2-like gap
phase of the endocycle. Mol Biol Cell 2000, 11:1037-1045.

Geng Y, Yu Q, Sicinska E, Das M, Schneider JE, Bhattacharya S, Ride-
out WM, Bronson RT, Gardner H, Sicinski P: Cyclin E ablation in
the mouse. Cell 2003, 114:431-443.

Parisi T, Beck AR, Rougier N, McNeil T, Lucian L, Werb Z, Amati B:
Cyclins El and E2 are required for endoreplication in placen-
tal trophoblast giant cells. Embo | 2003, 22:4794-4803.

Kamura T, Hara T, Kotoshiba S, Yada M, Ishida N, Imaki H,
Hatakeyama S, Nakayama K, Nakayama KI: Degradation of
p57Kip2 mediated by SCFSkp2-dependent ubiquitylation.
Proc Natl Acad Sci USA 2003, 100:10231-10236.

Hara T, Kamura T, Kotoshiba S, Takahashi H, Fujiwara K, Onoyama |,
Shirakawa M, Mizushima N, Nakayama KI: Role of the UBL-UBA
protein KPC2 in degradation of p27 at G| phase of the cell
cycle. Mol Cell Biol 2005, 25:9292-9303.

Sigrist SJ, Lehner CF: Drosophila fizzy-related down-regulates
mitotic cyclins and is required for cell proliferation arrest
and entry into endocycles. Cell 1997, 90:671-681.

Page 14 of 15

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10620399
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10620399
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10620399
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12710956
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12710956
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12710956
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17112701
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17112701
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17112701
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11737597
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11737597
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17709399
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17709399
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17709399
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18660753
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18660753
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18660753
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11361092
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11361092
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16491347
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16491347
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16491347
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15823554
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15823554
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15823554
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15124025
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15124025
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14753744
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14753744
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14753744
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18981479
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18981479
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18981479
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11677056
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11677056
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11677056
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15837063
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15837063
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16007079
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16007079
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16759374
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16759374
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17635936
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17635936
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14752273
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14752273
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17700700
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17700700
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18787066
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18787066
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17621316
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17621316
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17066079
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17066079
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17066079
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18955499
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18955499
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18955499
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16650748
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16650748
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16650748
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18598214
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18598214
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12381663
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12381663
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12381663
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12049742
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12049742
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12049742
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15963972
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15963972
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18552834
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18552834
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18321983
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18321983
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18559483
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18559483
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18559483
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16818887
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16818887
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19276117
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19276117
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19276117
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15531880
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15531880
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18006823
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18006823
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10712518
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10712518
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10712518
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12941272
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12941272
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12970191
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12970191
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12970191
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12925736
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12925736
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16227581
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16227581
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16227581
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9288747
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9288747
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9288747

Cell Division 2009, 4:10

52.

53.

54.

55.

56.

57.

58.

59.

60.
6l.

62.

63.

64.

65.
66.

67.

68.

69.

70.

71.

72.

73.

Mailand N, Diffley JF: CDKs promote DNA replication origin
licensing in human cells by protecting Cdcé from APC/C-
dependent proteolysis. Cell 2005, 122:915-926.

Hong A, Narbonne-Reveau K, Riesgo-Escovar J, Fu H, Aladjem M,
Lilly MA: The cyclin-dependent kinase inhibitor Dacapo pro-
motes replication licensing during Drosophila endocycles.
Embo | 2007, 26:2071-2082.

Lilly MA, Spradling AC: The Drosophila endocycle is controlled
by Cyclin E and lacks a checkpoint ensuring S-phase comple-
tion. Genes Dev 1996, 10:2514-2526.

Mehrotra S, Magbool SB, Kolpakas A, Murnen K, Calvi BR: Endocy-
cling cells do not apoptose in response to DNA rereplication
genotoxic stress. Genes Dev 2008, 22:3158-3171.

Jackson RJ, Engelman RW, Coppola D, Cantor AB, Wharton W,
Pledger WJ: p21Cip| nullizygosity increases tumor metastasis
in irradiated mice. Cancer Res 2003, 63:3021-3025.

Liu Q, Guntuku S, Cui XS, Matsuoka S, Cortez D, Tamai K, Luo G,
Carattini-Rivera S, DeMayo F, Bradley A, et al.: Chkl is an essential
kinase that is regulated by Atr and required for the G(2)/M
DNA damage checkpoint. Genes Dev 2000, 14:1448-1459.

Takai H, Tominaga K, Motoyama N, Minamishima YA, Nagahama H,
Tsukiyama T, lkeda K, Nakayama K, Nakanishi M, Nakayama K:
Aberrant cell cycle checkpoint function and early embryonic
death in Chkl (-/-) mice. Genes Dev 2000, 14:1439-1447.
Gottifredi V, Karni-Schmidt O, Shieh SS, Prives C: p53 down-regu-
lates CHKI through p2l and the retinoblastoma protein.
Mol Cell Biol 2001, 21:1066-1076.

Abmayr SM, Balagopalan L, Galletta BJ, Hong SJ: Cell and molecular
biology of myoblast fusion. Int Rev Cytol 2003, 225:33-89.
Vaccarello G, Figliola R, Cramerotti S, Novelli F, Maione R: p57Kip2
is induced by MyoD through a p73-dependent pathway. | Mol
Biol 2006, 356:578-588.

Kikuchi J, Furukawa Y, Iwase S, Terui Y, Nakamura M, Kitagawa S, Kit-
agawa M, Komatsu N, Miura Y: Polyploidization and functional
maturation are two distinct processes during megakaryo-
cytic differentiation: involvement of cyclin-dependent kinase
inhibitor p21 in polyploidization. Blood 1997, 89:3980-3990.
Datta NS, Williams JL, Long MW: Differential modulation of G1-
S-phase cyclin-dependent kinase 2/cyclin complexes occurs
during the acquisition of a polyploid DNA content. Cell Growth
Differ 1998, 9:639-650.

Zhang Y, Wang Z, Liu DX, Pagano M, Ravid K: Ubiquitin-depend-
ent degradation of cyclin B is accelerated in polyploid meg-
akaryocytes. | Biol Chem 1998, 273:1387-1392.

Besson A, Dowdy SF, Roberts JM: CDK inhibitors: cell cycle reg-
ulators and beyond. Dev Cell 2008, 14:159-169.

Amador V, Ge S, Santamaria PG, Guardavaccaro D, Pagano M: APC/
C(Cdc20) controls the ubiquitin-mediated degradation of
P21 in prometaphase. Mol Cell 2007, 27:462-473.

Deng C, Zhang P, Harper JW, Elledge §J, Leder P: Mice lacking
p2ICIPI/WAFI undergo normal development, but are
defective in Gl checkpoint control. Cell 1995, 82:675-684.
Drissi H, Hushka D, Aslam F, Nguyen Q, Buffone E, Koff A, van
Wijnen A, Lian JB, Stein JL, Stein GS: The cell cycle regulator
p27kipl contributes to growth and differentiation of osteob-
lasts. Cancer Res 1999, 59:3705-3711.

Zhang Y, Wang Z, Ravid K: The cell cycle in polyploid megakary-
ocytes is associated with reduced activity of cyclin Bl-
dependent cdc2 kinase. | Biol Chem 1996, 271:4266-4272.
Matsumura |, Tanaka H, Kawasaki A, Odajima ], Daino H, Hashimoto
K, Wakao H, Nakajima K, Kato T, Miyazaki H, Kanakura Y:
Increased D-type cyclin expression together with decreased
cdc2 activity confers megakaryocytic differentiation of a
human thrombopoietin-dependent hematopoietic cell line. |
Biol Chem 2000, 275:5553-5559.

Garcia P, Cales C: Endoreplication in megakaryoblastic cell
lines is accompanied by sustained expression of G1/S cyclins
and downregulation of cdc25C. Oncogene 1996, 13:695-703.
Datta NS, Williams JL, Caldwell J, Curry AM, Ashcraft EK, Long MWV:
Novel alterations in CDKl/cyclin Bl kinase complex forma-
tion occur during the acquisition of a polyploid DNA con-
tent. Mol Biol Cell 1996, 7:209-223.

Margall-Ducos G, Celton-Morizur S, Couton D, Bregerie O, Desdou-
ets C: Liver tetraploidization is controlled by a new process
of incomplete cytokinesis. | Cell Sci 2007, 120:3633-3639.

74.

75.

76.

77.

78.

79.

80.

8l.

82.

83.

http://www.celldiv.com/content/4/1/10

Klisch K, Bevilacqua E, Olivera LV: Mitotic polyploidization in tro-
phoblast giant cells of the alpaca. Cells Tissues Organs 2005,
181:103-108.

Matsuoka S, Edwards MC, Bai C, Parker S, Zhang P, Baldini A, Harper
JW, Elledge S): pS7KIP2, a structurally distinct member of the
p2ICIPI Cdk inhibitor family, is a candidate tumor suppres-
sor gene. Genes Dev 1995, 9:650-662.

Parker SB, Eichele G, Zhang P, Rawls A, Sands AT, Bradley A, Olson
EN, Harper JW, Elledge S): p53-independent expression of
p21Cipl in muscle and other terminally differentiating cells.
Science 1995, 267:1024-1027.

Polyak K, Lee MH, Erdjument-Bromage H, Koff A, Roberts |M,
Tempst P, Massague J: Cloning of p27Kipl, a cyclin-dependent
kinase inhibitor and a potential mediator of extracellular
antimitogenic signals. Cell 1994, 78:59-66.

Fero ML, Rivkin M, Tasch M, Porter P, Carow CE, Firpo E, Polyak K,
Tsai LH, Broudy V, Perlmutter RM, et al.: A syndrome of multior-
gan hyperplasia with features of gigantism, tumorigenesis,
and female sterility in p27(Kipl)-deficient mice. Cell 1996,
85:733-744.

Matsuoka S, Thompson ]S, Edwards MC, Bartletta JM, Grundy P,
Kalikin LM, Harper WV, Elledge §), Feinberg AP: Imprinting of the
gene encoding a human cyclin-dependent kinase inhibitor,
p57KIP2, on chromosome | 1pl5. Proc Natl Acad Sci USA 1996,
93:3026-3030.

Yan Y, Frisen |, Lee MH, Massague J, Barbacid M: Ablation of the
CDK inhibitor p57Kip2 results in increased apoptosis and
delayed differentiation during mouse development. Genes
Dev 1997, 11:973-983.

Zhang P, Liegeois NJ, Wong C, Finegold M, Hou H, Thompson ]C, Sil-
verman A, Harper JW, DePinho RA, Elledge SJ: Altered cell differ-
entiation and proliferation in mice lacking p57KIP2 indicates
a role in Beckwith-Wiedemann syndrome. Nature 1997,
387:151-158.

Zhang P, Wong C, DePinho RA, Harper JW, Elledge §J: Coopera-
tion between the Cdk inhibitors p27(KIP1) and p57(KIP2) in
the control of tissue growth and development. Genes Dev
1998, 12:3162-3167.

Zhang P, Wong C, Liu D, Finegold M, Harper JW, Elledge S):
p21(CIPI1) and p57(KIP2) control muscle differentiation at
the myogenin step. Genes Dev 1999, 13:213-224.

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

Publish with Bio Med Central and every
scientist can read your work free of charge

"BioMed Central will be the most significant development for
disseminating the results of biomedical research in our lifetime.

Sir Paul Nurse, Cancer Research UK
Your research papers will be:
« available free of charge to the entire biomedical community
« peer reviewed and published immediately upon acceptance
« cited in PubMed and archived on PubMed Central

O BioMedcentral

« yours — you keep the copyright

Page 15 of 15

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16153703
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16153703
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16153703
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17380129
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17380129
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8843202
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8843202
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8843202
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19056894
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19056894
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19056894
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12810620
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12810620
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10859164
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10859164
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10859164
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10859163
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10859163
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10859163
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11158294
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11158294
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12696590
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12696590
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16405903
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16405903
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9166836
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9166836
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9166836
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9716181
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9716181
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9716181
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9430673
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9430673
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9430673
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18267085
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18267085
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17679094
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17679094
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17679094
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7664346
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7664346
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7664346
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10446985
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10446985
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10446985
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8626773
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8626773
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8626773
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10681535
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10681535
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10681535
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8761290
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8761290
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8761290
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8688553
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8688553
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8688553
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17895361
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17895361
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16534204
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16534204
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7729684
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7729684
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7729684
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7863329
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7863329
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8033212
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8033212
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8033212
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8646781
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8646781
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8646781
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8610162
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8610162
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8610162
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9136926
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9136926
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9136926
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9144284
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9144284
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9144284
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9784491
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9784491
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9784491
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9925645
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9925645
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9925645
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	The road to polyploidy
	Preventing Polyploidy During Mitotic Cell Cycles
	p27Kip1 Prevents Premature Entrance Into S-Phase During Mitotic Cell Cycles
	p57Kip2 Triggers Endoreduplication in Trophoblast Stem Cells
	p57Kip2 Oscillations Sustain Endocycles
	A Role For p21Cip1 In Production Of Polyploid Cells
	p21Cip1 And p57Kip2 Promote Cell Fusion In Myoblasts
	Possible Role For CIP/KIP Proteins In Endomitosis
	Acytokinetic Mitosis
	Cell Differentiation
	The Special Place Of p57 In Mammalian Development
	Functional Redundancy Of CIP/KIP Proteins

	Conclusion
	p57 Is Often, But Not Always, Associated With Polyploidy
	Going Polyploid

	Competing interests
	Authors' contributions
	Acknowledgements
	References

