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ABSTRACT/ABSTRAKT

ABSTRACT

Mouse embryonic stem cells (mESCs) have been known for their special
cell cycle characteristics, including rapid cell cycle progression, a very
short G1 phase and lack of G1 arrest after DNA damage, for years. How-
ever, the mechanisms driving mESC cycle, underlying G1 checkpoint
non-functionality and their relationship to mESC self-renewal have been
poorly understood. In this thesis, the results of our studies are presented,
which both point to the high CDK2 activity to be crucial in regulation of
mESC-specific cell cycle, rapid G1 phase progression and G1 escape after
DNA damage, as well as in the machinery, which establishes self-renewal
in mESCs. Downregulation of CDK2 activity induces increase in G1
phase cell number, establishes somatic cell-like cell cycle and induces
morphology changes and expression of genes associated with differen-
tiation. Also, our model of G1 checkpoint non-functionality, based on
ESC-specific localization and cellular compartmentalization of checkpoint
and cell cycle regulatory proteins, is presented. We propose that mESCs
do not stop in G1 phase after DNA damage due to centrosomal CDKz2,
which escapes from activated G1 checkpoints pathways and drives G1-S
transition even in the conditions of DNA damage. Furthermore, we
uncover a new mechanism of CDC25A regulation in response to DNA
damage, which is governed by GSK-33. Finally, we propose a role for
centrosomes in cell fate decisions in mESCs.
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ABSTRAKT

Mysie embryonélne kmeniové (mEK) bunky vynikaja unikatnym bunko-
vym cyklom, ktory sa vyznacuje vysokou rychlost'ou, vel'mi kratkou
tazou G1 a nefunkénym Gi-kontrolnym bodom. V tejto préci prezentu-
jem vysledky naSich stadii, ktoré mali za ciel’ odhalit’ mechanizmy stojace
za tymito jedine¢nymi charakteristikami bunkového cyklu mEK buniek.
Obe stadie poukazuji na centrdlnu tlohu CDK?2, ktorej vysoka aktivita je
kriticka pre rychlu progresiu bunkovym cyklom, kratku fdzu G1 a rychly
unik z G1 fazy po poskodeni DNA, ako aj pre sebaobnovu mEK buniek.
Downregulacia aktivity CDK2 zvySuje pocet buniek vo fdze G1, nastol'uje
bunkovy cuklus podobny bunkovému cyklu somatickych buniek a in-
dukuje zmeny morfolégie a expresiu génov asociovanych s diferencidciou.
Prezentovany je aj nd$ model nefunk¢nosti Gi-kontrolného bodu, ktory
sa zaklada na bunkovej kompartmentalizacii a Specifickej lokalizécii pro-
teinov kontrolného bodu a bunkového cyklu v mEK bunkéch. Tento
model navrhuje, Ze mEK bunky sa nezastavuji v G1 po poskodeni DNA
kvoli centrozomélne lokalizovanej CDK?2, ktord unika regulécii aktivo-
vanym Gi-kontrolnym bodom a pohéana prechod z fazy G1 do fazy S aj
v podmienkach poskodenia DNA. Naviac odhal'ujeme inovy mechaniz-
mus reguldcie CDC25A v odpovedi na poskodenie DNA prostrednictvom
GSK-38. Vychadzajic z nasich pozorovani navrhujeme moZna tlohu cen-
trozomov v osudovych rozhodnutiach mEK buniek.
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THEORETICAL BACKGROUND






INTRODUCTION

1.1 EMBRYONIC STEM CELLS

Embryonic stem cells (ESCs") are cell lines derived from inner cell mass
(ICM) of mammalian blastocysts prior to implantation [1,2]. They are
pluripotent [1,3], i.e. they can give rise to cells of all three germ layers as
well as germ cells [4,5]. ESCs proliferate without apparent limit [6] and
can be maintained in culture for extended periods of time, possibly indef-
initely, therefore they are often referred to as immortal cells. Pluripotency
and indefinite self-renewal distinguish ESCs from tissue stem cells (SCs),
which have more limited self-renewal and developmental potentials.

First ESCs were derived from mouse blastocyst [1,3]. More recently,
pluripotent SC lines with properties similar to mouse ESCs (mESCs) have
been derived from a variety of developmental stages and mammalian
species, as well as from adult cells reprogrammed by ectopic transcription
factors. However, their developmental equivalence to the lineages estab-
lished in the early embryo has been discussed. For instance, it has been
suggested that mESCs and human ESCs (hESCs) represent two different
stages of embryo development [7,8]. Based on comparison of the factors
required for maintenance of pluripotency, their gene expression profiles
and the ability of these cell lines to differentiate into extraembryonic
lineages and to the early germ layers of the embryo, it was proposed that
there are at least two different pluripotent states represented among the
currently available pluripotent SC lines: the ESC-like and the epiblast
SC (EpiSC)-like state [9]. They represent cells equivalent to ICM epiblast
progenitors (such as mESCs) and to the early postimplantation epiblast
(such as hESCs and mouse EpiSCs), respectively [9].

1.2 REGULATION OF ESC SELF-RENEWAL AND PLURIPOTENCY

Self-renewal is the process by which a SC divides (asymmetrically or
symmetrically) to generate one or two daughter SCs that have a develop-
mental potential similar to the mother cell. This process is under both
cell-intrinsic and cell-extrinsic control. Cell-intrinsic regulatory path-
ways include transcriptional and epigenetic regulation of SC fate: OCT4,
SOX2, NANOG and KLF4 elaborate core transcriptional circuitry in
ESCs [10-12], working in coordination with Polycomb complexes [13,14],

1 List of acronyms and abbreviations on page 109
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microRNAs [15], histone modification enzymes [16] and chromatin re-
modeling enzymes of Tip6o/p400 and SWI/SNF families [17—21] to stably
maintain the expression of pluripotency genes, and to repress lineage
determinant genes. Cell-extrinsic regulation is imposed by signals from
extracellular environment, percepted by SC receptors. These signals are
often produced by specialized cells of SC niche, especially in the case of
tissue SCs.

1.2.1  Transcriptional Regulation of ESC Self-renewal

Pluripotency and self-renewal of ESCs are maintained by a network of
transcription factors including OCT4, SOX2, NANOG, ESRRB, TBX3,
TCL1, NAC1, DAX1, SALL4, ZFP281, RIF1 and ZIC3, which participate
in auto- and cross-regulatory interactions to increase their own expression
and that of other self-renewal genes [10, 12,22-30].

NANOG, a homeodomain protein, is believed to be central to the main-
tenance of ESC pluripotency. It is capable of maintaining ESC self-renewal
independently of leukemia inhibitory factor (LIF)-STAT3 signaling [31,32].
In cell fusion experiments, NANOG promotes imposition of ESC pheno-
type on somatic cells [33]. ESCs lacking Nanog spontaneously differentiate
into primitive endoderm [31,32], and, conversely, upon differentiation,
ESCs lose expression of Nanog [32]. To establish ESC identity, NANOG
acts in concert with other factors such as OCT4 [34] and SOX2 [35]. Nanog,
Pousf1 (encoding OCT4) and Sox2 are the earliest-expressed set of genes
known to maintain pluripotency [23]. Upon differentiation, NANOG is
inactivated by caspase-3-mediated proteolysis [36].

The homeodomain transcription factor OCT4 (OCT3/4, POUsF1) and
the high mobility group (HMG) domain DNA-binding protein SOX2
are essential for normal pluripotent cell development and maintenance
[34,35]. OCT4 regulates cell fates in a quantitative manner: it must
be maintained at critical concentration to sustain ESC self-renewal [37].
Overexpression of OCTjy triggers differentiation into endoderm lineage
and its supression causes ESC to become trophoectoderm [37].

OCT4, NANOG and SOX2z share a substantial proportion of target
genes; however, these targets are partially different in mouse and human
ESCs. MYST3 and Heart and neural crest derivatives expressed 1 (HAND1)
were identified as targets of NANOG and OCT4 in hESCs whereas
Estrogen-related receptor 3 (Esrbb) was observed as OCT4/NANOG target
only in mESCs [25].

Undifferentiated state of SCs is maintained by repressing the expression
of genes that restrict developmental potential or specify differentiation.
In ESCs, Ronin inhibits expression of Gatag and Gata6 [38], which pro-
mote endodermal differentiation [39—41]. Especially the maintenance of
neural SC (NSC) identity appears to depend on the function of many
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transcription factors to avoid premature differentiation at various times
during development. Differentiation of NSCs is prevented by action of
ATFs5 [42], SoxB1 family [35, 43], Tailless homolog (TLX) [44] and the
nuclear coreceptor (N-coR) [45].

1.2.2  Epigenetic Regulation of ESC Self-renewal

The core network of pluripotency-maintaining transcription factors is
connected to chromatin modifying complexes, such as NuRD and PRCf1,
implicated in transcriptional repression [28] as well as to chromatin
remodeling complexes, such as SWI/SNEF, which are proposed to act as
general coordinators of changes in ESC fate, and perhaps an integrator of
several distinct modes of epigenetic regulation [21]. It appears that major
decisions on pluripotency are regulated on the chromatin level: evidence
suggests that changes in chromatin structure, rather than loss of self-
renewal gene transcription per se, trigger differentiation [21]. It is believed
that chromatin remodeling complexes facilitate mESC differentiation by
coupling gene repression with global and local changes in chromatin
structure [21].

Identification of the pluripotency factor Ronin [38] has supported
the hypothesis of epigenetic regulation of ESC self-renewal. Ronin is
a zinc-finger DNA-binding protein, which acts through a large protein
complex containing HCF-1 (host cell factor-1), SIN3A, HDAC3 and other
proteins involved in transcriptional repression or histone modifications
and represses expression of differentiation promoting genes (Gataq, Gata6)
in undifferentiated ESCs and of pluripotency promoting genes (Pousf1)
in differentiated ESCs [38]. Upon exit from self-renewal, Ronin is cleaved
by caspase-3 [38].

Compared with chromatin of differentiated cell types, chromatin of
pluripotent cells is highly dynamic, with loosely associated structural
chromatin proteins [46] and in transcriptionally permissive euchromatin
state with abundance of acetylated histone modifications [47]. Tissue-
specific genes, expected to be silent in undifferentiated cells, are in a
semi-permissive transcriptional state in ESCs [48, 49]: they are marked by
both positive (histone 3 lysine 4 trimethylation, H3K4me3) and negative
(histone 3 lysine 277 trimethylation, H3K27me3) marks for transcription
[16,50]. These dual marks or bivalent domains are present at a large set
of developmentally important genes that are silent in ESCs but activated
upon differentiation [16,50]. As methylation of H3K27 is catalyzed by
a protein complex that belongs to the Polycomb group (PcG) proteins,
a family that was previously known to be important for maintaining
gene repression at later stages of development, the existence of bivalent
domains indicates a role for PcG proteins in prevention of inappropriate
upregulation of tissue-specific genes in ESCs [51].

Key developmental
genes contain bivalent
domains
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ATP-dependent chromatin remodeling enzymes of Tip6o/p400 and
SWI/SNF families are crucial for maintenance and function of ESCs [17].
Components of mammalian SWI/SNF complex (BRG, BAF155, BAF250A)
are indispensable for the proliferation, pluripotency and self-renewal
of ESCs [18—20]. Some of these proteins form distinctive SWI/SNF-like
BAF complexes (esBAF) in ESCs, which regulate the core transcriptional
circuitry in ESC, including PcG proteins and LIF and BMP signaling path-
ways [19]. On the other hand, upon mESC differentiation, members of the
SWI/SNF chromatin remodeling sub-complex, PBAF, are required for the
repression of Nanog and other self-renewal genes [21]. These observations
suggest dual roles for SWI/SNF complex members in maintaining ESC
pluripotency: in promoting self-renewal gene expression [19,20] and, ex
adverso, in providing functions critical for lineage formation [21].

MicroRNAs (miRNAs) are also likely to play key roles in ESC gene
regulation [52-54]. Recent studies revealed two key groups of miRNAs
that are direct targets of OCT4/SOX2/NANOG/TCF3: one group of
miRNAs that is preferentially expressed in pluripotent cells (such as
miR-302 cluster, miR-290/371 cluster, miR-363 cluster) and a second,
Polycomb-occupied group that is silenced in ESCs and is poised to
contribute to cell-fate decisions during mammalian development (such
as miR-124, miR-155, miR-375, miR-615, miR-708) [15]. miRNAs that are
activated in ESCs by OCT4/SOX2/NANOG/TCF3 serve to modulate the
direct effects of these transcription factors, tuning levels of key genes and
modifying the gene expression program to help poise ESCs for efficient
differentiation [15]. Some OCT4/SOX2/NANOG-regulated miRNAs
(miR-134, miR-296 and miR-470) have their target sequences in amino
acid coding sequence of OCT4, SOX2 and NANOG and are partially
conserved in mouse, human and rhesus [55].

Self-renewal of tissue SCs is regulated also by DNA methylation: DNA
methyltransferase 1 (Dnmt1)-deficient neural progenitors precociously dif-
ferentiate to astrocytes [56] and HSCs deficient in Dnmt3a™~ Dnmt3b”/~
lack long-term repopulating ability [57].

1.2.3 Cell-extrinsic Regulation of ESC Self-renewal

Multiple self-renewal signaling networks subsist in ESCs, with activity
dependent upon the cellular context [58]. mESCs can be maintained in an
undifferentiated state by culture in defined medium containing LIF, Bone
morphogenetic proteins (BMPs) [59] and N2/B27 supplements. Unlike
mESCs, hESCs regulate their self-renewal via fibroblast growth factor
(FGF)-2 and Activin/Nodal signaling pathways [60,61]. These pathways
regulate expression of core intrinsic factors, such as NANOG, that are
essential for the maintenance of pluripotency in both species [32].
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LIF is a key factor that blocks differentiation of mESCs in culture [62].
It binds to a heterodimeric receptor complex consisting of two related cy- LIF promotes mESC
tokine receptors, LIF receptor (LIFR) and gp130 [63] (Fig. 1.1). Resultant self-renewal
activation of receptor-associated JAK kinases causes recruitment, phos-
phorylation and dimerization of STAT3 (signal transducer and activator
of transcription 3). STAT3 dimers are translocated to the nucleus, where
they control the expression of self-renewal regulating genes [64].
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Figure 1.1: Regulation of mESC fate decision by LIF and MAPK
pathways.

LIF-dependence of mESC self-renewal is mediated by E-cadherin:
Ecad”/- mESCs maintain an undifferentiated phenotype when cultured
in serum-free medium supplemented with Activin A and Nodal, with
FGF-2 required for cellular proliferation [58].

BMP, Activin and Nodal belong to the transforming growth factor
(TGF)- ligand superfamily. They signal by bringing together type I (Alk,
activin receptor-like kinase receptors) and type II receptors on the cell
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surface (BMPR1A /Alk3 and ActRIIB; ActR-IB/Alkg and ActR-1IB; Alkg/7
and ActR-IIA/ActR-IIB for BMP, Activin A and Nodal, respectively).
Upon ligand-receptor complex formation, type I receptor phosphorylates
distinct members of the SMAD family (SMADz2/3 for Activin/Nodal and
SMAD1/5/8 for BMPs), although SMAD4 is required as a cofactor in
both cascades [65]. SMAD signaling promotes the expression of inhibitor
of differentiation (Id), helix-loop-helix domain proteins that dimerize
with, and inhibit the function of, helix-loop-helix transcription factors
that regulate fate determination [59]. The major effect of BMP4 on the
self-renewal of mESCs is accomplished by means of the inhibition of both
extracellular receptor kinase (ERK) and p38 mitogen-activated protein
kinase (MAPK) pathways [66]; inhibitors of ERK and p38 MAPKSs (such
as PDg8059 and SB203580, respectively) can substitute for BMP signaling
in maintenance of mESC pluripotency [66]. In hESCs, Activin signaling
directly targets NANOG promoter.

Maintenance of mESCs in the artificial milieu of cell culture takes
advantage of LIF and BMP (or serum) to block mESCs commitment.
However, when differentiation-inducing signaling from MAPK is elimi-
nated, mESCs can self-renew without LIF and BMP [67]. This property
suggests that mESCs exhibit an innate program for self-renewal, which
may account for their latent tumorigenicity [67].

1.2.3.1  Wnt Signaling

Wnt signaling has been implicated in the control over various types of
SCs [68-70] and may act as a niche factor to maintain SCs in a self-
renewing state [71]. Isolated Wnt proteins are active on a variety of
SCs, including SCs of the crypt [68,72,73], NSCs [74,75], hematopoietic
SCs (HSCs) [69, 70, 76], epithelial SCs [77-81], mammary SCs [82-86],
mesenchymal SCs [87—90] and ESCs [91-100].

Whnts are secret glycoproteins that act as ligands for the seven-pass
transmembrane Frizzled (Fz) receptors [101] and an LDL receptor-related
protein Lrp5/6 [102,103]. Fz signaling activates {-catenin-dependent
(canonical) and -independent (noncanonical) pathways [104].

In the canonical pathway, which can be induced by Wnt1, Wnt2, Wnt3a,
Wntya or Wnt8a [105], the Fz downstream signaling leads to inacti-
vation of GSK-3(, resulting in the nuclear accumulation of 3-catenin,
which in collaboration with T-cell-specific factors (TCF) and lymphoid
enhancer factors (LEF) activates the transcription of Wnt target genes
[104,106]. Noncanonical Wnt signaling is mediated by Wnt ligands Wnty,
Wntsa, Wnt6 and Wnt11 [105] and acts through kinases such as c-Jun
NH,-terminal kinase (JNK) and the calcium-dependent kinases CaMKII
(Ca*"/calmodulin-dependent protein kinase II) and PKC (protein kinase
C) [107-110].
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Canonical Wnt Signaling

The stability of the central player of the canonical Wnt pathway, 3-ca-
tenin, is regulated by a destruction complex. When Wnt receptors are
not engaged, two scaffolding proteins in the destruction complex - the
tumor suppressors adenomatous polyposis coli (APC) [111-114] and
axin [115-117] - bind B-catenin (Fig. 1.2 A). Then a set of conserved
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Figure 1.2: Model for Wnt/-catenin signaling. A. In the absence of
a Wnt signal, B-catenin is phosphorylated and targeted for
proteasome-mediated degradation by a destruction complex
that contains axin and GSK-3(3 among other proteins. B. When
the Wnt ligand binds to the Frizzled (Fz)-Lrp5/6 receptor com-
plex, Dvl binds to Fz and recruits the destruction complex
through interaction with axin. Subsequently, GSK-33 and
CKly phosphorylate critical sites on Lrp5/6, creating dock-
ing sites for axin. Binding of axin to Lrps5/6 inhibits the
destruction complex and stabilizes 3-catenin.

Ser and Thr residues in the amino terminus of -catenin is sequen-
tially phosphorylated by glycogen synthase kinase-33 (GSK-3() [118,119]
and casein kinase Io (CKla) [120-122], two kinases residing in the de-
struction complex. The resulting phosphorylated footprint recruits a
B-TrCP-containing E3 ubiquitin ligase, which targets 3-catenin for pro-
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teasomal degradation [123-125]. When free from nuclear 3-catenin, its
partner DNA-binding proteins of the TCF/LEF family are bound by
Groucho/Transducin-like-enhancer of split (TLE) repressor complexes
[126, 1277], which recruit histone deacetylase-1 (HDAC1) to inhibit ex-
pression of Wnt target genes [128]. Moreover, in the absence of Wnt
signaling, the interaction of 3-catenin with TCF is negatively regulated by
the TCF-binding proteins including NLK (NEMO-like kinase) and CREB
binding protein (CBP) [129, 130].

Receptor occupancy inhibits the kinase activity of the destruction
complex. Axin binds to the cytoplasmic tail of Lrp5/6 [131] or is bound
by activated Dishevelled (Dvl) (Fig. 1.2 B). As a consequence, [3-catenin
accumulates and translocates into the nucleus where it engages the
DNA-binding proteins of the TCF/LEF family and activates expression
of target genes [132,133]. The interaction with p-catenin transiently
converts TCF/LEF factors into transcriptional activators. Additional
nuclear components, Pygopus (Pygo1, Pygo2) and BCLg (Legless in
Drosophila), are involved in Wnt signaling [134-138]. Pygopus is essential
for transcriptional activation of TCF/LEF target genes [134,139], whereas
BCLg seems to bridge Pygopus to TCF-bound {-catenin [134, 140, 141].
In sum, the canonical pathway translates a Wnt signal into the transient
transcription of TCF/LEF target gene programme [142].

Targets of the 3-catenin-TCF/LEF pathway include: CCND1 (encoding
cyclin D1) [143, 144], MYC (encoding c-Myc) [145, 146], PPARD (per-
oxisome proliferator-activated receptor 6; [147]), GAST (gastrin) [148],
AXINz2 [149-151], LGR5/GPR49 (leucine-rich repeat-containing G protein-
coupled receptor 5/ G-protein-coupled receptor 49; [152]), LEF1 [153,154].

The Wnt/[3-catenin signaling pathway has multiple roles in ESC biology,
development, and disease [155-157]. It is endogenously active in undif-
ferentiated mESCs and is downregulated upon their differentiation [93].
Activation of the canonical Wnt pathway promotes the undifferenti-
ated phenotype of mESCs [91] and is sufficient to maintain self-renewal
of both hESCs and mESCs under conditions that induce differentia-
tion [93,94, 96,98, 99, 158]: Through interaction with OCT4, -catenin
upregulates expression of Nanog [99]. On the other hand, Wnt pathway
has an important role in directing differentiation of ESCs [92, 95, 97].
Wnt pathway influences the balance between pluripotency and differ-
entiation by direct signaling to the core regulatory circuitry of ESCs
through T-cell factor-3 (TCF3), which co-occupies promoters throughout
the ESC genome in association with the pluripotency regulators OCT4
and NANOG [100]. TCF3 is highly expressed in mESCs, and is critical
for early embryonic development [68,97, 159].
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Noncanonical Wnt Signaling

The mechanisms underlying 3-catenin-independent (noncanonical) Wnt
signaling are not well defined, and may be largely determined by cellular
context. They involve the “Wnt-calcium” pathway and the “planar cell
polarity” (PCP) pathway. The “Wnt-calcium” pathway utilizes G-protein
second-messenger systems to mobilize intracellular calcium stores and ac-
tivate atypical PKC and other calcium responsive pathways [107,160-162].
The “planar cell polarity” (PCP) pathway couples short-term cytoskele-
tal reorganization, convergent extension, and control of planar polarity
through activation of Rho-type GTPases and Jun N-terminal (JNK) ser-
ine/threonine kinase [163]. Many of the noncanonical effects of Wnt
signaling depend on signaling pathways that directly or indirectly regu-
late cytoskeletal dynamics at or near the cell membrane [164].
Noncanonical Wnt signaling has been implicated in regulation of prolif-
eration and differentiation in neural progenitor cells [75] and in regulation
of bone differentiation from mesenchymal SCs [88, 89, 165]. In hESCs,
noncanonical Wnt signaling controls exit from the pluripotent state and
entry toward mesoderm specification and embryonic hematopoiesis [166].

1.2.3.2 Notch Signaling

The Notch signaling pathway is an evolutionarily conserved intercellular
signaling mechanism essential for regulation of the survival, proliferation
and differentiation of a range of cell types throughout the embryonic
development and life span of all metazoans [167]. However, it is unneces-
sary for the very early stage of embryogenesis, including the fertilized
egg stage [168].

Notch encodes a single-pass transmembrane protein [169] that functions
as a receptor for the ligand present on the cell surfaces of neighboring
cells [170]. In mammals, four Notch receptors (Notchi-Notchg) and five
Notch ligands (Delta-like1 [also called Delta1], Delta-like3, Delta-likeg,
Jagged1, and Jagged2) have been identified. Notch ligands are also single-
pass transmembrane proteins. Notch receptors undergo intramolecular
cleavage of the precursor protein (S1 cleavage by a furin-like conver-
tase) to form heterodimers, composed of an extracellular subunit and
a transmembrane subunit, on the plasma membrane [171-173]. Bind-
ing of a ligand triggers the cleavage of the extracellular region of the
Notch transmembrane subunit (52 cleavage) [173]. This cleavage facili-
tates the next cleavage, which occurs within the transmembrane domain
(S3 cleavage) [173,174] and creates the cleaved intracellular domain of
Notch (NICD). NICD translocates to the nucleus and associates with
the constitutive DNA-binding protein CSL (CBF1/RBP-Jx, Suppressor of
hairless, Lag-1) and thus turns the CSL complex from a transcriptional
repressor to a transcriptional activator [175], for which the mastermind
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adaptor protein is an essential component [176, 177]. The NICD-CSL
complex promotes expression of E(spl)/HES (Hairy and enhancer of
split) family [178] and their homologs, the Hey (HERP) family [179] of
basic helix-loop-helix transcription factors.

SCs are enriched for members of the Notch pathway [180] and cell-
cell signaling mediated by Notch has been shown to play a key role
in maintaining various mammalian SC systems, notably hematopoietic,
neural, skin, intestinal, and skeletal SCs. In these systems, Notch has
been shown to regulate proliferation, differentiation, and survival in a
context-dependent manner [181].

Notch-HES signaling is required for the maintenance and expansion of
the neural stem/progenitor cell pool [182-184] and its ectopic activation
can be used to promote the survival and expansion of neural SCs both in
vitro and in vivo [185]. Notch1 has an indispensable role in generation
of adult-type HSCs [186, 187] and Jaggedi-Notch1 pathway might be
involved in maintenance of HSCs in their osteoblastic niche [188, 189].
Forced activation of Notch signaling in HSCs (by ectopic expression
of a constitutively active form of Notch1 [190,191] or wild-type HES1
[192]) inhibits murine HSC differentiation and potentially expands the
HSCs. Furthermore, Notch signaling inhibits SCs in the bulge from
differentiating into epidermal cells and promotes hair formation [193] and
functions to maintain intestinal epithelial stem/progenitor cells [194-196].

Notch signaling network appears active in undifferentiated mESCs
[197] and upon withdrawal of self-renewal factors (such as LIF and BMPy),
it directs mESC differentiation exclusively toward a neuroectodermal fate
[197]. Notch1i—-3 and DLL1 are expressed in hESCs [198]. However, Notch
signaling is not active [199], although it can be transiently activated by cell
passaging conditions that include cation chelation [199]. Notch signaling
is not required for the propagation of undifferentiated hESCs but instead
is required for the formation of the progeny of all three embryonic
germ layers, but not trophoblast cells [200], and for the maintenance of
differentiating cell types [199]. In addition, transient Notch signaling
pathway activation enhances generation of hematopoietic cells from
committed hESCs [199]. Cell-cell signaling through Notch regulates
hESC proliferation [201].

1.3 CELL CYCLE REGULATION
1.3.1 Cell Cycle Regulation in Somatic Cells. Restriction Point

Somatic cell cycle is regulated by sequential activation and inactivation
of cyclin-CDK (cyclin-dependent kinase) complexes [202]. Binding of the
cyclin subunit is essential for activation and determines the substrate
specificity of these complexes. Cyclin D-CDK4 complexes phosphorylate
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pocket proteins (pRB, p107, p130) which are further phosphorylated by
cyclin E-CDK2 complexes. Activity of cyclin E-CDK2 complexes drives
G1-S transition and initiation of DNA replication. Cyclin A-CDK2 regu-
lates DNA replication and controls activation of cyclin B-CDK1, which is
required for both entry into and progression through mitosis. However,
this simple model of cell cycle regulation has been challenged by studies
of cyclin or CDK knockouts that have shown overlapping and substitu-
tionary roles for different types of cyclins as well as CDKs (reviewed
in Hochegger et al. [203]) and that CDKa1 is the only essential cell cycle
kinase [204].
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Figure 1.3: Regulation of CDK2 activity by phosphorylation.

Besides association with cyclins, activity of CDKs is regulated by a
series of activatory and inhibitory phosphorylations (Fig. 1.3). For
proper catalytic activity, CDKs must be phosphorylated on threonine
residue (Thriy2 in CDKy, Thri6o in CDK2 and Thri61 in CDK1) by
CDK7-cyclinH complex (also known as CDK activating kinase, CAK)
[205,206]. Phosphorylation of adjacent threonine and tyrosine residues
(Thri4/Tyr1s5 in CDK2 and CDK1) by Wee1/Myt1 [207,208] is inhibitory
and is relieved by activity of CDC25 phosphatases (CDC25A, CDC25B,
CDC25C). Furthermore, CDK4/CDK6 and CDK2/CDK1 complexes are
inhibited by proteins of Inkg (p15™k4P, p16nk4a, pr8inkic pignkady and
Cip/Kip (p21°1P1, p27XiP1, p57KiP2) family, respectively (reviewed in Sherr
& Roberts [209]).

Restriction point

During a critical period early in G1 phase, somatic cells are responsive to
external signals (e.g. growth factors, mitogens) until a point in the cell
cycle that is referred to as a restriction point. At this point a decision is
made whether the cell will enter the cell cycle and progress to S phase
or exit the cell cycle and enter a quiescence state, the Go phase (at
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conditions of high cell density and absence of growth factors). The
critical regulator of cell cycle entry and the restriction point governing
protein is the retinoblastoma protein (pRB): acute downregulation of
pRB causes cells to exit quiescence and re-enter the cell cycle [210].
Hypophosphorylated pRB binds Ez2F-family transcription factors and
recruits chromatin-modifying enzymes that actively repress transcription
[211]. Sequential phosphorylation of pRB results in its dissociation
from the E2F transcription factors, releasing them to activate target cell
cycle genes [212] (Fig. 1.4). In early G1 phase, phosphorylation of
pRB is initiated by CDK4/CDK®6 in combination with cyclin D1, which
accumulates in response to extracellular mitogens [213-216]. In late G1
phase, cyclin E-CDK2 phosphorylates pRB at additional sites [217]. Under
stress condition (e.g. DNA damage), cell cycle progression is blocked by
G1 checkpoint pathways, which inhibit CDK2 activity, thus preventing
Sphase entry.

The transcriptionally active forms of E2F are a collection of heterodimeric
protein complexes [218-221], composed of one E2F protein family subunit
(E2F1-E2F6) and one DP protein family subunit (DP1 or DP2). E2F acti-
vates a panel of genes involved in progression through the G1 phase, such
as CCNE (cyclin E) [222], CCNA2, CDC25A, CDK2, E2F3, and RB1, as well
as DNA replication, such as POLA (polymerase o), TOP2A, TK1, RPA3,
and RFC2 [223]. Moreover, by transcriptional activation of multiple other
targets, E2F integrates cell cycle progression with DNA repair (UNG,
RADs54L, PRKDC) and checkpoint pathways (CHEK1, TP53, BUB3) [223].

1.3.2  Cell Cycle Regulation in ESCs

In cell cycle regulation and structure, ESCs demonstrate substantial dif-
ferences from somatic cells. ESCs proliferate at a fast rate: cell cycle
length is about 8-11 h in mESCs [224-226], 15-16 h in hESCs [227] and
12-21 h in thesus monkey ESCs [228]. The abbreviated cell cycle is owing
to shortened gap (G1 and G2) phases; in mESCs, G1 phase takes only
approximately 2 h [225] and cell cycle structure consists largely of S phase
cells [225]. Furthermore, ESCs can multiply in the absence of serum and
are not subject to contact inhibition or anchorage dependence [224]. This
has been attributed to predominant expression of the hyperphosphory-
lated form of the pRB in mESCs [229], indicating that newly formed cells
can enter a new phase of DNA replication very shortly after exit from
mitosis. pRB family members p107 and p130 are as well expressed [230]
and hyperphosphorylated in mESCs and do not associate with E2Fs [226].
mESCs deficient for the three RB family members have no reported cell
cycle phenotype [230,231].

The repertoire of cell cycle regulatory proteins expressed in mESCs
includes cyclins D1, D3, E, A2 and B1 and all CDKs [225,232-234].
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Figure 1.4: Restriction point. In response to mitogenic signals, cell en-
ters early G1 phase (violet). Cyclin D-CDK4/6 complexes
phosphorylate pRB, whereby expression of early-G1 E2F tar-
get genes, such as for cyclin E and CDC254, is initiated. In
late G1 phase (blue), cyclin E-CDK2 complexes are activated
and phosphorylate additional sites on pRB, releasing E2F to
activate expression of several S-phase promoting genes, in-
cluding cyclin A (CCNA), dihydrofolate reductase (DHFR),
polymerase o (POLA), and thymidine kinase 1 (TK1).

With the exception of mitotic regulator cyclin B, all cyclins are in mESCs
present at comparable levels throughout the cell cycle [225,233]. Moreover,
the levels of individual cyclins are significantly elevated compared to
somatic cells [234]. In addition to cell-cycle independent CDK activity,
mESCs do not express CDK inhibitory molecules of the Inks (p15™k4®,
p16nk4 piginkic piglnkady and Cip /Kip (p21©P?, p27XiP1, and p57XiP2)
family [229,232,233]. General CDK activity is far higher than that seen in
other cell types, including cancer cells, what suggests a decline of CDK
activity during differentiation [233]. Most CDK activities in mESCs are
active throughout the cell cycle, with the exception of CDK1-cyclin B
that becomes selectively activated before mitosis [225], and CDK4-cyclin
D1 complexes that exhibit little or no activity in mESCs [233]. It has
been suggested that high and precocious CDK2 activity might drive the
rapid G1 phase progression in mESCs [225]; however, while inhibition
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of CDK2 activity (by Roo9-3033) slowed down the ESC cycle, it did not
change the general cell cycle structure of mESCs and other pluripotent
cell types [225].

Studies of hESC cycle regulation showed that hESCs express all G1
type cyclins (cyclins D1, D2, D3 and E) and CDKs (CDK4, CDK6 and
CDK?2) at variable levels and most of them show cell-cycle dependent ex-
pression [227,235], which is one of the most striking differences between
mESCs and hESCs. In contrast to mESCs, where cyclin E levels remain
constant throughout the cell cycle, cyclin E protein levels increase around
the G1-S transition and cyclin A protein levels are upregulated in late
G1-S through G2-M in hESCs [235,236]. In another study, FACS analysis
and immunofluorescence staining showed that cyclin E is constitutively
expressed but cyclin A is upregulated in S and G2/M in hESCs [237]; this
group was also unable to detect cyclin D1, D2, and D3 in undifferentiated
hESCS. The discrepancy between these reports may be due to different
sensitivities of detection approaches (Western blot vs. immunofluores-
cence), some contribution from spontaneously differentiated cells, or
variability between different hESC lines used in their experiments [238].

Like mESCs, hESCs have a shortened G1 phase, which has been at-
tributed to the elevated mRNA levels of cyclin D2-CDK4 and to low
levels of p21©P*, p27XiPT and p57XiP2 [227,239,240]. Also, CDK inhibitors
of the Inkg family (p15™4®, p16ink4a, p1ginkic piglnkid) are expressed at
low levels or are not expressed at all [241,242]. CDK4 and CDK®6 have
the highest kinase activity in the G1 phase [235]. CDK2 kinase activity
culminates in S phase, displaying the highest kinase activity overall in
hESCs [235].

PRB, p10o7 and p130 are expressed in hESCs, with p130 being predomi-
nantly expressed on the mRNA level [239]. In response to DNA damage,
RB mRNA is modestly increased while p107 and p130 mRNA expression
is decreased [239]. pRB exists in both the hyperphosphorylated and
hypophosphorylated forms [237].

The length of G1 phase in ESCs is regulated also by miRNAs. miR-290
cluster modulates G1-S transition in mESCs by repressing expression
of p21©P* protein [243]. Similarly, miR-92b regulates p57XiP? protein
levels in hESCs [240]. miR-302-367 cluster, expressed in both mESCs
and hESCs and regulated by OCT4, SOX2 and NANOG [15, 244, 245],
regulates G1-S transition through post-transcriptional negative regulation
of cyclin D1 and CDK4 in hESCs [245] and of cyclin D2 in human
embryonal carcinoma cells (hECCs) [246]. The critical role of miRNAs in
ESC cycle regulation was demonstrated in hESCs, in which knockdown
of DICER and DROSHA (the enzymes needed for the processing of
mature miRNA) impaired proliferation due to a slow down in cell cycle
progression [247]. This defect in hESC proliferation could be partially
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restored by introduction of miR-195 and miR-372, negative regulators of
Wee1 and p21“1P?, respectively [247].

Rather than being at the top of SC hierarchy, miRNAs likely function
as crucial intermediate regulators and tuners of cell cycle [248, 249].
Surprisingly, however, the ectopic expression of the complete human
miR-302-367 cluster in several human cancer cell lines is sufficient to
reprogram them into and to maintain them in a pluripotent ESC-like
state [250]; these cells were designated as miRNA-induced pluripotent
SCs (mirPSCs).

1.3.3 Linking Cell Cycle Regulation to Cell Fate Choices in ESCs

Upon induction of differentiation, cyclin A2 and cyclin B1, which are
highly overexpresssed in mESCs, sharply decrease [234] and cyclin E
expression comes under the control of the RB-related family of pocket
proteins and, therefore, requires the mitogen-induced activity of cyclin
D-CDK4/CDK6 complexes [251]. Also in hESC, protein levels of cyclins
D and cyclin B1 increase, while levels of cyclin E and cyclin A decrease
with differentiation [235,237,245]. The specific patterns of expression of
cell cycle regulators in ESCs suggest that some of them have key functions
in the proliferative capacity of these cells, the maintenance of self-renewal
potential, and the prevention of untimely differentiation [238].

The process of self-renewal requires the coordination of cell cycle
progression and cell fate choices (e.g. commitment vs. self-renewal) [252].
It has been hypothesized that duration of each cell cycle phase in ESCs
has a function in maintaining pluripotency and self-renewal [226,235]. An
evidence for this hypothesis comes from reprogramming studies, which
show that reprogramming of somatic cells to pluripotency (i.e. iPSCs)
confers similar cell cycle regulation as in mESCs [253].

A link between cell cycle length and the differentiation process has
been established in cancer cells, somatic cells and adult SCs, and re-
cently also in hESCs [235, 254, 255]. Neural progenitor cells comprise
two subpopulations, differing in the length of their cell cycle: those
that are simply undergoing mitotic proliferation have a shorter cycle
than those committed to undergo neuronal differentiation [255]. Artifi-
cial lengthening of the cell cycle by inhibition of CDKs induced neural
progenitors to form neurons [254] and shortening of the cell cycle of
neural progenitors prevented their differentiation [255]. Moreover, cy-
clin D1-CDK4 overexpression studies in neural SCs have shown that G1
lengthening is necessary and sufficient to switch neural progenitors to
neurogenesis [256].

In hESCs, two studies indicated that abolishment of CDK2 activity may
induce their differentiation: Treatment with a CDKz2 inhibitor delayed
hESCs in G1 and S phase, resulting in emergence of a subpopulation
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lacking OCT34 [237], while CDK2 knockdown resulted in G1 arrest and
differentiation to extraembryonic lineages [235]. The changes in hESC fate
induced by a transient decrease in CDK2 were permanent as expression
of genes associated with the pluripotent phenotype never returned to its
former level [235]. This observation suggests that reacquisition of a short
G1 phase cannot reverse the differentiation marks established during the
lengthening of G1 phase [235]. Similar G1 lengthening occurs during
spontaneous ESC differentiation and suggests that a longer G1 is perhaps
necessary for establishment of epigenetic marks that are necessary for
initiation of the differentiation process [257].

Further evidence for the link between cell cycle regulation and ESC
fate decisions brought recent study, which presented CDK2-associating
protein 1 (CDK2AP1; p12P9“1), an inhibitor of G1-S transition through
downregulation of CDKz2 [258], as competency factor in mESC differenti-
ation by modulating the phosphorylation level of pRB [259]. In this study,
Cdk2ap17/- mESCs were shown to be resistant to LIF withdrawal-induced
differentiation and displaying altered pRB phosphorylation [259]. The
differentiation competency of the Cdk2ap1”- mESCs was restored upon
the ectopic expression of CDK2AP1 or a nonphosphorytable pRB mu-
tant [259]. Essentiality of RB family in mESC differentiation was shown
in triple knockout mESCs (Rbf/ - Rbal’~, Rbal”/ "), which were incapable
of undergoing proper differentiation [231]. Interestingly, single and dou-
ble knockout ESCs showed no defect in differentiation, demonstrating
the ability of RB family members to compensate for one another in this
setting [231].

Together, these observations suggested that G1 phase corresponds to
a window of increased sensitivity of SCs to differentiation signals and
indicated existence of an intrinsic link between cell cycle regulation and
cell fate decisions (self-renewal vs. differentiation) in SCs that are likely
to be affected by the length of each phase of the cell cycle [235]. This
hypothesis is further supported by evidence of key cell cycle regula-
tory proteins, such as CDK1, cyclin D1, CDK6, CDC7 being targets of
pluripotency factors OCT4, SOX2 and NANOG [10]. Furthermore, E2F
activity may act as a regulatory co-factor for OCT4 on the promoter
of OCT4 target genes and because ORC1L (Origin recognition complex
subunit 1-like), a direct E2F target involved in DNA replication, belongs
to the core OCT4 regulatory network, E2F and OCTj4 activities might
be linked [260]. Recently, a direct interaction between pluripotency and
cell cycle machinery has been observed: NANOG binds directly to the
promoter region of CDC25A and intragenic regions of CDK®6, resulting in
their transactivation [242].

Very likely many more connections exist between the master regulators
of cell cycle and stemness, including via the regulation of microRNAs
[261]. c-Myc/E2F driven miR-17-92 cluster, which controls the G1-S
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transition, is fundamental for ESC self-renewal and cell proliferation
and is downregulated upon ESC differentiation [262]. More recently,
LIN28/c-Myc (which regulate miR-17-92) and OCT4/SOX2 regulated
miR-302 have been shown to be among a handful of factors shown to be
necessary and sufficient to convert differentiated cells to iPSCs [250,263].

1.3.4 Cell Cycle Regulation in Adult Stem Sells

Tissue SCs require a more complex cell cycle regulation because during
their life they repeatedly enter periods of quiescence and proliferation.
They have active pRB and are dependent on mitogens to activate cyclin
D-CDK4/6 so that pRB can be inactivated and cell cycle entered (re-
viewed by Sherr [264]). RB proteins confer quiescence to HSCs: Deletion
of all three RB family genes leads to the proliferation and mobilization of
HSCs and to myeloproliferative disease [265]. Dependence of HSCs (and
tissue SCs in general) on cyclin D-CDK4/6 activity is demonstrated by
lethal phenotypes of Ccnd1”~ Cend2” Cendz” and Cdkg” Cdk6” embryos,
which die because of defective hematopoiesis [266,267]. Ink4 family pro-
teins, the inhibitors of cyclin D-CDK4/6 complexes, negatively regulate
self-renewal by slowing cell division: Deficiency in Cdknzc (p18k4°), a
CDK4/6 inhibitor, increases HSC frequency and enhances the repopu-
lating capacity of HSCs from young mice in transplantation assays [268].
On the other hand, increase of Cdknza (p16!"%4?) expression with age
reduces stem/progenitor cell frequency and function in a variety of aging
tissues [269—271].

Under steady-state conditions, SC frequency is negatively regulated
by p53. Tps53 deficiency increases SC frequency and self-renewal in
adult NSCs and HSCs [272,273], perhaps by reducing quiescence [274].
Overactivation of pRB and p53 tumor suppressor pathways can lead
to senescence and premature depletion of the SC pool [275]. This is
avoided by repression of Cdknz2a locus (encoding p16™4? and p19”™)
mediated by high mobility group protein HMGA2 [276] and BMI-1 [277].
Bmi1” mice exhibit profound SC self-renewal defects and progressive
SC depletion in multiple tissues [277-279] and their phenotype can be
partially rescued by deletion of Cdknza or Tps53 [277,280—282]. On the
other hand, pRB and p53 pathways reinforce the ability of progenitors to
exit the SC state [282,283].

Importantly, self-renewal of SCs is mechanistically distinct from the
proliferation of downstream progenitors (for review, see He et al. [284]):
some mechanisms preferentially regulate SC self-renewal, whereas other
mechanisms preferentially regulate restricted progenitor proliferation
[284].

Furthermore, many tissue SCs undergo dynamic changes in their
cell cycle status during development and aging to meet the changing
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demands of tissue growth and regeneration. Fetal liver HSCs undergo
daily symmetric self-renewing divisions to expand the SC pool [285],
while adult HSCs are quiescent most of the time [286]: Most adult
mouse HSCs asynchronously divide once every 12 days, but a more
slowly dividing subset of HSCs divides only once every 55 days or
so [287—289]. The rate at which adult HSCs divide further changes
during aging [290,291]. Interestingly, primate HSCs seem to be even more
quiescent than murine HSCs [292]. Moreover, unlike ESCs, the number
of times a single HSC replicates during a lifespan in mammals is limited
(80-200 times), suggesting that their self-renewal is intrinsically restricted
[293—295]. This limit becomes experimentally evident as exhaustion of
their regenerative potential when HSCs are induced to proliferate rapidly
in response to environmental stress, such as in serial transplantation or
myelosuppressive chemotherapy [296-300].

It has been suggested that residing in the quiescent state is the way how
HSCs (and possibly also other types of adult SCs) avoid differentiation
signals and exhaustion [301] because G1 phase of the cell cycle - particu-
larly the early G1 phase - seems to be a sensitive period during which cell
fate decisions are made [202,254,302,303]. Therefore genes that prevent
HSCs from entering the cell cycle will tend to preserve their long-term
function by reducing their exposure to exhaustion-inducing stimuli in
early G1 phase, while genes that facilitate the transition through the
G1 phase of the cell cycle, particularly through early G1, might have an
impact on the likelihood of particular cell fate decisions by altering the
time spent in the sensitive period [301].

Support for these suggestions comes from a number of studies in
which proliferation led to the exhaustion of SC function [301]. The result
is usually long-term loss of SCs and increased susceptibility to stress-
induced exhaustion. In Cdkn1a™/~ animals, the proportion of primitive
hematopoietic cells in the Go phase of the cell cycle was reduced and the
number of very primitive cells that gave rise to long-term multipotent
colonies in culture was increased [304], their bone marrow was more
rapidly exhausted as compared with wild type and also demonstrated
the loss of neurosphere-initiating cells with aging [305]. Importantly, the
Cdkn1a™~ phenotype varies with strain [306] and this could be a result of
the strain-dependent cell cycle differences in SC populations [301]. Similar
cell cycling and exhaustion phenotypes are displayed by Gfir™/~ (growth
factor independent 1), Pten” (phosphatase and tensin homologue) or
Foxo1/3/47~ HSCs [307-310]. Deficiency of Gfir~/~ HSCs might be, at least
in part, caused by severely decreased expression of p21“P* in Gfir™/~
HSCs [307].

Similarly, the mechanisms of HSC deficiency in Pten~/~ and F0x01/3/4‘/ -
mice are linked: Pten is a negative regulator of phosphatidylinositol 3-
kinase (PI3K) signaling and PI3K is known to inhibit the activity of
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members of the FoxO family; therefore Pten might regulate SC function
by indirectly activating FoxO transcription factors [311]. FoxO family of
transcription factors regulate a number of cellular processes including cell
cycle arrest and resistance to cell stress (for a review, see Ho et al. [312]).
Because Foxo1, Foxo3 and Foxo4 null HSCs, in addition to being decreased
in number and increased in cell cycle entry, accumulated elevated levels
of reactive oxygen species (ROS) and because this phenotype could be
almost completely reversed by treating animals with an antioxidant, it
was suggested that ROS are important regulators of HSC quiescence and
maintenance [310].

Other studies have brought evidence for the relationship between adult
SC quiescence and the maintenance of SC function. For example, study
of Mef/~ (myeloid Elfi-like; or Elf4) mice suggested that MEF is an
important negative regulator of HSC quiescence and its deletion results
in increased quiescence and the paradoxical HSC expansion that results
from reduced HSC exhaustion [313].

In conclusion, to achieve the goal of self-renewal, both ESCs and adult
SCs use the same principle of avoiding the early G1 phase of the cell
cycle [301]. While ESCs accomplish this by high CDK2 activity, which
shortens early G1 phase, adult SCs are maintained in the quiescent state
and therefore rarely transit through early G1 [301]. Recently it has been
shown that similar mechanisms as in adult SCs are used also in leukemic
SCs (LSCs) to prevent their exhaustion [314].

1.4 DNA DAMAGE RESPONSE
1.4.1  DNA Damage Response in Somatic cells. G1 Checkpoint

In response to diverse genotoxic stresses, cells activate DNA damage
checkpoint pathways to protect genomic integrity and promote sur-
vival of the organism [315]. The DNA damage checkpoint network
is composed of DNA damage sensors, signal transducers and various
effector pathways, and its central components are the phosphoinositide
3-kinase related kinases (PIKKSs) ataxia-teleangiectasia mutated (ATM),
ATM and Rad3-related (ATR) and DNA-dependent protein kinase (DNA-
PK), whose many substrates mediate cell cycle arrest in G1, S or G2
phases, DNA repair and cell death [316-319]. In general, ATM and
DNA-PK respond mainly to DNA double strand breaks (DSBs), whereas
ATR is activated by single-stranded DNA and stalled DNA replication
forks [319]. However, checkpoints induced upon recognition of other
types of DNA lesions operate through similar principles and share some
of the key elements, including the ATR kinase [315]. In contrast, the
downstream checkpoint effectors and their final targets within the cell
cycle machinery may differ in G1, S, or G2/M phases [320].
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Recognizing DNA damage, ATM and/or ATR become activated and
phosphorylate a range of substrates, including H2AX (Ser139) [321,
322], p53 (Ser1s in human, Ser18 in mouse) [323-325], MDMz2 (Ser395)
[326], BRCA1 (Ser138y, Ser1423, Seri457, Ser1524) [327-329], TopBP1
(topoisomerase-binding protein-1; Ser1131) [330], Nbs1 (Nijmegen break-
age syndrome 1; Ser278, Ser343) [331], Kap1 (KRAB domain-associated
protein 1; Ser824) [332,333], and signal messengers Chk1 (Ser317, Ser34s)
[334] and Chk2 (Ser19, Thr26, Ser33/35, Thr68) [335-337].

Histone H2AX is rapidly phosphorylated in the chromatin micro-
environment surrounding a DSB and functions to concentrate repair and
signaling factors, such as MRN, BRCA1 and 53BP1, in the vicinity of
DNA lesions, forming irradiation induced foci (IRIF) [338]. The assembly
of IRIF is potentially mediated by interactions between specific domains
of repair/signaling factors and the y-H2AX tail [339].

BRCA1 is required for ATM/ATR-dependent phosphorylation of p53,
c-Jun, Nbs1 and Chk2 following exposure to IR/UYV, respectively [340].
BRCA1 phosphorylation activates a process of DNA repair through
homologous recombination in cooperation with the BRCA2 [327]. TopBP1
activates ATR-ATRIP complex [341], mediates DNA damage signaling
from Nbs1 to ATR and promotes homologous recombination repair
[342]. Nbs1 is an integral component of the Mre11/Radso/Nbs1 (MRN)
nuclease complex [343-346], which is important in the repair of DSBs
[347]. Kap1 functions as transcriptional corepressor and is involved
in regulation of global chromatin compaction [319,333]. In response
to DNA damage, Kap1 is coordinately phosphorylated (at Ser824) and
desumoylated, allowing de-repression of the transcription of CDKN1A4,
GADDyg5A, BAX, PUMA, and NOXA [348].

Activated Chk1 and Chk2 impose cell cycle arrest via phosphorylation
of their targets, including p53 (Ser20) [349—351] and CDC25 phosphatases
[352-354].

Phosphorylation of p53 on Ser2o increases its stability because it in-
terferes with binding to the ubiquitin ligase MDM2 [355]. MDM2, one
of the transcriptional targets of p53 [356, 357], inhibits p53-mediated
transcription, shuttles p53 out of the nucleus [358], and targets p53
for ubiquitin/proteasome-mediated proteolysis [359,360]; reviewed in
Prives [361]). Activated p53 protein transcriptionally upregulates the
expression of downstream target genes, such as CDKN1A [362], SFN
(encoding 14-3-30) [363], BAX [364], IGF-BP3 [365,366], FAS [367], and TN-
FRSF10B (encoding KILLER/DR5) [368], which relay signals that mediate
the inhibition of cell growth or the induction of programmed cell death
(reviewed by El-Deiry [369]). Following severe DNA damage, an addi-
tional phosphorylation at Ser46 increases the affinity of p53 for promoters
of proapoptotic genes, such as TP53AIP1 [370]. The p53-Serg6 phos-
phorylation is mediated by dual-specificity tyrosine-phosphorylation-
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regulated kinase 2 (DYRK?2) [371]. p53 has also been implicated in the
control of a G2/M checkpoint by transcriptional downregulation of cy-
clin B1 [372—374] and upregulation of GADD45 (growth arrest and DNA
damage 45) [375].

CDKN1A, which encodes cyclin dependent kinase inhibitor (CKI)
p21©P* [376], is a critical target of p53 [362] in facilitating G1 arrest [377].
p21%P* binds to CDK2/CDKi-cyclin complexes, resulting in inhibition
of their kinase activity [378].

Phosphorylation of CDC25A (Sery6, Ser124) causes it to bind 3-TrCP
(B-transducin repeat-containing protein), a component of the SCF ubig-
uitin ligase complex, and stimulates SCF-mediated ubiquitination and
proteolysis of CDC25A [353,354]. Phosphorylation of CDC25B (Thrs49)
and CDC25C (Ser16) either directly inactivates the phosphatase activity
or creates a 14-3-3 binding site, leading to their cytoplasmic sequestra-
tion, which blocks interaction of CDC25B/CDC25C with their substrate
CDKi1-cyclin B [379-382]. Also, this mechanism is applied on CDC25A to
negatively regulate its mitotic function [383]. In the absence of CDC25
phosphatase activity, the inhibitory phosphorylation of CDK2-cyclin E/A
or CDK1-cyclin B kinase complexes persists and the cell cycle is arrested
in G1 or G2 phase, respectively [384—391].

G1 checkpoint

G1 DNA damage checkpoint involves rapid responses targeting cyclin
D1 and CDC25A, and a slower response employing p53 (Fig. 1.5). Cyclin
D1 is rapidly degraded by ubiquitin/proteasome-dependent mecha-
nisms after DNA damage, resulting in the redistribution of the CDK
inhibitors p21Cipl and p27Kilf’1 from CDK4/6-cyclin D1 to CDK2-cyclin
A/E [392,393]. CDK2 is also inactivated by Thri4/Tyri5-phosphorylation
after DNA damage-induced degradation of CDC25A (through phosphory-
lation by Chk1/Chkz2) [354]. The slower response of the G1 DNA damage
checkpoint is carried out by the activation of p53, which increases the ex-
pression of Cdknia and leads to the inhibition of CDK2-cyclin complexes,
preventing expression of S-phase genes [209].

1.4.2 DNA Damage Response in ESCs

The special features of ESC cycle are reflected in their inability to undergo

cell cycle arrest at the G1 checkpoint in response to DNA damage [228,394—
396]. The causes of G1 checkpoint nonfunctionality have been studied

mostly in mESCs. They were reported to have functional mechanisms for

detection of DNA defects [397], but compromised function of p53 [394]

and Chk2 [395].
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Figure 1.5: Two main G1 checkpoint pathways in somatic cells, the rapid
Chk1/2-CDC25A and the delayed p53-p21“P* pathway.

In mESCs, Chkz2 is not intranuclear as in somatic cells, but it is se-
questered at centrosomes and thus unavailable for regulation of CDC25A
[395]. p53 was found to be abundant and transcriptionally activated after
DNA damage, but unable to translocate into the nucleus [394,395]. There-
fore, expression of Cdknia as well as of proapoptotic genes is not induced
and mESCs do not stop in G1 phase and fail to undergo p53-dependent
apoptosis in response to DNA damage [394,398]. However, the concept
of p53 inability to translocate into the nucleus has been challenged by the
observation that in response to DNA damage, p53 actively suppresses
expression of Nanog to induce differentiation of DNA-damaged mESCs
and thus their elimination from the replicative pool [399]. Moreover,
in hESCs p53 is nuclear [396] and expression of CDKN1A is robustly
induced upon IR [239] while the G1 arrest is not induced [396], suggest-
ing other mechanism(s) prevent functionality of activated checkpoint
pathways in ESCs.

The lack of functional G1 checkpoint in ESCs increases the relative im-
portance of internal S and G2 checkpoint pathways for genomic stability.
In mESCs, S phase checkpoint is governed by ATR, whose function can
be substituted for by p38a [400]. In G2 checkpoint, ATM-Chk2 signaling
seems to play essential role: ATM inhibition (with KU55933) abolishes
Gz arrest in hESCs [396] and Chek27- mESCs do not maintain G2 arrest
after IR [350].
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AIMS OF THE THESIS

This study focused on G1 phase regulation in mESCs. It was aimed to
1. unravel the causes of G1 checkpoint non-functionality in mESCs,

2. investigate the role of CDK2 in G1 phase regulation and its potential
connections to regulation of mESC fate decisions (i.e. self-renewal
vs. differentiation).

The mechanisms of G1 checkpoint nonfunctionality in ESCs have not
been fully resolved. Previous studies suggested that G1 checkpoint might
be inactivated by centrosomal sequestration of Chkz [395] and inability
of p53 to translocate to the nucleus [394]. However, the data have been
scarce and, especially in the case of p53-p21“P'pathway, the observations
have been rather inconsistent. Therefore, we attempted to elucidate the
causes of G1 checkpoint nonfunctionality in mESCs.

The results of our study on G1 checkpoint in mESCs made us question
involvement of CDK2 in regulation of mESC cycle, namely the classical
role of CDK2 in regulation of multiple nuclear processes of G1-S transition
(Fig. 2.1) established in somatic cells. Therefore, we investigated the role
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Figure 2.1: Multiple roles for CDK2 in G1-S transition in somatic cells.
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of CDK2 in cell cycle regulation in mESCs in greater detail, focusing
more deeply on potential role of CDK2 in regulation of self-renewal,
which emerged from our observations contemporary with publication of
a similar study in hESCs.



MATERIALS AND METHODS

Cell culture and synchronization

Two different mESC lines were used in our studies; an inbred HM-1 cell
line derived from 129 mouse strain [401] and an F1 (129Sv]JaexCs7BL/6)
hybrid line V6.5 (Open Biosystems, Huntsville, AL, USA). The cells were
maintained on culture dishes covered with 0.1% gelatin (Sigma-Aldrich,
St. Louis, MO, USA) in a humidified atmosphere of 10% CO, at 37°C
in high-glucose Dulbecco’s modified Eagle’s medium (D-MEM) with
GlutaMAX (Invitrogen/Gibco, Grand Island, NY, USA) supplemented
with 15% fetal bovine serum (FBS; Thermo Fisher Scientific/Hyclone,
Waltahm, MA, USA), 0.1 mM non-essential amino acids, 1 mM sodium
pyruvate, 2mM glutamine, 100 U/ml penicillin, 100 ug/ml streptomycin
(Gibco), 0.1 uM B-mercaptoethanol (Serva) and 1000 U/ml LIF (ESGRO,
Chemicon, Temecula, CA, USA).

Mouse embryonic fibroblasts NIH3T3 and human colon adenocarci-
noma cell line HT29 (ATCC, Temecula, CA, USA) were maintained in
a humidified atmosphere of 5% CO, at 37°C in high-glucose D-MEM
with GlutaMAX supplemented with 15% (NIH3T3) or 10% (HT29) FBS
(Invitrogen/Gibco), 100 U/ml penicillin and 100 ug/ml streptomycin.

Cells were synchronized in G2/M phase by treating them with 400nM
nocodazole (Sigma-Aldrich, St. Louis, MO, USA). mESCs were grown in
the presence of nocodazole for 12h, and NIH3T3 cells were grown in its
presence for 24 h. After mitotic shake-off, cells were washed three times
with phosphate-buffered saline (PBS) with 1% FBS (Invitrogen/Gibco)
and plated in standard media.

Cells were irradiated with a defined dosage (4 Gy) of gamma irradia-
tion (cobalt irradiator, Teragam, Prague, Czech Republic).

Drugs and inhibitors

Nocodazole was stored as a 400 utM stock solution in DMSO. CEP3891
(Cephalon, Frazer, PA, USA) was stored as a 500 uM solution in DMSO
and used at a concentration of 500nM. The Chk2 inhibitor II [2-(4-(3-
chlorophenoxy)phenyl)-1H-benzimidazole-5-carboxamide; Merck Chem-
icals Limited, Darmstadt, Germany] was stored as 300uM solution in
DMSO and used at 300nM. LiCl (Sigma-Aldrich) was prepared as a
100 mM solution in PBS and used at 10 mM. The GSK-3 inhibitor X (6-
bromoindirubin-3’-acetoxime; Merck Chemicals Limited) was stored as a
2.5 mM stock solution in DMSO and used at 5uM. OlomoucineII (2-{[2-
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((1-R)-1-hydroxymethyl-propylamino)-9-isopropyl-gHpurin-6-ylamino]-met-
hyl}-phenol) and CAN508 (4-[(3,5-diamino-1H-pyrazol-4-yl)diazenyl]phe-
nol) were synthesized according to published procedures [402,403]. Both
olomoucine II and CAN508 were stored as 100 mM stock solutions in
DMSO.

Flow cytometric analysis

Cell cycle distribution was evaluated by BrdU incorporation and pro-
pidium iodide staining. Cells were pulsed with 10pM 5-bromo-2’-
deoxyuridine (BrdU) (Sigma-Aldrich) for 30 min, trypsinized (0.5% trypsin-
EDTA; Gibco) to obtain a single cell suspension, washed twice in PBS
with 1% FBS and resuspended in PBS. The cells were then fixed in ice cold
70% ethanol. After rehydration in PBS with 1% FBS (Gibco), cells were
incubated in 2M HCI with 0.5% (v/v) Triton X-100 for 30 min at room
temperature. Following neutralization with 0.1 M Na,B,0,, cells were
collected by centrifugation and washed with PBS with 1% FBS and 0.5%
(v/v) Tween-20. Then they were stained with anti-BrdU FITC-labeled
antibody (1:20; Roche Diagnostics, Mannheim, Germany) for 30min at
room temperature in the dark. The cells were then washed with PBS
with 1% FBS and 0.5% (v/v) Tween-20 and incubated in 1.1% sodium
citrate with 5ng/ul ribonuclease A (DNA Lego Ribonuclease A; Top-Bio,
Prague, Czech Republic) and 60 ug/ul propidium iodide (Sigma-Aldrich)
for 3omin at 37°C in the dark. Cells were analyzed by flow cytometry on
the Cytomics FC 500 machine using the CXP software (Beckman Coulter,
Fullerton, CA, USA). MultiCycle software (Phoenix Flow Systems) was
applied to assess cell cycle distribution.

MTT assay

Equal numbers of cells per well (7,000 for mESCs, 5,000 for HT29) were
plated on a 96-well plate and incubated for 3h (mESCs) or 24 h (HT29)
under standard conditions. Triplicate samples of these cells were treated
with increasing concentrations of inhibitors (range from 10 to 104 M)
or mock-treated and incubated for 24 h (mESCs) or 72h (HT29) under
standard conditions. After this time, MTT (3-[4,5-dimethylthiazol-2-
yl]-2,5-diphenyl tetrazolium bromide; Sigma-Aldrich) was added to a
final concentration 0.5 mg/ml and the cells were incubated for another
2.5h under standard conditions. The media was then removed, 100l
of 10% SDS was added per well and the g6-well plate was incubated
overnight at room temperature on a shaker. The absorbance was read at
Calculation of IC5,  570nm. To calculate IC5, values (concentrations that produce a 50% of
inhibitory effect on cell proliferation), the results from all triplicates were
transformed to percentage of controls, and plotted as sigmoid dose-effect
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curves using a non linear regression mode and the GraphPad Prism 5
software. Using this software, the IC5, values were interpolated.

Western blot analysis

Cells in culture dishes were washed with cold PBS, collected into IP buffer
(5o0mM HEPES, pH 7.5, 150 mM NaCl, 1 mM EDTA, 2.5 mM EGTA, 10%
(v/v) glycerol, 0.1% (v/v) Tween 20, 1uM DTT, 1 yM NaF, 10uM { glyc-
erophosphate, 10ug/ml leupeptin, 2 ug/ml aprotinin, 0.1 yM Na;VO,,
0.1uM PMSF), and incubated for 1h at 4°C. Lysates were cleared by cen-
trifugation at 18,800 g at 4°C for 30min. Proteins were electrophoretically
resolved on SDS-polyacrylamide gels and electroblotted onto nitrocel-
lulose membranes (Bio-Rad). Membranes were incubated with primary
antibodies at dilutions recommended by the supplier at 4°C overnight,
washed in PBS with 0.05% Tween 20, and incubated for 1h with the
appropriate horse radish peroxidase (HRP)-conjugated secondary anti-
body (DakoCytomation, Glostrup, Denmark). HRP activity was detected
with ECL detection kit (Pierce, Rockford, IL, USA) on films (Kodak,
Rochester, NY, USA). The following primary antibodies were used: anti-
actin, anti-Chk2 (DCS-273), anti-phospho-retinoblastoma (RB) [pSer612]
and anti-a-tubulin (Sigma-Aldrich); anti-Chk1 (Stressgen, Ann Arbor, MI,
USA); B-catenin (L87A12), Cdc25A (F-6), Cdk2 (M-2), cyclin A (C-19) and
p-Cdk2(Thr14/Tyr15)-R (Santa Cruz Biotechnology Inc., Santa Cruz, CA,
USA); anti-p21, c-Nap1, Nekz (BD Pharmingen, San Diego, CA, USA);
phospho-Chk1 (Ser345), phospho-GSK-3(3 (Ser9) (5B3), p53 (1C12) and
phospho-p53 (Ser1s) (Cell Signaling Technology, Danvers, MA, USA);
and pericentrin, RNA polymerase II antibody [Hs], RNA Polymerase II
antibody [SWG16] (Abcam). 3-actin was used as a loading control.

Immunoprecipitation and kinase assay

Immunoprecipitations were conducted at 4°C. Protein A agarose beads
(Sigma-Aldrich) were incubated for 1h on a rotor in 1 ml IP buffer with
1 g of CDK2 [Cdkz (M2)], Chk2 [Chk2 (H-300); both Santa Cruz Biotech-
nology], CDK1 [anti-cdk1/cdc2, CT, Upstate Biotechnology, Lake Placid,
NY, USA] or Chk1 antibody [anti-Chk1 (DCS-316), Sigma-Aldrich]. After
washing three times with IP buffer, agarose beads were incubated for 1 h
with protein lysates (CDK1/2 kinase assays: 200 ug of proteins for mESCs
or 400 ug proteins for NIH3T3; Chk1/2 kinase assays: 100 ug of proteins)
in IP buffer on a rotor and finally washed three times with IP buffer.
Agarose beads with immunocomplexes were equalized with kinase assay
buffer (KAB; 50 mM HEPES pH 7.5, 10 mM MgCl,, 5mM MnCl,, 2.5 mM
EGTA, 100 uM B-glycerophosphate, 2uM NaF, 1 uM DTT, 0.1 uM Na3;VO,).
The beads were then resuspended in 30 ul kinase reaction mixture [18ul
KAB, gul 75uM ATP in KAB, 1 ul [y-33P]JATP (10 pCi; MP Biochemicals,
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Irvine, CA, USA) and either 2 ug histone H1 (for CDK1/2 kinase assays;
Upstate Biotechnology) or 2ug Chki1/2 peptide substrate (for Chki1/2
kinase assays; Biaffin, Kassel, Germany)] and incubated for 30 min at
30°C. Reactions were terminated by addition of 12 ul of 4x Loading sam-
ple buffer (8% SDS, 40% glycerol, 4g00mM DTT, 240mM Tris, pH 6.8,
0.004% Bromophenol Blue). Samples were boiled and electrophoretically
separated on SDS polyacrylamide gels. The radioactivity of dried gels
was detected with the bioimager BAS 1800 with a Fuji LAS 1000 CCD
Camera System (Fuji Photo Film Co., Ltd., Tokyo, Japan) and quantified
with Image Gauge software (Fuji, Valhalla, NY, USA).

Statistical analysis

Statistical evaluation of the data was performed with the independent
two-sample t-test using Statistica 8.0 (StatSoft, Inc., Tulsa, OK, USA).
P < o0.05 was considered statistically significant.

Immunocytochemistry

Cells were grown on gelatinized glass coverslips, washed with PBS and
tixed for 7 min with a methanol-acetone mixture (1:1, -20°C). Alternatively,
to deplete soluble proteins from cytoplasm, the cells were permeabilized
for 5 min with 0.5% Triton X-100 in PHEM buffer ( [404]; 60 mM PIPES,
25 mM HEPES, 1omM EGTA, 2mM MgCL,, pH 6.9) at room tempera-
ture, washed twice with PHEM buffer, and fixed for 10 min with -20°C
methanol. Fixed cells on coverslips were blocked with blocking buffer
(1% FBS in PBS), stained with primary antibodies [Cdc25A (M-191), Cdk2
(M2), Chkz (A-12) (all Santa Cruz Biotechnology); gamma-tubulin (TU-
30, Exbio, Prague, Czech Republic); GSK-33 (BD Biosciences, Franklin
Lakes, NJ, USA); pericentrin (Abcam, Cambridge, UK); Chk1 antibody
(DCS-310.1.1, Sigma-Aldrich)] diluted in blocking buffer for 1 h at room
temperature. After washing with PBS, cells were incubated for 30 min
with the appropriate fluorophore-conjugated secondary anti-mouse or
anti-rabbit antibody [Alexa Fluor® 594, goat anti-rabbit IgG (H+L), Alexa
Fluor® 488 donkey anti-mouse IgG (H+L) (Invitrogen, Carlsbad, CA,
USA)] in the dark, washed with PBS, dried with ethanol and mounted
in Mowiol with DAPI (Sigma-Aldrich). Samples were analyzed using
a microscope (Olympus IX 81; Olympus, Tokyo, Japan) fitted with a
confocal detection system (Olympus FV 1000; Olympus) and LCS Imaris
5.0.3 software (Bitplane, Zurich, Switzerland). Images were processed
using IrfanView, DP Manager (Olympus) and GIMP software.
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RNA isolation and quantitative RT-PCR

Total RNA from cells was isolated using TRI Reagent (Applied Biosys-
tems/Ambion, Austin, TX, USA) and treated with DNase (TURBO DNA-
free, Ambion). 1 ug of total RNA was used for reverse transcription
by First Strand cDNA Transcriptor Synthesis Kit (Roche Applied Sci-
ence) according to the manufacturer’s instructions. The relative quantity
of target genes” RNA was determined by real-time/quantitative PCR
using a LightCycler 480 (Roche). Gene-specific primer pairs (listed in
Supplement on page 113) were designed and evaluated at an annealing
temperature of 60°C using freely available web-based software in the
Universal ProbeLibrary Assay Design Center. The amplification mix
and program were prepared using LightCycler 480 SYBR Green I Master
(Roche) according to the manufacturer’s instructions. Data were analyzed
by using LightCycler 480 Relative Quantification Software (Roche) and
expression levels were normalized to Hmbs or Gapdh.

Rapid isolation of centrosomes

Cells were treated with 60ng/ml nocodazole and 1 yg/ml cytochalasin D
for 1 h. Then, the cells were successively washed with 1x PBS, o.1x PBS
with 8% sucrose, and 8% sucrose at 4°C. Next, the cells were lysed in ice-
cold lysis buffer [1 mM Tris-HCl, pH 8.0, 0.1% [-mercaptoethanol, 0.5%
Triton X-100, 1x Complete Protease Inhibitor (Roche)] and the lysates
were equalized with HEPES, pH 7.2 and EDTA to a final concentration
of 10 mM and 1 mM, respectively. The lysates was separated on a 20%
Ficoll cushion (20% w /v Ficoll 400,000, 10 mM HEPES, pH 7.2, 1 mM
EDTA, 0.1% Triton X-100) by centrifugation for 35 min at 25,500 g at 4°C.
Centrosomal fraction was collected from the interface.

siRNA transfection

mESCs were transfected with 70nM Stealth Select RNAi for mouse
CDKz (5'- CCCUUUCUUCCAGGAUGUAACUAAA-3’; Invitrogen) or
70 nM Stealth RNAi Negative Control Duplex with Medium GC content
(Invitrogen) using X-tremeGENE siRNA Transfection Reagent (Roche) as
outlined in the manufacturer’s instructions. The cells were analyzed 24 h
after transfection.

Quantification of CDK2 protein levels

CDK2 protein levels were quantified from scanned images of Western
blots using AlphaEase FC software (Alpha Innotech).
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RESULTS

4.1 LIST OF PUBLICATIONS AND MEETING CONTRIBUTIONS

This thesis contains data that were presented in publications and on
meetings listed below.

Publications

* Koledova, Z., Raskova Kafkova, L., Calabkova, L., Krystof, V.,
Dolezel, P, Divoky, V.: CDK2 inhibition prolongs G1 phase progres-
sion in mouse embryonic stem cells. Stem Cells and Development.
19(2):181-194 February (2010). (Appendix I)

¢ Koledova, Z., Raskova Kafkova, L., Kramer, A., Divoky, V.. DNA
Damage-Induced Degradation of CDC25A Does Not Lead to Inhibi-
tion of CDK2 Activity in Mouse Embryonic Stem Cells. Stem Cells.
January 26 (2010). [Epub ahead of print] (Appendix II)

* Koledova, Z., Kramer, A., Raskova Kafkova, L., and Divoky, V.: Cell
cycle regulation in embryonic stem cells: centrosomal decisions on
self-renewal. [Manuscript in preparation] (Appendix I1I)

Meeting contributions

¢ Kafkova, L., Koledova, Z., Divoky, V.: Cell Cycle and DNA Damage
Response in Murine Embryonic Stem Cells. Research meeting of
the project MSM 6198959216, March 18-20 (2006), Ostravice.

¢ Koledova, Z., Kafkova, L., Divoky, V.: Cell Cycle and DNA-Damage
Response in Murine Embryonic Stem Cells. Cancer 2006: From
molecular biology to tumor-tailored therapy, August 20-24 (2006),
Starad Lesna (Vysoké Tatry), Slovak Republic. (incl. abstract)

* Koledova, Z., Kafkova, L., Divoky, V.: DNA-damage response in
mouse embryonic stem cells. Science conference of PhD students,
June 11-12 (2006), Faculty of Medicine, Palacky University, Olomouc.
(incl. abstract)

* Koledova, Z., Kafkova, L., Divoky, V.: Cell Cycle and DNA Damage
Response in Mouse Embryonic Stem Cells. Seminar, December
15-16 (2006), Olomouc.
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abstract)

Koledova, Z., Raskova Kafkova, L., Calabkova, L., Krystof, V., Di-
voky, V.: Inhibicia CDK2 kindzy indukuje diferencidciu mys$ich
embryonalnych kmeniovych buniek. Science conference of PhD
students, September 8-9 (2009), Faculty of Medicine, Palacky Uni-
versity, Olomouc. (incl. abstract) Best oral presentation award.

Koledova, Z., Raskova Kafkova, L., Calabkova, L., Krystof, V., Di-
voky, V.: CDK2 inhibition prolongs G1 phase progression in mouse
embryonic stem cells. Stem Cells 2009, November 19-22 (2009),
Antigua, Antigua and Barbuda. (incl. abstract)

37



38 RESULTS

4.2 MECHANISMS OF GI CHECKPOINT NONFUNCTIONALITY IN MESCS

4.2.1  After DNA damage, mESCs do not arrest in G1 phase

To study G1 checkpoint response in mESCs, whose typical cell cycle
profile consists of about 15-25% cells in G1 phase, 60-70% cells in S phase
and 15-25% cells in G2/M phase, it was necessary to increase the pro-
portion of cells in G1 phase. We achieved this goal by synchronization
Synchronization of ~of mESCs with nocodazole treatment in G2/M and subsequent release
mESCs to G1 phase. of mESCs from the block to proceed to G1 phase. Based on cell cycle
profile analysis by flow cytometry (Fig. 4.1 A, B) and by Western blots
analysis of cyclin A level (Fig. 4.1 C), we set 1.5-h and 3-h time points
after nocodazole release as the time points that yield mESCs in early and
late G1 phase, respectively. NIH3T3 mouse fibroblasts, which were used
as a reference cell line in our DNA-damage checkpoint studies, were
treated analogously and the time points 3 h and 7 h after nocodazole
release were found to yield cells in early and late G1 phase, respectively
(data not shown).

Lack of G1 arrest The lack of a G1 arrest in studied mESC lines V6.5 and HM-1 was
mESCs  verified by flow cytometric analysis of mESC profiles following ionizing
radiation (IR) (Fig. 4.2) and their undifferentiated status was checked
by quantitative RT-PCR analysis of expression of differentiation and

pluripotency markers (Fig. 4.3).

4.2.2  CDK2 activity is not abrogated after DNA damage in mESCs

The major mechanism of G1 arrest after DNA damage in somatic cells
is the inhibition of CDK2 kinase activity. Therefore, we investigated
CDK2 activity in response to DNA damage in mESCs. Both mESCs
and reference NIH3T3 cells were synchronized, IR- or mock-treated in
early and late G1 phase and then collected 1.5 and 3 h after IR. CDK2
activity was measured in histone H1 kinase assays. We found it to
be unresponsive to DNA damage in mESCs: CDK2 activity did not
significantly decrease after DNA damage in mESCs (Fig. 4.4 A, B),
as it did in control NIH3T3 cells (Fig. 4.4 C). Correspondingly, pRB
phosphorylation level on CDKz2-specific site Ser612 did not decrease in
mESCs (Fig. 4.5 A, B). Decrease of the pRB-Ser612 phosphorylation level
was observed only in NIH3T3 cells (Fig. 4.5 C).
Because downregulation of CDK2 activity in response to DNA damage
CDK2-(P)Thr14/ is (in part) regulated by increase of its inhibitory phosphorylation on
Tyris is not increased  Thr14/Tyr15 (mediated by degradation of CDC25A phosphatase, which
after IR in mESCs removes Thr14/Tyr15 phosphorylation), we investigated the phosphory-
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Figure 4.1: Cell cycle phase assessment in mESCs. mESCs (A. V6.5, B.
HM-1) were collected at the indicated time points after re-
lease from nocodazole, and their cell cycle progression was
monitored by flow cytometry (A, B) and Western blots (C).
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Figure 4.2: mESCs do not arrest in G1 phase after DNA damage. V6.5 (A)
and HM-1 (B) cells were mock- or IR-treated and fixed 1.5, 3,
6, 9, or 12 h after IR, and their cell cycle profile was analyzed

by flow cytometry.
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Figure 4.3: Quantitative RT-PCR analysis of differentiation and pluripo-
tency marker expression in V6.5 and HM-1 cells. The ex-
pression analysis of differentiation (Brachyury to Runx2) and
pluripotency (Dax1, Oct4) markers was performed to check
the undifferentiated status of mESCs used in experiments
(V6.5 and HM-1). Two mESC lines (derivatives of the V6.5
line: diff line 1 and diff line 2) were differentiated by pro-
longed cultivation of mESCs in the absence of LIF at low cell
density and were used as a positive control for expression
analysis of differentiation markers. The data were normalized
to Gapdh expression and related to expression level of an early
passage of undifferentiated HM-1 cells (where 1 = no change
from undifferentiated HM-1 cells). The data represent the
mean from three independent experiments. Bars, standard
deviation (SD); *P < 0.05 and **P < 0.005.
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Figure 4.4: Activity of CDK2 is not decreased in response to DNA dam-
age in mESCs. CDK2 kinase activity in synchronized V6.5 (A),
HM-1 (B) and NIH3T3 (C) cells after mock- or IR-treatment.
The data represent the mean of three independent experi-
ments. Bars, SD; *P < 0.05, **P < 0.005. In V6.5 and HM-1
cells, CDK2 activity changes after IR were not statistically
significant: P = 0.18, 0.06, 0.11 and 0.08 for V6.5 and P = 0.21,
0.14, 0.37 and 0.42 for HM-1 for time points 1.5+1, 1.5+3, 3+1
and 3+3, respectively. Designation of time points: time (in
hours) after nocodazole release in which cells were irradiated

plus time (in hours) after IR in which cells were collected for
lysates.

lation level of CDK2-Thr14/Tyr1s. It did not increase in mESCs (Fig. 4.6
A, B), while it did in NIH3T3 cells (Fig. 4.6 C) after IR.

4.2.3 Downregulation of CDK2 activity slows G1 escape after DNA damage
in mESCs

Because CDK2 activity was not abrogated in response to DNA damage
in mESCs, we hypothesized that high, DNA-damage unresponsive CDK2
activity might be the driving force for rapid G1 escape of mESCs in the
conditions of DNA damage. To test this hypothesis, we inhibited CDK2
activity by olomoucine II, then the cells were IR- or mock-treated and
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collected 1.5 and 3 h after IR to investigate their cell cycle profiles by

flow cytometry analysis. Downregulation of CDK2 activity to 50% by

5uM olomoucine II (see page 56 and Fig. 4.21) significantly slowed the

decrease of number of cells in G1 phase after IR (Fig. 4.7 A, B) and slowed

CDKz activity  the G1 escape of mESCs. This observation corroborates the central role

underpins G1 escape of high and DNA-damage unimpaired CDK2 activity in the lack of G1
inmESCs  arrest and rapid G1 escape after DNA damage in mESCs.

4.2.4 G1 checkpoint pathways are activated after DNA damage in mESCs

To uncover the mechanisms of the lack of G1 arrest in mESCs, we inves-
tigated functionality of G1 checkpoint pathways, which are known to
operate in somatic cells, in mESCs. We found p53 to be activated after
DNA damage by Seri8 phosphorylation in mESCs, as it is in NIH3T3
p21“P* is induced  cells (Fig. 4.8). In addition, expression of Cdkn1a (p21Cip1), the 53 target
after IR in mESCs  gene, increased on both RNA and protein levels in mESCs at comparable
levels to those in NIH3T3 cells (Fig. 4.8).

Furthermore, we found Chk2-CDC25A pathway to be functional in
mESCs. Chk2 became phosphorylated and CDC25A was degraded in
response to DNA damage in mESCs (Fig. 4.9 A, B), resembling the

CDC25A is degraded  checkpoint activity found in NIH3T3 cells (Fig. 4.9 C). However, unlike
after IR in mESCs ~ Chkz2, Chk1 did not become phosphorylated after IR in mESCs: Chki-
Ser345 was found to be constitutively phosphorylated in mESCs and the

level of this phosphorylation did not change after DNA damage (Fig. 4.9

D, E). (Data on Chk1 phosphorylation in NIH3T3 are not shown because

Chk1 does not become phosphorylated in response to IR in NIH3T3 cells;

instead, it is activated in response to DNA damage by UV.) Because a

Chk1/Chkz are  previous study reported Chk2-CDC25A pathway non-functionality in
sequestered at - mESCs due to Chk2 centrosomal sequestration [395], we investigated
centrosomes  Chka as well as Chki localization in both V6.5 and HM-1 mESCs. We
found both Chk1 and Chkz2 to be localized to centrosomes in mESCs

(Fig. 4.10).
4.2.5 In mESCs, IR-induced CDC25A degradation is regulated by GSK-33

Our observation of centrosomal localization of Chk1 and Chk2 made us
question their role in degradation of CDC25A after IR in mESCs. To shed
more light on this issue, we investigated CDC25A degradation in condi-
tions of both Chk1 and Chkz2 activity inhibition (by CEP3891 and Chk2
inhibitor II, respectively; Fig. 4.11 A, B). In NIH3T3 cells Chk1/Chk2
inhibition abrogated CDC25A degradation after IR, as expected (Fig.
4.11 C). However, IR-induced CDC25A degradation was unresponsive
to Chk1/Chkz inhibition in mESCs (Fig. 4.11 C). This observation sug-
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Figure 4.7: Downregulation of CDK2 activity slows G1 escape after DNA
damage in mESCs. V6.5 (A) and HM-1 (B) cells were mock-
treated or treated for 1 h with 5 yM olomoucine II, they
were then IR- or mock-treated, collected 1.5 h or 3 h after IR
and their cell cycle profiles were analyzed by flow cytometry.
The data represent three independent experiments. The P
value expresses the statistical significance of differences in the
number of cells in G1 after IR in CDK2 inhibitor-treated cells
compared to mock-treated cells.

gested CDC25A is excluded from regulation by Chk1 and Chk2 after
IR in mESCs. We investigated CDC25A localization and found it to be
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localized to the nucleus and cytoplasm, but not to centrosomes, in both
mESCs and NIH3T3 cells (Fig. 4.12).

In search for IR-induced CDC25A-degradation regulatory molecule we
tested GSK-3f3, which was shown to target CDC25A for degradation in G1
phase (during unperturbed cell cycle) in somatic cells [409]. We used LiCl
and 6-bromoindirubin-3’-acetoxime (BIOac) to inhibit GSK-38 activity and
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Figure 4.8: Characterization of the p53-p21%"P* pathway in mESCs (A, B)
and in somatic cells (C). D. Relative expression of Cdknia after
IR in HM-1 and NIH3T3 cells (normalized to Hmbs expression,
and plotted as a fold increase of expression after IR relative
to mock-treated control). Bars, SD; *P < 0.05.
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A novel role for
GSK-303 in mESCs

RESULTS

A Chk1 pericentrin DAPI overlay

Chk2 pericentrin DAPI overlay

Figure 4.10: Chk1 (A) and Chk2 (B) entirely localize to centrosomes in
mESCs. mESCs cells were depleted of soluble proteins with
PHEM treatment and fixed with methanol. Pericentrin was
used as a centrosome marker. Nuclei were labeled with
DAPI. Scale bar, 5 um.

V6.5

HM-1

V6.5

HM-1

we investigated CDC25A degradation under these conditions after DNA
damage in both mESCs and NIH3T3 cells. The effectiveness of GSK-33
inhibition in our experiments was controlled by monitoring the increase
of negative regulatory phosphorylation of GSK-33 at Serg and/or increase
of B-catenin levels; B-catenin is targeted for degradation by active GSK-3(
(Fig. 4.13 A, B). Accumulation of -catenin corresponded to increased
expression of its target genes Lef1 [153,154] and Axinz [149,151], while
expression of Axin1, an Axinz homolog insensitive to $-catenin, did not
change (Fig. 4.13 C). Inhibition of GSK-3f activity abrogated IR-induced
CDC25A degradation in mESCs (Fig. 4.13 A, B). In NIH3T3 fibroblasts,
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Figure 4.11: CDC25A degradation after DNA damage is not regulated
by Chk1/Chkz2 in mESCs. A, B. Inhibition of Chk1/Chk2
kinase activity with inhibitors CEP3891 and Chk2 inhibitor
II was measured in Chk1 (A) and Chk2 (B) kinase assays,
respectively. Bars, SD; *P < 0.05. C. Regulation of CDC25A
level in response to IR and/or Chk inhibitors. V6.5 and
NIH3T3 cells were mock-treated (DMSQO) or treated with
CEP3891 and Chk2 inhibitor II for 30 min, IR- or mock-
treated and collected 1 h after IR.

GSK-3f inhibition had only little impact on CDC25A degradation after IR
(Fig. 4.13 A) because in these cells Chk1/Chk2 activity towards CDC25A
is intact. Immunolocalization studies of GSK-33 in mESCs revealed that
it is localized to the cytoplasm (Fig. 4.14), suggesting involvement of
GSK-3f in regulation of cytoplasmic CDC25A level.

4.2.6 CDKz2 is localized predominantly to cytoplasm and centrosomes in
mESCs

Having uncovered the localization discrepancy between Chk1/Chk2 and
CDC25A and its consequences on their interaction, we hypothesized that
aberrant CDK2 localization in mESCs might be the cause for the observed
unresponsiveness of CDK2 activity to CDC25A degradation after IR.
Therefore, we investigated the localization of CDK2 in both mESCs and
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CDK?2 is localized at
centrosomes in mESCs

RESULTS

A CDC25A y-tubulin DAPI overlay

B CDC25A y-tubulin DAPI overlay

V6.5

HM-1

V6.5

NIH3T3

Figure 4.12: CDC25A localizes to the cytoplasm and the nucleus in
mESCs. Cells were fixed with methanol-acetone (A) or, af-
ter extraction of soluble proteins, methanol (B). y-tubulin
was used as a centrosome marker. Nuclei were labeled with
DAPI. Scale bar, 5 um.

NIH3T3 cells by immunostaining. In NIH3T3 cells, CDK2 was found
to be localized to the nucleus, cytoplasm and partially to centrosomes
(Fig. 4.15). In mESCs, CDK2 localized predominantly to the cytoplasm
and centrosomes (Fig. 4.15 and Fig. 4.16). These observations suggest that
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Figure 4.13: CDC25A degradation is regulated by GSK-33 in mESCs.
Cells were mock- or GSK-38 inhibitor-treated (A, LiCl; B,
6-bromoindirubin-3’-acetoxime, BIOac) for 2.5 h. Then, the
cells were IR- or mock-treated and lysed either 0.5, 1.5 or 3 h
after IR. C. Relative expression of $-catenin target genes after
BIOac treatment (normalized Hmbs expression). The data
represent the mean from three independent experiments.
Bars, SD; *P < 0.05.
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GSK-3B DAPI overlay

GSK-3B DAPI overlay

Figure 4.14: GSK-3( is localized to the cytoplasm in mESCs and its local-
ization does not change after DNA damage. mESCs were
mock-(A) or IR-treated (B) and fixed with methanol-acetone.
Nuclei were labeled with DAPI. Scale bar, 5 ym.

V6.5

HM-1

V6.5

HM-1

due to its centrosomal localization and apparent absence from the nuclei,
CDK2 might be excluded from the regulation by CDC25A in response to
DNA damage in mESCs.

To support our hypothesis of a lack of communication between cen-
trosomal CDK2 and cytoplasmic and/or nuclear CDC25A, we tried to
produce centrosomal extracts from mESCs following the strategy for
adherent osteosarcoma cells (U20S) [410]. However, this protocol ap-
peared not to be suitable for separation of centrosomes from mESCs as
the procedure did not result in the fractionation of significant amounts of
centrosomes as detected by Western blots using antibodies to centrosomal
markers including y-tubulin, Nek2, pericentrin, and c-Nap1 (data not
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A CDK2 y-tubulin DAPI overlay

B CDK2 y-tubulin DAPI overlay

Figure 4.15: CDK2 is localized predominantly to centrosomes and cy-
toplasm in mESCs. A, B. Immunolocalization of CDK2 in
mock- (A) or IR-treated (B) methanol-fixed cells after extrac-
tion of the soluble protein pool. Cytoplasmic remnants can
be seen in V6.5 and HM-1 cells because the soluble proteins
could not be completely removed because of the tight growth
of mESCs in colonies. y-tubulin was used as a centrosome
marker, nuclei were labeled with DAPI. Scale bar, 5 ym.
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CDK2 y-tubulin DAPI overlay

Figure 4.16: CDK2 is localized predominantly to centrosomes and cy-
toplasm in mESCs. Immunolocalization of CDK2 in mock-
treated mESCs, fixed with methanol-acetone and stained for
CDK2. y-tubulin was used as a centrosome marker. Nuclei
were labeled with DAPI. Scale bar, 5 um.

V6.5

HM-1

shown). Nevertheless, our study proposes a new model for G1 checkpoint
non-functionality in mESCs based on aberrant protein localization with a
central role for centrosomes, which might shelter CDK2 from regulation
by activated G1 checkpoint pathways.

4.3 ROLE OF CDK2 IN REGULATION OF G1 PHASE IN MESCS
4.3.1  CDK inhibitor treatment induced significant cell cycle changes in mESCs

To investigate the role of CDK2 in G1 phase regulation in mESCs, we ap-
plied a chemical inhibition approach, based on the use of CDK inhibitors.
We used olomoucine II, a potent inhibitor of both CDK2 and CDKg [411],
and CAN508, a selective CDKg inhibitor [402], to discern the effects of
CDK?2 inhibition from those of CDKg inhibition. First, we investigated
cytotoxicity of these drugs in studied mESC lines V6.5 and HM-1 as
well as in the reference cell line HT29 (Tab. 4.1). Then the cells were
treated with olomoucine II or CAN508 (at concentration corresponding
to IC5o) for times corresponding to, approximately, duration of one cell
cycle (11 h for mESCs, 24 h in HT29 cells) and their cell cycle profiles
were analyzed by flow cytometry. In HT29 cells, olomoucine II treat-
ment led to a statistically significant increase in G1 phase cell number
(P =0.003), while treatment with CAN508 significantly decreased number
of cells in G1 phase (P=0.009) and significantly increased number of
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cells in S phase (P =0.02) (Fig. 4.17). Neither olomoucine II, nor CAN508
treatment caused inhibition of DNA replication (Fig. 4.17).
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Figure 4.17: Changes of cell cycle profiles after CDK-inhibitor treatment.
The cells were treated with inhibitors (at the concentrations
corresponding to their IC5,s) or mock-treated for the indi-
cated times and their cell cycle profile was analyzed by flow
cytometry. The figures are representatives of three indepen-
dent experiments.

Table 4.1: IC5, values for olomoucine II and CAN508. Cytotoxicity of
olomoucine II and CAN508 was measured in MTT assays and
ICs, values were calculated from dose-response curves. The
results are means + SD of at least three experiments.

olomoucine I  CAN508
[uM] [uM]
V6.5 9.0 £ 0.9 129.0 + 24.6
HM-1 6.3 £ 0.7 68.1 + 5.6
HTz29 10.7 £ 0.7 54.4 = 8.2
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mESCs of both cell lines responded to the inhibitor treatment sim-
ilarly to each other, but differently from HT29 cells. Treatment with
olomoucine II caused a significant increase in G1 phase cell number
(P=o0.01 and 0.04 for V6.5 and HM-1 cells, respectively) and a significant
decrease in S phase cell number (P=0.03 and 0.05 for V6.5 and HM-1
cells, respectively) in both mESC lines (Fig. 4.17). Moreover, olomoucine
IT treatment led to a significant inhibition of DNA replication (i.e. increase
in BrdU negative cell number) (P =0.02 and o.01 for V6.5 and HM-1 cells,
respectively) in mESCs (Fig. 4.17). CAN508 treatment had similar, but less
prominent effects on mESCs: G1 phase cell numbers increased (P =0.006
for V6.5 and P =0.37 for HM-1), S phase cell numbers decreased (P =0.03
for V6.5 and P =0.06 for HM-1) and the number of BrdU negative cells
increased (P=0.18 and o0.15 for HM-1 and V6.5, respectively) (Fig. 4.17).

4.3.2 Effects of CAN 508 and olomoucine II on CDK9, CDK2 and CDK1
activities in mESCs

Next, we investigated the effect of the inhibitors on CDKg, CDK2 and
CDKa1 activities in mESCs. The effectiveness of CDKg inhibition by
CAN508 or olomoucine II was checked in Western blots for RNA poly-
merase II (RNA pol II) phosphorylation in the C-terminal domain on
Ser2, a CDKg specific target site. We found RNA pol II-Serz phospho-
rylation (i.e. CDKg activity) to be inhibited by 100uM CAN508 and
2.5-5 uM olomoucine II (Fig. 4.18 A, B). Effect of olomoucine II on CDK2
and CDK1 activities was measured in histone H1 kinase assays, which
showed that 5uM olomoucine II significantly decreased CDK2 activity
(P =o0.002), while CDK1 activity is not significantly decreased up to 10 uM
olomoucine II (P=o0.15) (Fig. 4.18 C). These observations suggest that
CDK inhibitors olomoucine II and CAN508 have the same targets in
mESCs and in somatic cells.

4.3.3 Olomoucine II treatment prolongs G1 phase in mESCs

From kinase assays we concluded that 5 uM is the upper concentration
limit of olomoucine II that effectively inhibits CDK2 activity while CDK1
activity remains intact. In view of this observation, we used 1 to 5 yM
olomoucine II to investigate the effects of specific downregulation of
CDK2 activity on cell cycle in mESCs. To follow the immediate effects of
CDKz2 inhibition on cell cycle progression, the cells were collected after
6-h treatment for cell cycle analysis by flow cytometry. Olomoucine II
treatment significantly increased number of cells in G1 phase (P values
for 5 uM olomoucine II; P = 0.01 for V6.5 and P = 0.04 for HM-1 cells),
decreased S phase cell numbers (P = 0.03 and 0.04 for V6.5 and HM-1
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Figure 4.18: Inhibition of CDKg9, CDK2 and CDK1 activity by CAN508
or olomoucine II. Phosphorylation of the C-terminal domain
of RNA polymerase II is abolished by CAN508 (A) and
olomoucine II (B) treatment. Cells were treated for 11 h with
indicated concentration of CDK inhibitors. C. Inhibition of
CDK1 and CDK2 activity by olomoucine II treatment. After
1-h treatment of V6.5 cells with designated concentrations
of olomoucine II, CDK1 or CDK2 activity was measured in
histone H1 kinase assays. The results were normalized to
control (mock-treated cells). The data are the means of two
independent experiments. Bars, 95% confidence interval;
**P < 0.005.

mESCs, respectively) and inhibited DNA replication (P = 0.03 for V6.5 and
o.01 for HMa1 cells) (Fig. 4.19). Prolongation of olomoucine II treatment
to 11 h led to cell cycle changes comparable to those after 6-h treatment
(Fig. 4.20). mESC treatment with olomoucine II for longer periods of
time (up to 96 h) sustained increased G1 phase cell numbers; however, a
massive cell death could be observed (data not shown).

The observed increase in proportion of cells in G1 phase after CDK2
inhibition by olomoucine II could be the result of either G1 phase pro-
longation, or arrest in G1 or G1/S phase. To distinguish between these
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Figure 4.19: Flow cytometry analysis of cell cycle profiles and DNA repli-
cation in V6.5 and HM-1 mESCs treated with indicated doses
of olomoucine II for 6h. The figures are representatives of
three independent experiments.

possibilities and to investigate the effect of CDKz2 inhibition on G1/S
phase progression in mESC in greater detail, mESCs were synchronized
in the G2/M phase by nocodazole treatment and then released from the
block to obtain the maximum number of G1 phase cells, which were
mock- or 5uM olomoucine-II treated and their cell cycle progression was
followed by flow cytometry. Olomoucine II treatment slowed down G1
phase progression and S phase entry (Fig. 4.21) in mESCs. The G1 phase
was prolonged by approximately 2 h (i.e. to about 5 h), as shown by the
fact that identical proportions of cells in G1 and S phases were found 4 h
after nocodazole release in mock-treated cells and 6 h after nocodazole
release in olomoucine II-treated cells, respectively.
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Figure 4.20: Flow cytometry analysis of cell cycle profiles and DNA repli-
cation in V6.5 and HM-1 mESCs treated with indicated doses
of olomoucine II for 11 h. The figures are representatives of
three independent experiments.

4.3.4 Downregulation of CDK2 activity induces differentiation-associated
changes in mESCs

Downregulation of CDK2 activity in hESCs induces their differentia-
tion [235]. To find out whether this might also be the case in mESCs,
we investigated the effects of prolonged CDK2 downregulation by olo-
moucine II in mESCs. After 24 h of 5 uM olomoucine II treatment, mESCs
still exhibited a somatic-cell like profile, i.e. a cell cycle profile with a
high proportion of cells in G1 phase and a lower proportion of cells in
S phase (Fig. 4.22 A). Changes in mESC cycle induced by downregula-
tion of CDK2 activity were accompanied by changes in cell morphology,
cell and colony shape and adhesiveness as early as 11 h after 5 uM
olomoucine II treatment (Fig. 4.22 B). Examination of pluripotency and
differentiation markers by quantitative RT-PCR showed a statistically
significant increase in expression of differentiation markers (mesoderm:
Brachyury, Runx2; ectoderm: Nestin; endoderm: Cdxz, Gataq, Lambi-1)
and reduced expression of some pluripotency markers (Daxz1) after 11 h
of olomoucine II treatment (Fig. 4.23 A), which was further reinforced
after prolonged (24 h) olomoucine II treatment (Fig. 4.23 B). These data
indicated induction of mESC differentiation by downregulation of CDK2
activity.
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Figure 4.21: Flow cytometry analysis of synchronized mESCs that were
treated with 5uM olomoucine II or mock-treated. Hyper-
diploid cells (>2n) were excluded from assessment of cell
cycle distribution.
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Figure 4.22: Downregulation of CDK2 activity by olomoucine II estab-
lishes a somatic cell-like cell cycle profile and induces mor-
phology changes in mESCs. A. Cell cycle profile analysis
of mESCs treated with 5uM olomoucine II for 24 h. B. The
microphotographs of mESCs after 11-h treatment with 5uM
olomoucine II. Scale bar, 200 um.
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Figure 4.23: Downregulation of CDK2 activity by olomoucine II induces
expression of differentiation markers in mESCs. Expression
of differentiation and pluripotency markers in mESCs af-
ter 11-h (A) or (B) 24-h treatment with 5uM olomoucine
II, normalized to Gapdh expression. The data represent the
mean + SD from three independent experiments, *P < 0.05,
**P < 0.005.

4.3.5 siRNA knockdown of CDK2 has similar effects as CDK2 inhibition

To verify the observations after olomoucine II-induced CDK2 downregu-
lation, CDK2 expression was downregulated by siRNA approach (43%
downregulation on RNA level, 55% downregulation on protein level;
Fig. 4.24 A, B). The change in CDK2 expression led to 28% decrease of
CDK?2 activity (data not shown) and induced increase in G1 phase cell
number (P = o0.01) (Fig. 4.24 C). Moreover, siRNA-mediated knockdown
of CDK2 induced similar changes in mESC morphology, colony shape
and adhesiveness (Fig. 4.24 D) as olomoucine II treatment. These results
confirmed that CDK2 is the target molecule for olomoucine II, through
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Figure 4.24: CDK2 knockdown leads to similar mESC cycle and morphol-
ogy changes to those induced by olomoucine II treatment.
A. Downregulation of CDK2 mRNA level 24 h after CDK2
siRNA transfection. The data represent the means + SD
from two independent experiments. *P < 0.05. B. Decrease
of CDK2 protein level 24 h after CDK2 siRNA transfection.
Relative levels of CDK2 were determined from Western blots,
normalized to o-tubulin. C. Cell cycle profile analysis of
CDK2 siRNA transfected mESCs 24 h post-transfection. D.
The microphotographs of mESCs 24 h after siRNA treatment.
Scale bar, 100 um.

which the observed cell cycle changes and associated modulation of
pluripotency are mediated.
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DISCUSSION

Unusual cell cycle structure and lack of G1 checkpoint response in ESCs
have been known for years, but the mechanisms underlying these specific
ESC characteristics have remained elusive. In this thesis, results of our
studies are presented, which attempted to resolve these phenomena in
mESCs.

In our study we show that the lack of G1 arrest after DNA damage
in mESCs is due to insensitivity of CDKz2 to activated G1 checkpoint
pathways. The persistence of CDK2 activity after IR in mESCs was
confirmed by unchanged level of pRB-Ser612 phosphorylation; i.e. the
phosphorylation of a CDK2 target site. Although it was shown that
pRB-Ser612 is also phosphorylated by Chk1/Chk2 after DNA damage
[412], this might not be the case in mESCs where Chk1 and Chk2 are
sequestered to centrosomes and thus separated from the nuclear pRB.
However, Chk1/Chk2 may be responsible for the sustained level of pRB-
Ser612 phosphorylation observed in NIH3T3 cells after IR in early G1
phase, which did not correspond to the decreased CDK2 activity observed
at the time points 3+1 and 3+3.

Sustained CDK2 activity seems to be crucial for G1-S transition in the
conditions of DNA damage because downregulation of CDK2 activity by
olomoucine II slowed G1 escape after IR in mESCs. As it was recently
shown that downregulation of CDK2 activity leads to ESC differentiation
[235,413] (also in this thesis), we suggest that DNA damage-refractory
CDK2 activity may be important for maintenance of ESC self-renewal
and pluripotency in the conditions of DNA damage.

Surprisingly and in contrast to previous reports in mESCs [395], we
found CDC25A to be degraded after IR in mESCs. Chk2 was regularly
activated in response to IR; in contrast, Chk1 was constitutively phos-
phorylated on Ser34s; this phosphorylation did not change after IR and
may play a role in proper localization of Chk1 to centrosomes [414].
The centrosomal sequestration of Chk1 and Chk2 might prevent their
interaction with CDC25A in mESCs, which is localized to cytoplasm and
nucleus. The lack of Chki1/Chk2-CDC25A signaling was confirmed by
dual inhibition of Chk1 and Chk2, which did not prevent CDC25A degra-
dation after IR in mESCs. Moreover, we uncovered a new mechanism of
CDC25A regulation after IR in mESCs that is governed by GSK-303. Phos-
phorylation of CDC25A by GSK-3( has already been described in somatic
cells; however, in these cells GSK-33 participates in CDC25A degradation
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during early G1 phase in unperturbed cell cycles [409]. Fittingly, GSK-37
and CDC25A localize to the same cellular compartment in mESCs.

However, although CDC25A was efficiently degraded after IR in a GSK-
3pB-dependent manner, it was not sufficient to abrogate CDK2 activity
in mESCs. Correspondingly, CDK2 phosphorylation at Thri4/Tyr1s,
the target sites of CDC25A phosphatase, did not change after IR. This
might be due to centrosomal localization of a sizable proportion of CDK2,
which may be sheltered from any changes in cellular CDC25A levels, as
we did not find detectable amounts of CDC25A at the centrosomes by
immunofluorescence staining.

These results lend further support for a role of centrosomes in the
regulation of cell cycle progression and checkpoint response in mESCs, as
suggested by earlier observations [395]. Also, the concept of centrosomes
as cell cycle control centers has long been suggested for somatic cells [415].
The possible (if any) mechanism of G1 phase regulation by centrosomal
CDK2 remains elusive. We hypothesize that centrosomal CDK2 (possibly
in cooperation with cytoplasmic pool of CDK2) might regulate activity
of crucial cell-cycle (e.g. pRB-E2F) and cell-fate/self-renewal (e.g. SOX2)
[416] regulatory proteins that shuttle between cytoplasm and nucleus.
Furthermore, in the view of CDK2 role in self-renewal, our observations
suggest a role for centrosomes in mESC fate decisions - by sequestration
of checkpoint components (Chk1, Chk2) [395,417] on the one hand and
as a shelter for cell cycle-regulatory proteins (CDK2) [417] on the other
hand to prevent reactions that might limit self-renewal.

With regard to the activity of an alternative pathway of CDC25A
degradation after DNA damage in mESCs, it is plausible that Chk1/Chk2
might be localized to centrosomes not only to prevent their interaction
with CDC25A, but they might play some additional role. They might
possibly contribute to sustained total CDK2 activity after DNA damage in
mESCs, as Chki1-dependent activation of CDK2 was revealed in somatic
cells [418]. Moreover, CDK2 regulates centrosomal duplication [419—423]
and DNA damage was shown to induce Chki-dependent amplification
of centrosomes, leading to lethal multipolar mitoses [424]. Possibly,
colocalization of CDK2 and Chki1/Chkz2 at centrosomes in mESCs might
allow for fast and effective centrosome amplification after DNA damage
and might act as an additional checkpoint for efficient elimination of cells
with damaged DNA from the stem cell pool.

To verify our results from immunolocalization studies and the hypoth-
esis of a lack of communication between CDK2 and CDC25A due to
their localization to different cellular compartments, we tried to separate
centrosomes from mESCs. We followed the only protocol established for
centrosome separation from adherent cells. However, the protocol was
not suitable for mESCs as the alleged centrosomal fraction was poor for
centrosomes and exhibited profound nuclear contamination. This could
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be due to different density or molecular weight of mESC centrosomes
(what could be caused by differences in localization of various proteins
to centrosomes in somatic cells and ESCs) or different “stickiness” of
centrosomes to cytoplasmic versus nuclear structures.

Interestingly, although CDC25A is degraded after IR in mESCs, phos-
phorylation of its target site CDK2-Thr14/Tyr15 does not increase. Wee1/
Myt1 phosphorylate CDK2 on Thri4/Tyr15 [208, 425,426], thus having a
function opposing CDC25A. Because CDC25A is degraded after DNA
damage in mESCs, Wee1/Myt1 activity would have to be abrogated for
the CDK2-Thr14/Tyr15 phosphorylation level to remain stable when
CDC25A is degraded. The abrogation of Wee1/Myt1 activity could
be accomplished by several mechanisms, such as direct inactivation of
Wee1/Myt1 kinase activity, degradation of Wee1/Myt1 proteins, or de-
localization and thus spatial separation from CDK2. In Xenopus egg
extracts, Wee1 stability is regulated by DNA replication checkpoint. Simi-
larly, an activated DNA replication checkpoint has also been proposed
to decrease Wee1 degradation through Hsly [427]. Whether Wee1/Myt1
activity is regulated by DNA damage in mESCs and, if so, what is the
mechanism of abrogating Wee1/Myt1 activity towards CDK2, remains to
be determined.

The functional status of the p53-p21“P* G1 checkpoint pathway in
mESCs has been disputed. The observations of p53 activation by Ser18
phosphorylation after IR in mESCs are contradictory [395,397]. It has
been reported that the p53-p21“P* pathway is not functional in mESCs
due to the inability of p53 to translocate into the nucleus after DNA
damage [394] and due to repression of Cdkn1a expression by ESC-specific
microRNAs in undifferentiated mESCs [243]. In contrast, another study
[399] suggested a p53-dependent suppression of Nanog expression as an
alternative pathway to maintain genetic stability in mESCs, which would
obviously require nuclear localization of p53. Furthermore, unlike in
mESCs, p53 is nuclear [396] and p21%1P* is rapidly and robustly induced
upon IR in hESCs [239]. Although some of the discrepancies observed by
different groups may be explained by the use of different ESC lines, it is
difficult to reconcile between these studies.

Nevertheless, our study revealed p53 activation, increased Cdknia ex-
pression and accumulation of p21%iP* after IR in mESCs that is similar
to the situation in human ESCs and somatic cells. Because CDK2 ac-
tivity was unaffected by IR, these findings suggest that CDK2 activity
is refractory to both p21%P* accumulation as well as CDC25A degrada-
tion in mESCs. As discussed above, a possible explanation may be the
centrosomal delocalization of a significant portion of CDK2 molecules.
These molecules could be protected from p21“P* binding by an un-
known mechanism. An alternative explanation may be that the observed
p21“P* protein accumulation in mESCs in our study may be insufficient
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to buffer high concentrations of CDK2 because equimolar concentrations
of p21“P* and CDK2-cyclin complexes are required for efficient CDK2
inhibition [428].

The obvious lack of nuclear CDK2 and its centrosomal localization
made us question CDK2 involvement in mESC cycle regulation. By spe-
cific downregulation of CDK2 activity by 5 uM olomoucine II, we found
out that CDK2 is crucial in regulation of rapid G1 phase progression, as
its downregulation led to prominent increase in G1 phase cell numbers
due to slow-down of mESC progression through G1 phase, i.e. prolonga-
tion of G1 phase by approximately 2 h. This observation corroborates the
role of CDK2 in driving ESC cycles [225]. However, our observation of
distinctive cell cycle changes after CDK2 inhibition is novel and suggests
that high CDK activity per se contributes to a very short G1 phase in
mESCs and might be responsible for the unusual cell cycle structure of
mESCs.

Furthermore, specific downregulation of CDK2 activity established a
somatic cell-like cell cycle, led to morphology changes resembling differ-
entiation and induced expression of differentiation markers in mESCs.
These observations gave evidence of the hypothesis that specific cell cycle
regulation and loss of G1 functions (restriction point and G1 checkpoint)
in ESCs might be involved in self-renewal of ESCs [226]. The relation-
ship between cell cycle regulation and pluripotency of ESCs has been
under dispute. It was reported that activation of p53 leads to rapid
differentiation of ESCs by introducing changes in cell cycle progression,
particularly abolishing S phase entry [429]. Recently it was shown that
downregulation of CDK2 activity in hESCs induces their differentiation
to extraembryonic lineages [235]. Our study in mESCs presents further
evidence on the requirement for CDK2 activity for maintenance of the
ESC-specific cell cycle structure and for the self-renewal of ESCs.

Also, our study revealed slight differences in effects of CDK2 down-
regulation between mESCs and hESCs: While hESCs arrest in G1 after
downregulation of CDK2 activity, mESCs only slow down their G1 pro-
gression. Neither after prolonged 5 uM olomoucine II treatment (48
h or 72 h), nor after treatment with higher doses of olomoucine II (10
uM and higher) did we observe G1 arrest in mESCs (data not shown).
Our contrasting observation could be caused by biological differences
between mESCs and hESCs. However, more plausible, it might be re-
lated to the extent of CDK2 inhibition or to different methods used for
downregulation of CDK2 activity. In our study, we primarily analyzed
requirements for CDKz2 in cell cycle regulation of mESCs using a chemi-
cal inhibition approach. To confirm our observations, we also employed
CDK2 knockdown by siRNA. Both approaches led, in principle, to the
same results, but in the knockdown experiments the G1 cell number
was increased less efficiently. This might result from low efficiency of
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CDK2 knockdown by siRNA; i.e. from the different extent to which
CDK2 activity was inhibited. Another possibility is that the knockdown
approach introduces a bias through upregulation of other CDKSs/cyclins
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Knockdown versus

and their potential compensation for S phase promoting functions. Chem- chemical inhibition

ical inhibition might not allow for the same compensation [430]. While
knockdown of a CDK leaves a pool of its interactory cyclin molecules free
and accessible for other CDKs that might bind to them and compensate
for the knocked-down CDK, chemical inhibition of a CDK does not leave
its partner cyclin pool available.

In general, SCs are more resistant to toxins and various types of drugs
due to high expression of specific ABC drug transporters [431]. As
this characteristic might be common to “normal” SCs (ESCs and tissue
SCs) and “abnormal” (cancer) SCs [431], drug testing using ESCs as
a convenient model of cancer SCs might provide important insights
into the mechanism(s) by which cancer SCs might respond to cancer
therapy. Cytotoxicity of the tested drugs towards mESCs is similar to
the cytotoxicity towards cancer cell lines, as the IC5, for olomoucine II
or CAN508 were similar for mESCs and cancer cells. The only exception
was lower sensitivity of V6.5 towards CAN508. This might be due to
some unique features of transcription regulation in V6.5 cells [432], rather
than due to ABC-mediated drug resistance, as V6.5 sensitivity towards
olomoucine II does not significantly differ from that of other cell lines,
including the mESC line HM-1.

CDKs are, besides other functions, critical regulators of cell cycle
progression and RNA transcription [433] and are frequently deregulated
in tumors, as a result of a variety of genetic and epigenetic events [145,
434]. Therefore, CDK inhibitors have appeared as a promising tool for
cancer therapy and it has been shown that CDK inhibition can lead to
cell cycle arrest and apoptosis [433]. However, because CDK2 activity
is dispensable for cancer cell proliferation [435], the suitability of CDK2
as a target for cancer therapy has been called into question. Our study
reveals olomoucine II as an effective tool for manipulation of ESC cycle
and self-renewal. In this context, it would be interesting to investigate
the effects of CDK2 downregulation in cancer SCs because it has been
shown that cancer SCs use an ESC-like stemness program to induce and
maintain tumors [436, 437]. It is tempting that CDK2 inhibitors might
become powerful tools for cancer SC eradication, possibly contributing
to their differentiation by modulation of the cell cycle of (cycling) cancer
SCs.

CDK2 inhibitors as
tools for cancer stem
cell eradication
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SUMMARY/SUHRN

6.1 SUMMARY

mESCs divide rapidly and have a unique cell cycle structure with a
very short G1 phase that lacks restriction point and G1 checkpoint. In
this thesis, results of our studies are summarized, which attempted to
resolve the mechanisms underlying G1 checkpoint non-functionality in
mESCs and investigated the role of the very short G1 phase in mESC
self-renewal. Contrary to some previous reports, we found out that
in mESC p53-p21©P* pathway is activated and CDC25A is degraded
after DNA damage as in somatic cells. However, mESCs do not stop
in G1 after DNA damage because these pathways do not impinge on
CDK2 activity. Based on immunolocalization studies, we suggest that
CDK2 inactivation by activated G1 checkpoint pathways is prevented
by centrosomal localization of CDK2. Furthermore, because our studies
have also suggested a role for high CDK2 activity in driving rapid G1
phase progression and in self-renewal in mESCs, we suggest that DNA-
damage refractory CDK2 activity might be necessary for maintenance of
self-renewal in the conditions of DNA damage. We also described a novel
mechanism of CDC25A regulation after DNA damage in mESCs that is
governed by GSK-3f instead of Chk1/Chkz2. Chk1/Chk2 are sequestered
at centrosomes, where they might be involved in an alternative checkpoint
pathway. Furthermore, we suggest a role for centrosomes in cell fate
decisions in mESCs by preventing interactions that might limit self-
renewal. Our studies also point out potential of CDK inhibitors in cancer
stem cell eradication by inducing their differentiation.
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SUMMARY/SUHRN

6.2 SUHRN

Mysie embryonalne kmenové (mEK) bunky maja unikatnu Struktaru
bunkového cyklu s vel'mi kratkou G1 fazou, v ktorej chyba funkény re-
strikény bod a G1 kontrolny bod. V tejto praci sti zhrnuté vysledky nasich
stadif, ktoré mali za ciel’ odhalit’ mechanizmy stojace za nefunkénym
G1-kontrolnym bodom v mEK bunkach a dlohu kratkej G1 fazy v se-
baobnove mEK buniek. Narozdiel od niektorych predchddzajtcich stadii
sme prekvapivo zistili, Ze drdha p53-p21%P* je aktivovana a CDC25A
je degradovana po poskodeni DNA u mEK buniek. AvSsak mEK bunky
sa v G1 faze po poskodeni DNA nezastavili, pretoze tieto dradhy nemali
dosah na aktivitu CDK2. Na zdklade imunolokaliza¢nych stadif pred-
pokladdme, Ze inaktivacii CDK2 aktivovanymi drahami G1 kontrolného
bodu brani jej centrozomdlna lokalizdcia. Ked'Ze naSe Stadie tieZ na-
znacili tlohu CDK2 v rychlej progresii G1 fdzou a v sebaobnove mEK
buniek, aktivita CDK2 odolné vo¢i aktivovanym dradham Gi-kontrolného
bodu moze byt dolezitd pre zachovanie sebaobnovy mEK buniek v pod-
mienkach poskodenia DNA. Downregulacia CDK2 aktivity totiZ vedie
knastoleniu bunkového cyklu podobného somatickému, morfologickym
zmendm a expresii markerov spojenych s diferenciaciou. TieZ popisu-
jeme novy mechanizmus reguldcie CDC25A v odpovedi na poskodenie
DNA prostrednictvom GSK-33 namiesto Chk1/Chk2. Chk1/Chk2 st
sekvestrované na centrozémoch, kde moéZu byt zapojené do alternativne;j
drahy odpovede na poskodenie DNA. Naviac navrhujeme, Ze centrozémy
moZu zohréavat’ tlohu v osudovych rozhodnutiach mEK buniek tym, ze
zabranuju interakciam, ktoré by mohli mat’ negativny dopad na se-
baobnovu mEK buniek. Nase vysledky tieZ vyzdvihujt potencial CDK
inhibitorov v liecbe naddorov a eradikécii nddorovych kmenovych buniek
indukciou ich diferencidcie.



BIBLIOGRAPHY

[1] Evans, M. J. and Kaufman, M. H. Nature 292(5819), 154—156 July
(1981). PMID: 7242681.

[2] Rossant, J. Stem Cells (Dayton, Ohio) 19(6), 477-482 (2001). PMID:
11713338.

[3] Martin, G. R. Proceedings of the National Academy of Sciences of the
United States of America 78(12), 7634-7638 December (1981). PMID:
6950406.

[4] Bradley, A., Evans, M., Kaufman, M. H., and Robertson, E. Nature
309(5965), 255-256 May (1984). PMID: 6717601.

[5] Keller, G. Genes & Development 19(10), 1129-1155 May (2005). PMID:
15905405.

[6] Suda, Y., Suzuki, M., Ikawa, Y., and Aizawa, S. Journal of Cellular
Physiology 133(1), 197—201 October (1987). PMID: 3667706.

[7] Brons, I. G. M., Smithers, L. E., Trotter, M. W. B., Rugg-Gunn,
P, Sun, B., de Sousa Lopes, S. M. C., Howlett, S. K., Clarkson,
A., Ahrlund-Richter, L., Pedersen, R. A., and Vallier, L. Nature

448(7150), 191-195 July (2007). PMID: 17597762.

[8] Tesar, P. J., Chenoweth, J. G., Brook, E. A., Davies, T. J., Evans, E. P,
Mack, D. L., Gardner, R. L., and McKay, R. D. G. Nature 448(7150),
196-199 July (2007). PMID: 17597760.

[9] Rossant, J. Cell 132(4), 527-531 February (2008). PMID: 18295568.

[10] Boyer, L. A., Lee, T. L., Cole, M. E, Johnstone, S. E., Levine, S. S.,
Zucker, . P, Guenther, M. G., Kumar, R. M., Murray, H. L., Jenner,
R. G, Gifford, D. K., Melton, D. A., Jaenisch, R., and Young, R. A.
Cell 122(6), 947956 September (2005). PMID: 16153702.

[11] Jiang, J., Chan, Y., Loh, Y., Caij, J., Tong, G., Lim, C., Robson, P,
Zhong, S., and Ng, H. Nature Cell Biology 10(3), 353—360 March
(2008). PMID: 18264089.

[12] Kim, J., Chuy, ]., Shen, X., Wang, J., and Orkin, S. H. Cell 132(6),
1049-1061 March (2008). PMID: 18358816.

73



74

Bibliography

[13] Boyer, L. A,, Plath, K., Zeitlinger, J., Brambrink, T., Medeiros, L. A.,
Lee, T. I, Levine, S. S., Wernig, M., Tajonar, A., Ray, M. K., Bell,
G. W, Otte, A. P, Vidal, M., Gifford, D. K., Young, R. A,, and
Jaenisch, R. Nature 441(7091), 349—353 May (2006). PMID: 16625203.

[14] Lee, T. I, Jenner, R. G., Boyer, L. A., Guenther, M. G., Levine, S. S.,
Kumar, R. M., Chevalier, B., Johnstone, S. E., Cole, M. E, ichi Isono,
K., Koseki, H., Fuchikami, T., Abe, K., Murray, H. L., Zucker, ]. P,
Yuan, B., Bell, G. W., Herbolsheimer, E., Hannett, N. M., Sun, K.,
Odom, D. T., Otte, A. P, Volkert, T. L., Bartel, D. P.,, Melton, D. A.,,
Gifford, D. K., Jaenisch, R., and Young, R. A. Cell 125(2), 301-313
April (2006). PMID: 16630818.

[15] Marson, A., Levine, S. S., Cole, M. E, Frampton, G. M., Brambrink,
T., Johnstone, S., Guenther, M. G., Johnston, W. K., Wernig, M.,
Newman, J., Calabrese, . M., Dennis, L. M., Volkert, T. L., Gupta,
S., Love, J., Hannett, N., Sharp, P. A., Bartel, D. P, Jaenisch, R., and
Young, R. A. Cell 134(3), 521-533 August (2008). PMID: 18692474.

[16] Bernstein, B. E., Mikkelsen, T. S., Xie, X., Kamal, M., Huebert, D. J.,
Cuff, J., Fry, B., Meissner, A., Wernig, M., Plath, K., Jaenisch, R,
Wagschal, A, Feil, R., Schreiber, S. L., and Lander, E. S. Cell 125(2),
315—326 April (2006). PMID: 16630819.

[17] Fazzio, T. G., Huff, J. T., and Panning, B. Cell 134(1), 162-174 July
(2008). PMID: 18614019.

[18] Yan, Z., Wang, Z., Sharova, L., Sharov, A. A,, Ling, C,, Piao, Y.,
Aiba, K., Matoba, R., Wang, W., and Ko, M. S. H. Stem Cells (Dayton,
Ohio) 26(5), 1155-1165 May (2008). PMID: 18323406.

[19] Ho, L., Jothi, R., Ronan, J. L., Cui, K., Zhao, K., and Crabtree, G. R.
Proceedings of the National Academy of Sciences of the United States of
America 106(13), 5187-5191 March (2009). PMID: 19279218.

[20] Kidder, B. L., Palmer, S., and Knott, J. G. Stem Cells (Dayton, Ohio)
27(2), 317-328 February (2009). PMID: 19056910.

[21] Schaniel, C., Ang, Y., Ratnakumar, K., Cormier, C., James, T., Bern-
stein, E., Lemischka, I. R., and Paddison, P. ]J. Stem Cells (Dayton,
Ohio) September (2009). PMID: 19785031.

[22] Smith, A. G. Annual Review of Cell and Developmental Biology 17,
435—462 (2001). PMID: 11687496.

[23] Boyer, L. A., Mathur, D., and Jaenisch, R. Current Opinion in Genetics
& Development 16(5), 455—462 October (2006). PMID: 16920351.



[24]

[25]

[31]

[32]

[33]

[34]

[35]

Bibliography

Ivanova, N., Dobrin, R., Lu, R., Kotenko, 1., Levorse, J., DeCoste, C.,
Schafer, X., Lun, Y., and Lemischka, I. R. Nature 442(7102), 533-538
August (2006). PMID: 16767105.

Loh, Y., Wu, Q., Chew, J., Vega, V. B., Zhang, W., Chen, X., Bourque,
G., George, J., Leong, B., Liu, J., Wong, K., Sung, K. W,, Lee, C.
W. H., Zhao, X., Chiu, K., Lipovich, L., Kuznetsov, V. A., Robson,
P., Stanton, L. W., Wei, C., Ruan, Y., Lim, B., and Ng, H. Nature
Genetics 38(4), 431440 April (2006). PMID: 16518401.

Niakan, K. K., Davis, E. C., Clipsham, R. C,, Jiang, M., Dehart, D. B,,
Sulik, K. K., and McCabe, E. R. B. Molecular Genetics and Metabolism
88(3), 261—271 July (2006). PMID: 16466956.

Sakaki-Yumoto, M., Kobayashi, C., Sato, A., Fujimura, S., Mat-
sumoto, Y., Takasato, M., Kodama, T., Aburatani, H., Asashima,
M., Yoshida, N., and Nishinakamura, R. Development (Cambridge,
England) 133(15), 30053013 August (2006). PMID: 16790473.

Wang, J., Rao, S., Chu, J., Shen, X., Levasseur, D. N., Theunissen,
T. W., and Orkin, S. H. Nature 444(7117), 364-368 November (2006).
PMID: 17093407.

Wu, Q., Chen, X., Zhang, J., Loh, Y., Low, T., Zhang, W., Zhang,
W., Sze, S., Lim, B., and Ng, H. The Journal of Biological Chemistry
281(34), 24090-24094 August (2006). PMID: 16840789.

Zhang, J., Tam, W., Tong, G. Q., Wu, Q., Chan, H., Soh, B., Lou,
Y., Yang, J., Ma, Y., Chai, L., Ng, H., Lufkin, T., Robson, P., and
Lim, B. Nature Cell Biology 8(10), 1114-1123 October (2006). PMID:
16980957.

Mitsui, K., Tokuzawa, Y., Itoh, H., Segawa, K., Murakami, M.,

Takahashi, K., Maruyama, M., Maeda, M., and Yamanaka, S. Cell
113(5), 631-642 May (2003). PMID: 12787504.

Chambers, L., Colby, D., Robertson, M., Nichols, J., Lee, S., Tweedie,
S., and Smith, A. Cell 113(5), 643-655 May (2003). PMID: 12787505.

Silva, J., Chambers, 1., Pollard, S., and Smith, A. Nature 441(7096),
997-1001 June (2006). PMID: 16791199.

Nichols, J., Zevnik, B., Anastassiadis, K., Niwa, H., Klewe-Nebenius,
D., Chambers, 1., Scholer, H., and Smith, A. Cell 95(3), 379-391
October (1998). PMID: 9814708.

Avilion, A. A., Nicolis, S. K., Pevny, L. H., Perez, L., Vivian, N., and
Lovell-Badge, R. Genes & Development 17(1), 126—140 (2003). PMID:
12514105.

75



76

Bibliography

[36] Fujita, ]J., Crane, A. M., Souza, M. K., Dejosez, M., Kyba, M., Flavell,
R. A., Thomson, J. A., and Zwaka, T. P. Cell Stem Cell 2(6), 595-601
June (2008). PMID: 18522852.

[37] Niwa, H., Miyazaki, J., and Smith, A. G. Nature Genetics 24(4),
372—376 April (2000). PMID: 10742100.

[38] Dejosez, M., Krumenacker, J. S., Zitur, L. J., Passeri, M., Chu, L.,
Songyang, Z., Thomson, J. A., and Zwaka, T. P. Cell 133(7), 1162—
1174 June (2008). PMID: 18585351.

[39] Fujikura, J., Yamato, E., Yonemura, S., Hosoda, K., Masui, S., Nakao,
K., ichi Miyazaki Ji, ., and Niwa, H. Genes & Development 16(7),
784—789 April (2002). PMID: 11937486.

[40] Zhang, C., Ye, X., Zhang, H., Ding, M., and Deng, H. Stem Cells and
Development 16(4), 605-613 August (2007). PMID: 17784834.

[41] Morrisey, E. E., Tang, Z., Sigrist, K., Lu, M. M,, Jiang, F,, Ip, H. S.,
and Parmacek, M. S. Genes & Development 12(22), 3579-3590 Novem-
ber (1998). PMID: 9832509.

[42] Angelastro, ]. M., Ignatova, T. N., Kukekov, V. G., Steindler, D. A,
Stengren, G. B., Mendelsohn, C., and Greene, L. A. The Journal of
Neuroscience: The Official Journal of the Society for Neuroscience 23(11),
4590—4600 June (2003). PMID: 12805299.

[43] Graham, V., Khudyakov, J., Ellis, P.,, and Pevny, L. Neuron 39(5),
749-765 August (2003). PMID: 12948443.

[44] Shi, Y., Lie, D. C., Taupin, P., Nakashima, K., Ray, J., Yu, R. T., Gage,
F. H., and Evans, R. M. Nature 427(6969), 78-83 (2004). PMID:
14702088.

[45] Hermanson, O., Jepsen, K., and Rosenfeld, M. G. Nature 419(6910),
934—939 October (2002). PMID: 12410313.

[46] Meshorer, E., Yellajoshula, D., George, E., Scambler, P. J., Brown,
D. T., and Misteli, T. Developmental Cell 10(1), 105-116 (2006). PMID:
16399082.

[47] Meshorer, E. and Misteli, T. Nature Reviews. Molecular Cell Biology
7(7), 540-546 July (2006). PMID: 16723974.

[48] Szutorisz, H., Canzonetta, C., Georgiou, A., Chow, C., Tora, L., and
Dillon, N. Molecular and Cellular Biology 25(5), 1804—1820 March
(2005). PMID: 15713636.



Bibliography

[49] Levings, P. P, Zhou, Z., Vieira, K. E, Crusselle-Davis, V. J., and
Bungert, ]. The FEBS Journal 273(4), 746—755 February (2006). PMID:
16441661.

[50] Azuara, V., Perry, P, Sauer, S., Spivakov, M., Jergensen, H. E, John,
R. M., Gouti, M., Casanova, M., Warnes, G., Merkenschlager, M.,
and Fisher, A. G. Nature Cell Biology 8(5), 532-538 May (2006).
PMID: 16570078.

[51] Spivakov, M. and Fisher, A. G. Nature Reviews. Genetics 8(4), 263—271
April (2007). PMID: 17363975.

[52] Kanellopoulou, C., Muljo, S. A., Kung, A. L., Ganesan, S., Drapkin,
R., Jenuwein, T., Livingston, D. M., and Rajewsky, K. Genes &
Development 19(4), 489—501 February (2005). PMID: 15713842.

[53] Murchison, E. P, Partridge, J. F, Tam, O. H., Cheloufi, S., and
Hannon, G. ]. Proceedings of the National Academy of Sciences of the
United States of America 102(34), 12135-12140 August (2005). PMID:

16099834.

[54] Wang, Y., Medvid, R., Melton, C., Jaenisch, R., and Blelloch, R.
Nature Genetics 39(3), 380—-385 March (2007). PMID: 17259983.

[55] Tay, Y., Zhang, J., Thomson, A. M., Lim, B., and Rigoutsos, I. Nature
455(7216), 1124-1128 October (2008). PMID: 18806776.

[56] Fan, G., Martinowich, K., Chin, M. H., He, E, Fouse, S. D., Hutnick,
L., Hattori, D., Ge, W., Shen, Y., Wu, H., ten Hoeve, ]., Shuai, K.,
and Sun, Y. E. Development (Cambridge, England) 132(15), 3345-3356
August (2005). PMID: 16014513.

[57] Tadokoro, Y., Ema, H., Okano, M., Li, E., and Nakauchi, H. The
Journal of Experimental Medicine 204(4), 715—722 April (2007). PMID:
17420264.

[58] Soncin, E., Mohamet, L., Eckardt, D., Ritson, S., Eastham, A. M.,
Bobola, N., Russell, A., Davies, S., Kemler, R., Merry, C. L. R., and
Ward, C. M. Stem Cells (Dayton, Ohio) 27(9), 2069—2080 September
(2009). PMID: 19544408.

[59] Ying, Q. L., Nichols, J., Chambers, 1., and Smith, A. Cell 115(3),
281-292 October (2003). PMID: 14636556.

[60] James, D., Levine, A. J., Besser, D., and Hemmati-Brivanlou, A.
Development (Cambridge, England) 132(6), 1273-1282 March (2005).
PMID: 15703277.

77



78

Bibliography

[61] Vallier, L., Alexander, M., and Pedersen, R. A. Journal of Cell Science
118(Pt 19), 4495—4509 October (2005). PMID: 16179608.

[62] Williams, R. L., Hilton, D. J., Pease, S., Willson, T. A., Stewart, C. L.,
Gearing, D. P, Wagner, E. F.,, Metcalf, D., Nicola, N. A., and Gough,
N. M. Nature 336(6200), 684—-687 December (1988). PMID: 3143916.

[63] Davis, S., Aldrich, T. H., Stahl, N., Pan, L., Taga, T., Kishimoto, T.,
Ip, N. Y., and Yancopoulos, G. D. Science (New York, N.Y.) 260(5115),
1805-1808 June (1993). PMID: 8390097.

[64] Niwa, H., Burdon, T., Chambers, 1., and Smith, A. Genes & Develop-
ment 12(13), 2048—2060 July (1998). PMID: 9649508.

[65] Massagué, J. Annual Review of Biochemistry 67, 753—791 (1998).
PMID: 9759503.

[66] Qi, X., Li, T.,, Hao, J., Hu, J., Wang, J., Simmons, H., Miura, S.,
Mishina, Y., and Zhao, G. Proceedings of the National Academy of
Sciences of the United States of America 101(16), 6027-6032 April
(2004). PMID: 15075392.

[67] Ying, Q., Wray, ]., Nichols, J., Batlle-Morera, L., Doble, B., Woodgett,
J., Cohen, P.,, and Smith, A. Nature 453(7194), 519-523 May (2008).
PMID: 18497825.

[68] Korinek, V., Barker, N., Moerer, P., van Donselaar, E., Huls, G,,
Peters, P. J., and Clevers, H. Nature Genetics 19(4), 379—383 August
(1998). PMID: 9697701.

[69] Reya, T., Duncan, A. W.,, Ailles, L., Domen, J., Scherer, D. C., Willert,
K., Hintz, L., Nusse, R., and Weissman, 1. L. Nature 423(6938), 409—
414 May (2003). PMID: 12717450.

[70] Willert, K., Brown, ]J. D., Danenberg, E., Duncan, A. W., Weissman,
I. L., Reya, T, Yates, J. R., and Nusse, R. Nature 423(6938), 448—452
May (2003). PMID: 12717451.

[71] Rattis, E. M., Voermans, C., and Reya, T. Current Opinion in Hema-
tology 11(2), 88—94 March (2004). PMID: 15257024.

[72] Pinto, D., Gregorieff, A., Begthel, H., and Clevers, H. Genes &
Development 17(14), 1709—-1713 July (2003). PMID: 12865297.

[73] Kuhnert, E, Davis, C. R., Wang, H., Chu, P, Lee, M., Yuan, J., Nusse,
R., and Kuo, C. J. Proceedings of the National Academy of Sciences of
the United States of America 101(1), 266—271 (2004). PMID: 14695885.



Bibliography

[74] Muroyama, Y., Kondoh, H., and Takada, S. Biochemical and Bio-
physical Research Communications 313(4), 915—921 (2004). PMID:
14706629.

[75] Lange, C., Mix, E., Rateitschak, K., and Rolfs, A. Neuro-Degenerative
Diseases 3(1-2), 76-86 (2006). PMID: 16909041.

[76] Austin, T. W., Solar, G. P,, Ziegler, F. C., Liem, L., and Matthews, W.
Blood 89(10), 3624—3635 May (1997). PMID: 9160667.

[77] van Genderen, C., Okamura, R. M., Farifias, 1., Quo, R. G., Parslow,
T. G., Bruhn, L., and Grosschedl, R. Genes & Development 8(22),
2691—2703 November (1994). PMID: 7958926.

[78] Zhou, P, Byrne, C., Jacobs, J., and Fuchs, E. Genes & Development
9(6), 700—713 March (1995). PMID: 7537238.

[79] Gat, U., DasGupta, R., Degenstein, L., and Fuchs, E. Cell 95(5),
605—-614 November (1998). PMID: 9845363.

[80] Zhu, A.]. and Watt, E. M. Development (Cambridge, England) 126(10),
2285—2298 May (1999). PMID: 10207152.

[81] Huelsken, J., Vogel, R., Erdmann, B., Cotsarelis, G., and Birchmeier,
W. Cell 105(4), 533-545 May (2001). PMID: 11371349.

[82] Alexander, C. M., Reichsman, F., Hinkes, M. T., Lincecum, J., Becker,
K. A., Cumberledge, S., and Bernfield, M. Nature Genetics 25(3),
329-332 July (2000). PMID: 10888884.

[83] Li, Y., Welm, B., Podsypanina, K., Huang, S., Chamorro, M., Zhang,
X., Rowlands, T., Egeblad, M., Cowin, P., Werb, Z., Tan, L. K., Rosen,
J. M., and Varmus, H. E. Proceedings of the National Academy of Sci-
ences of the United States of America 100(26), 15853-15858 December
(2003). PMID: 14668450.

[84] Tepera, S. B., McCrea, P. D., and Rosen, ]J. M. Journal of Cell Science
116(Pt 6), 1137-1149 March (2003). PMID: 12584256.

[85] Lindvall, C., Evans, N. C., Zylstra, C. R,, Li, Y., Alexander, C. M.,
and Williams, B. O. The Journal of Biological Chemistry 281(46),
35081-35087 November (2006). PMID: 16973609.

[86] Lindvall, C., Zylstra, C. R., Evans, N., West, R. A., Dykema, K.,
Furge, K. A., and Williams, B. O. PloS One 4(6), e5813 (2009). PMID:

19503830.

79



8o

Bibliography

[87] Neth, P, Ciccarella, M., Egea, V., Hoelters, J., Jochum, M., and Ries,
C. Stem Cells (Dayton, Ohio) 24(8), 1892-1903 August (2006). PMID:
16690780.

[88] Baksh, D., Boland, G. M., and Tuan, R. S. Journal of Cellular Biochem-
istry 101(5), 1109-1124 August (2007). PMID: 17546602.

[89] Chang, J., Sonoyama, W., Wang, Z., Jin, Q., Zhang, C., Krebsbach,
P. H., Giannobile, W., Shi, S., and Wang, C. The Journal of Biological
Chemistry 282(42), 30938-30948 October (2007). PMID: 17720811.

[90] Salazar, K. D., Lankford, S. M., and Brody, A. R. American Journal of
Physiology. Lung Cellular and Molecular Physiology 297(5), L1oo2-1011
November (2009). PMID: 19734317.

[91] Kielman, M. E, Rindapéaa, M., Gaspar, C., van Poppel, N., Breukel,
C., van Leeuwen, S., Taketo, M. M., Roberts, S., Smits, R., and
Fodde, R. Nature Genetics 32(4), 594—605 December (2002). PMID:
12426568.

[92] Otero, J. ]J., Fu, W., Kan, L., Cuadra, A. E., and Kessler, J. A. De-
velopment (Cambridge, England) 131(15), 3545—-3557 August (2004).
PMID: 15262888.

[93] Sato, N., Meijer, L., Skaltsounis, L., Greengard, P., and Brivanlou,
A. H. Nature Medicine 10(1), 55-63 (2004). PMID: 14702635.

[o4] Hao, J., Li, T, Qi, X., Zhao, D., and Zhao, G. Developmental Biology
290(1), 81-91 February (2006). PMID: 16330017.

[o95] Lindsley, R. C., Gill, J. G., Kyba, M., Murphy, T. L., and Murphy,
K. M. Development (Cambridge, England) 133(19), 3787-3796 October
(2006). PMID: 16943279.

[06] Ogawa, K., Nishinakamura, R., Iwamatsu, Y., Shimosato, D., and
Niwa, H. Biochemical and Biophysical Research Communications 343(1),
159-166 April (2006). PMID: 16530170.

[97] Pereira, L., Yi, F,, and Merrill, B. J. Molecular and Cellular Biology
26(20), 7479-7491 October (2006). PMID: 16894029.

[08] Miyabayashi, T., Teo, J., Yamamoto, M., McMillan, M., Nguyen, C,,
and Kahn, M. Proceedings of the National Academy of Sciences of the
United States of America 104(13), 5668-5673 March (2007). PMID:

17372190.

[99] Takao, Y., Yokota, T., and Koide, H. Biochemical and Biophysical
Research Communications 353(3), 699—705 February (2007). PMID:

17196549.



Bibliography

[100] Cole, M. E, Johnstone, S. E., Newman, J. J., Kagey, M. H., and
Young, R. A. Genes & Development 22(6), 746-755 March (2008).
PMID: 18347094.

[101] Bhanot, P, Brink, M., Samos, C. H., Hsieh, J. C., Wang, Y., Macke,
J. P, Andrew, D., Nathans, J., and Nusse, R. Nature 382(6588),
225-230 July (1996). PMID: 8717036.

[102] Wehrli, M., Dougan, S. T., Caldwell, K., O’Keefe, L., Schwartz, S.,
Vaizel-Ohayon, D., Schejter, E., Tomlinson, A., and DiNardo, S.
Nature 407(6803), 527-530 September (2000). PMID: 11029006.

[103] Li, Y. and Bu, G. Future Oncology (London, England) 1(5), 673-681
October (2005). PMID: 16556044.

[104] van Noort, M., Meeldijk, J., van der Zee, R., Destree, O., and
Clevers, H. The Journal of Biological Chemistry 2777(20), 17901-17905
May (2002). PMID: 11834740.

[105] Nusse, R. Cell Research 15(1), 28-32 (2005). PMID: 15686623.

[106] Moon, R. T. Science’s STKE: Signal Transduction Knowledge Environ-
ment 2005(271), cm1 February (2005). PMID: 15713948.

[107] Kiihl, M., Sheldahl, L. C., Park, M., Miller, J. R., and Moon, R. T.
Trends in Genetics: TIG 16(7), 279—283 July (2000). PMID: 10858654.

[108] Topol, L., Jiang, X., Choi, H., Garrett-Beal, L., Carolan, P. J., and
Yang, Y. The Journal of Cell Biology 162(5), 899—908 September (2003).
PMID: 12952940.

[109] Westfall, T. A., Brimeyer, R., Twedt, ]J., Gladon, J., Olberding, A.,
Furutani-Seiki, M., and Slusarski, D. C. The Journal of Cell Biology
162(5), 889-898 September (2003). PMID: 12952939.

[110] Nateri, A. S., Spencer-Dene, B., and Behrens, A. Nature 437(7056),
281-285 September (2005). PMID: 16007074.

[111] Su, L. K., Vogelstein, B., and Kinzler, K. W. Science (New York, N.Y.)
262(5140), 1734-1737 December (1993). PMID: 8259519.

[112] Rubinfeld, B., Souza, B., Albert, 1., Miiller, O., Chamberlain, S. H.,
Masiarz, F. R.,, Munemitsu, S., and Polakis, P. Science (New York,
N.Y.) 262(5140), 17311734 December (1993). PMID: 8259518.

[113] Munemitsu, S., Albert, 1., Souza, B., Rubinfeld, B., and Polakis, P.
Proceedings of the National Academy of Sciences of the United States of
America 92(7), 3046—3050 March (1995). PMID: 7708772.

81



82

Bibliography

[114] Polakis, P. Biochimica Et Biophysica Acta 1332(3), F127-147 June
(1997). PMID: 9196022.

[115] Ikeda, S., Kishida, S., Yamamoto, H., Murai, H., Koyama, S., and
Kikuchi, A. The EMBO Journal 17(5), 1371-1384 March (1998). PMID:

9482734.

[116] Hart, M. J., de los Santos, R., Albert, I. N., Rubinfeld, B., and
Polakis, P. Current Biology: CB 8(10), 573—581 May (1998). PMID:
9601641.

[117] Behrens, J., Jerchow, B. A., Wirtele, M., Grimm, J., Asbrand, C.,
Wirtz, R., Kiihl, M., Wedlich, D., and Birchmeier, W. Science (New
York, N.Y.) 280(5363), 596—599 April (1998). PMID: 9554852.

[118] Yost, C., Torres, M., Miller, J. R., Huang, E., Kimelman, D., and
Moon, R. T. Genes & Development 10(12), 1443-1454 June (1996).
PMID: 8666229.

[119] Zeng, X., Tamai, K., Doble, B., Li, S., Huang, H., Habas, R., Oka-
mura, H., Woodgett, J., and He, X. Nature 438(7069), 873-877
December (2005). PMID: 16341017.

[120] Peters, J. M., McKay, R. M., McKay, J. P.,, and Graff, ]. M. Nature
401(6751), 345-350 September (1999). PMID: 10517632.

[121] Sakanaka, C., Leong, P., Xu, L., Harrison, S. D., and Williams, L. T.
Proceedings of the National Academy of Sciences of the United States of
America 96(22), 12548-12552 October (1999). PMID: 10535959.

[122] Davidson, G., Wu, W.,, Shen, ]., Bilic, J., Fenger, U., Stannek, P,
Glinka, A., and Niehrs, C. Nature 438(7069), 867-872 December
(2005). PMID: 16341016.

[123] Aberle, H., Bauer, A., Stappert, J., Kispert, A., and Kemler, R. The
EMBO Journal 16(13), 3797-3804 July (1997). PMID: 9233789.

[124] Cadigan, K. M. and Nusse, R. Genes & Development 11(24), 3286—
3305 December (1997). PMID: 9407023.

[125] Orford, K., Crockett, C., Jensen, J. P., Weissman, A. M., and Byers,
S. W. The Journal of Biological Chemistry 2772(40), 24735-24738 October
(1997). PMID: 9312064.

[126] Cavallo, R. A., Cox, R. T., Moline, M. M., Roose, J., Polevoy, G. A.,
Clevers, H., Peifer, M., and Bejsovec, A. Nature 395(6702), 604—608
October (1998). PMID: 9783586.



Bibliography

[127] Levanon, D., Goldstein, R. E., Bernstein, Y., Tang, H., Goldenberg,
D., Stifani, S., Paroush, Z., and Groner, Y. Proceedings of the National
Academy of Sciences of the United States of America 95(20), 11590-11595
September (1998). PMID: 9751710.

[128] Billin, A. N., Thirlwell, H., and Ayer, D. E. Molecular and Cellular
Biology 20(18), 6882—-6890 September (2000). PMID: 10958684.

[129] Ishitani, T., Ninomiya-Tsuji, J., Nagai, S., Nishita, M., Meneghini,
M., Barker, N., Waterman, M., Bowerman, B., Clevers, H., Shibuya,
H., and Matsumoto, K. Nature 399(6738), 798-802 June (1999).
PMID: 10391247.

[130] Chen, G., Fernandez, J., Mische, S., and Courey, A. J. Genes &
Development 13(17), 2218-2230 September (1999). PMID: 10485845.

[131] Mao, J., Wang, J., Liu, B., Pan, W, Farr, G. H., Flynn, C., Yuan, H.,
Takada, S., Kimelman, D., Li, L., and Wu, D. Molecular Cell 7(3),
801-809 April (2001). PMID: 11336703.

[132] Willert, K. and Nusse, R. Current Opinion in Genetics & Development
8(1), 95—102 February (1998). PMID: 9529612.

[133] Eastman, Q. and Grosschedl, R. Current Opinion in Cell Biology
11(2), 233240 April (1999). PMID: 10209158.

[134] Kramps, T., Peter, O., Brunner, E., Nellen, D., Froesch, B., Chatterjee,
S., Murone, M., Ziillig, S., and Basler, K. Cell 109(1), 47—-60 April
(2002). PMID: 11955446.

[135] Parker, D. S., Jemison, J., and Cadigan, K. M. Development (Cam-
bridge, England) 129(11), 2565-2576 June (2002). PMID: 12015286.

[136] Belenkaya, T. Y., Han, C., Standley, H. J., Lin, X., Houston, D. W.,
Heasman, J., and Lin, X. Development (Cambridge, England) 129(17),
4089—4101 September (2002). PMID: 12163411.

[137] Thompson, B., Townsley, F., Rosin-Arbesfeld, R., Musisi, H., and
Bienz, M. Nature Cell Biology 4(5), 367-373 May (2002). PMID:

11988739.

[138] Townsley, F. M., Thompson, B., and Bienz, M. The Journal of Biologi-
cal Chemistry 279(7), 5177-5183 February (2004). PMID: 14612447.

[139] Hoffmans, R., Stadeli, R., and Basler, K. Current Biology: CB 15(13),
1207-1211 July (2005). PMID: 16005293.

[140] Hoffmans, R. and Basler, K. Development (Cambridge, England)
131(17), 4393—4400 September (2004). PMID: 15294866.

83



84

Bibliography

[141] Thompson, B. J. Current Biology: CB 14(6), 458—466 March (2004).
PMID: 15043810.

[142] Giles, R. H., van Es, J. H., and Clevers, H. Biochimica Et Biophysica
Acta 1653(1), 1-24 June (2003). PMID: 12781368.

[143] Tetsu, O. and McCormick, E. Nature 398(6726), 422—426 April (1999).
PMID: 10201372.

[144] Shtutman, M., Zhurinsky, J., Simcha, I., Albanese, C., D’Amico, M.,
Pestell, R., and Ben-Ze’ev, A. Proceedings of the National Academy of
Sciences of the United States of America 96(10), 5522-5527 May (1999).
PMID: 10318916.

[145] Sherr, C.]J. Science (New York, N.Y.) 274(5293), 1672—1677 December
(1996). PMID: 8939849.

[146] He, T. C., Sparks, A. B., Rago, C., Hermeking, H., Zawel, L.,
da Costa, L. T., Morin, P. J., Vogelstein, B., and Kinzler, K. W.
Science (New York, N.Y.) 281(5382), 1509—1512 September (1998).
PMID: 9727977.

[147] He, T. C, Chan, T. A., Vogelstein, B., and Kinzler, K. W. Cell 99(3),
335-345 October (1999). PMID: 10555149.

[148] Koh, T. J., Bulitta, C. J., Fleming, J. V., Dockray, G. J., Varro, A.,
and Wang, T. C. The Journal of Clinical Investigation 106(4), 533-539
August (2000). PMID: 10953028.

[149] Yan, D., Wiesmann, M., Rohan, M., Chan, V., Jefferson, A. B., Guo,
L., Sakamoto, D., Caothien, R. H., Fuller, J. H., Reinhard, C., Garcia,
P. D., Randazzo, F. M., Escobedo, J., Fantl, W. J., and Williams, L. T.
Proceedings of the National Academy of Sciences of the United States of
America 98(26), 14973-14978 December (2001). PMID: 11752446.

[150] hoon Jho, E., Zhang, T., Domon, C., Joo, C., Freund, J., and Costan-
tini, E. Molecular and Cellular Biology 22(4), 1172-1183 February
(2002). PMID: 11809808.

[151] Lustig, B., Jerchow, B., Sachs, M., Weiler, S., Pietsch, T., Karsten, U.,
van de Wetering, M., Clevers, H., Schlag, P. M., Birchmeier, W., and
Behrens, ]J. Molecular and Cellular Biology 22(4), 1184-1193 February
(2002). PMID: 11809809.

[152] Barker, N., van Es, J. H., Kuipers, J., Kujala, P., van den Born, M.,
Cozijnsen, M., Haegebarth, A., Korving, J., Begthel, H., Peters, P. J.,
and Clevers, H. Nature 449(7165), 1003—1007 October (2007). PMID:
17934449



Bibliography

[153] Hovanes, K., Li, T. W,, Munguia, ]. E., Truong, T., Milovanovic, T.,
Marsh, J. L., Holcombe, R. F., and Waterman, M. L. Nature Genetics
28(1), 53—57 May (2001). PMID: 11326276.

[154] Filali, M., Cheng, N., Abbott, D., Leontiev, V., and Engelhardyt, J. F.
The Journal of Biological Chemistry 2777(36), 33398-33410 September
(2002). PMID: 12052822.

[155] Logan, C. Y. and Nusse, R. Annual Review of Cell and Developmental
Biology 20, 781-810 (2004). PMID: 15473860.

[156] Reya, T. and Clevers, H. Nature 434(7035), 843-850 April (2005).
PMID: 15829953.

[157] Clevers, H. Cell 127(3), 469—480 November (2006). PMID: 17081971.

[158] Singla, D. K., Schneider, D. J., LeWinter, M. M., and Sobel, B. E.
Biochemical and Biophysical Research Communications 345(2), 789—795
June (2006). PMID: 16707109.

[159] Merrill, B. J., Gat, U., DasGupta, R., and Fuchs, E. Genes & Develop-
ment 15(13), 1688-1705 July (2001). PMID: 11445543.

[160] Slusarski, D. C., Yang-Snyder, J., Busa, W. B., and Moon, R. T. Devel-
opmental Biology 182(1), 114—120 February (1997). PMID: 9073455.

[161] Kiihl, M., Sheldahl, L. C., Malbon, C. C., and Moon, R. T. The
Journal of Biological Chemistry 275(17), 12701-12711 April (2000).
PMID: 10777564.

[162] Kiihl, M., Geis, K., Sheldahl, L. C., Pukrop, T., Moon, R. T., and
Wedlich, D. Mechanisms of Development 106(1-2), 61—76 August
(2001). PMID: 11472835.

[163] Kohn, A. D. and Moon, R. T. Cell Calcium 38(3-4), 439—446 October
(2005). PMID: 16099039.

[164] Semenov, M. V., Habas, R., Macdonald, B. T., and He, X. Cell 131(7),
1378 December (2007). PMID: 18160045.

[165] Tu, X,, Joeng, K. S., Nakayama, K. I., Nakayama, K., Rajagopal, .,
Carroll, T. J.,, McMahon, A. P, and Long, E. Developmental Cell 12(1),
113-127 (2007). PMID: 17199045.

[166] Vijayaragavan, K., Szabo, E., Bossé, M., Ramos-Mejia, V., Moon,
R. T., and Bhatia, M. Cell Stem Cell 4(3), 248-262 March (2009).
PMID: 19265664.

85



86

Bibliography

[167] Hurlbut, G. D., Kankel, M. W., Lake, R. J., and Artavanis-Tsakonas,
S. Current Opinion in Cell Biology 19(2), 166—175 April (2007). PMID:

17317139.

[168] Shi, S., Stahl, M., Lu, L., and Stanley, P. Molecular and Cellular
Biology 25(21), 9503—9508 November (2005). PMID: 16227600.

[169] Wharton, K. A., Johansen, K. M., Xu, T., and Artavanis-Tsakonas, S.
Cell 43(3 Pt 2), 567-581 December (1985). PMID: 3935325.

[170] Fehon, R. G., Kooh, P. J., Rebay, 1., Regan, C. L., Xu, T., Muskavitch,
M. A., and Artavanis-Tsakonas, S. Cell 61(3), 523-534 May (1990).
PMID: 2185893.

[171] Blaumueller, C. M., Qi, H., Zagouras, P., and Artavanis-Tsakonas, S.
Cell 90(2), 281—291 July (1997). PMID: 9244302.

[172] Logeat, E., Bessia, C., Brou, C., LeBail, O., Jarriault, S., Seidah,
N. G., and Israél, A. Proceedings of the National Academy of Sciences
of the United States of America 95(14), 8108-8112 July (1998). PMID:

9653148.

[173] Brou, C., Logeat, F.,, Gupta, N., Bessia, C., LeBail, O., Doedens, J. R,,
Cumano, A., Roux, P, Black, R. A., and Israél, A. Molecular Cell
5(2), 207—216 February (2000). PMID: 10882063.

[174] Schroeter, E. H., Kisslinger, J. A., and Kopan, R. Nature 393(6683),
382—386 May (1998). PMID: 9620803.

[175] Lai, E. C. EMBO Reports 3(9), 840-845 September (2002). PMID:
12223465.

[176] Wu, L., Aster, J. C., Blacklow, S. C., Lake, R., Artavanis-Tsakonas,
S., and Griffin, J. D. Nature Genetics 26(4), 484—489 December (2000).
PMID: 11101851.

[177] Kitagawa, M., Oyama, T., Kawashima, T., Yedvobnick, B., Kumar,
A., Matsuno, K., and Harigaya, K. Molecular and Cellular Biology
21(13), 43374346 July (2001). PMID: 11390662.

[178] Kageyama, R., Ohtsuka, T., Hatakeyama, J., and Ohsawa, R. Experi-
mental Cell Research 306(2), 343—348 June (2005). PMID: 15925590.

[179] Iso, T., Kedes, L., and Hamamori, Y. Journal of Cellular Physiology
194(3), 237-255 March (2003). PMID: 12548545.

[180] Ramalho-Santos, M., Yoon, S., Matsuzaki, Y., Mulligan, R. C., and
Melton, D. A. Science (New York, N.Y.) 298(5593), 597—600 October
(2002). PMID: 12228720.



[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[190]

[191]

[192]

Bibliography

Chiba, S. Stem Cells (Dayton, Ohio) 24(11), 2437—2447 November
(2006). PMID: 16888285.

Ohtsuka, T., Sakamoto, M., Guillemot, F,, and Kageyama, R. The
Journal of Biological Chemistry 276(32), 30467-30474 August (2001).
PMID: 11399758.

Hitoshi, S., Alexson, T., Tropepe, V., Donoviel, D., Elia, A. J., Nye,
J. S., Conlon, R. A., Mak, T. W,, Bernstein, A., and van der Kooy, D.
Genes & Development 16(7), 846-858 April (2002). PMID: 11937492.

Hatakeyama, J., Bessho, Y., Katoh, K., Ookawara, S., Fujioka, M.,
Guillemot, F,, and Kageyama, R. Development (Cambridge, England)
131(22), 5539-5550 November (2004). PMID: 15496443.

Androutsellis-Theotokis, A., Leker, R. R., Soldner, F., Hoeppner,
D.]J.,, Ravin, R, Poser, S. W., Rueger, M. A,, Bae, S., Kittappa, R., and
McKay, R. D. G. Nature 442(7104), 823-826 August (2006). PMID:
16799564.

Kumano, K., Chiba, S., Kunisato, A., Sata, M., Saito, T., Nakagami-
Yamaguchi, E., Yamaguchi, T., Masuda, S., Shimizu, K., Takahashi,
T., Ogawa, S., Hamada, Y., and Hirai, H. Immunity 18(5), 699711
May (2003). PMID: 12753746.

Hadland, B. K., Huppert, S. S., Kanungo, J., Xue, Y., Jiang, R,,
Gridley, T., Conlon, R. A., Cheng, A. M., Kopan, R., and Longmore,
G. D. Blood 104(10), 3097—3105 November (2004). PMID: 15251982.

Calvi, L. M., Adams, G. B., Weibrecht, K. W., Weber, J. M., Ol-
son, D. P, Knight, M. C., Martin, R. P., Schipani, E., Divieti, P,
Bringhurst, F. R., Milner, L. A., Kronenberg, H. M., and Scadden,
D. T. Nature 425(6960), 841-846 October (2003). PMID: 14574413.

Duncan, A. W.,, Rattis, F. M., DiMascio, L. N., Congdon, K. L.,
Pazianos, G., Zhao, C., Yoon, K., Cook, J. M., Willert, K., Gaiano,
N., and Reya, T. Nature Immunology 6(3), 314-322 March (2005).
PMID: 15665828.

Varnum-Finney, B., Xu, L., Brashem-Stein, C., Nourigat, C., Flowers,
D., Bakkour, S., Pear, W. S., and Bernstein, I. D. Nature Medicine
6(11), 1278-1281 November (2000). PMID: 11062542.

Stier, S., Cheng, T., Dombkowski, D., Carlesso, N., and Scadden,
D. T. Blood 99(7), 2369-2378 April (2002). PMID: 11895769.

Kunisato, A., Chiba, S., Nakagami-Yamaguchi, E., Kumano, K.,
Saito, T., Masuda, S., Yamaguchi, T., Osawa, M., Kageyama, R.,

87



88

Bibliography

Nakauchi, H., Nishikawa, M., and Hirai, H. Blood 101(5), 1777-1783
March (2003). PMID: 12406868.

[193] Yamamoto, N., Tanigaki, K., Han, H., Hiai, H., and Honjo, T.
Current Biology: CB 13(4), 333—338 February (2003). PMID: 12593800.

[194] Jensen, J., Pedersen, E. E., Galante, P.,, Hald, J., Heller, R. S.,
Ishibashi, M., Kageyama, R., Guillemot, E.,, Serup, P., and Mad-
sen, O. D. Nature Genetics 24(1), 36—44 (2000). PMID: 10615124.

[195] Fre, S., Huyghe, M., Mourikis, P.,, Robine, S., Louvard, D., and
Artavanis-Tsakonas, S. Nature 435(7044), 964—968 June (2005). PMID:
15959516.

[196] van Es, J. H., van Gijn, M. E., Riccio, O., van den Born, M., Vooijs,
M., Begthel, H., Cozijnsen, M., Robine, S., Winton, D. J., Radtke,
F., and Clevers, H. Nature 435(7044), 959—963 June (2005). PMID:
15959515.

[197] Lowell, S., Benchoua, A., Heavey, B., and Smith, A. G. PLoS Biology
4(5), e121 May (2006). PMID: 16594731.

[198] Walsh, J. and Andrews, P. W. APMIS: Acta Pathologica, Microbiologica,
Et Immunologica Scandinavica 111(1), 197-210; discussion 210—211
(2003). PMID: 12760378.

[199] Noggle, S. A., Weiler, D., and Condie, B. G. Stem Cells (Dayton,
Ohio) 24(7), 1646-1653 July (2006). PMID: 16614005.

[200] Yu, X., Zou, J., Ye, Z., Hammond, H., Chen, G., Tokunaga, A., Malj,
P, Li, Y., Civin, C., Gaiano, N., and Cheng, L. Cell Stem Cell 2(5),
461—471 May (2008). PMID: 18462696.

[201] Fox, V., Gokhale, P. J., Walsh, J. R., Matin, M., Jones, M., and
Andrews, P. W. Stem Cells (Dayton, Ohio) 26(3), 715—723 March
(2008). PMID: 18055449.

[202] Sherr, C. J. Cancer Research 60(14), 3689-3695 July (2000). PMID:
10919634.

[203] Hochegger, H., Takeda, S., and Hunt, T. Nature Reviews. Molecular
Cell Biology 9(11), 910-916 November (2008). PMID: 18813291.

[204] Santamaria, D., Barriere, C., Cerqueira, A., Hunt, S., Tardy, C,,
Newton, K., Céceres, J. E.,, Dubus, P., Malumbres, M., and Barbacid,
M. Nature 448(7155), 811-815 August (2007). PMID: 17700700.

[205] Solomon, M. J. Current Opinion in Cell Biology 5(2), 180-186 April
(1993). PMID: 85074809.



Bibliography

[206] Morgan, D. O. Nature 374(6518), 131-134 March (1995). PMID:
7877684.

[207] McGowan, C. H. and Russell, P. The EMBO Journal 12(1), 75-85
(1993). PMID: 8428596.

[208] Mueller, P. R., Coleman, T. R., Kumagai, A., and Dunphy, W. G.
Science (New York, N.Y.) 270(5233), 86—90 October (1995). PMID:

7569953.

[209] Sherr, C.]. and Roberts, J. M. Genes & Development 13(12), 1501-1512
June (1999). PMID: 10385618.

[210] Sage, J., Miller, A. L., Pérez-Mancera, P. A., Wysocki, ]J. M., and
Jacks, T. Nature 424(6945), 223—228 July (2003). PMID: 12853964.

[211] Trimarchi, J. M. and Lees, J. A. Nature Reviews. Molecular Cell Biology
3(1), 11—20 (2002). PMID: 11823794.

[212] DeGregori, J., Kowalik, T., and Nevins, J. R. Molecular and Cellular
Biology 15(8), 4215—4224 August (1995). PMID: 7623816.

[213] Lavoie, ]. N., L’Allemain, G., Brunet, A., Miiller, R., and Pouysségur,
J. The Journal of Biological Chemistry 271(34), 20608—20616 August
(1996). PMID: 8702807.

[214] Aktas, H., Cai, H., and Cooper, G. M. Molecular and Cellular Biology
17(7), 38503857 July (1997). PMID: 9199319.

[215] Kerkhoff, E. and Rapp, U. R. Molecular and Cellular Biology 17(5),
2576—2586 May (1997). PMID: 9111327.

[216] Cheng, M., Sexl, V., Sherr, C. J., and Roussel, M. E. Proceedings of
the National Academy of Sciences of the United States of America 95(3),
1091-1096 February (1998). PMID: 9448290.

[217] Harbour, J. W., Luo, R. X,, Santi, A. D., Postigo, A. A., and Dean,
D. C. Cell 98(6), 859-869 September (1999). PMID: 10499802.

[218] Girling, R., Partridge, J. F., Bandara, L. R., Burden, N., Totty, N. E,
Hsuan, J. J., and Thangue, N. B. L. Nature 362(6415), 83-87 March
(1993). PMID: 8446173.

[219] Helin, K., Wu, C. L., Fattaey, A. R,, Lees, J. A., Dynlacht, B. D.,
Ngwu, C., and Harlow, E. Genes & Development 7(10), 1850-1861
October (1993). PMID: 8405995.

89



90

Bibliography

[220] Huber, H. E., Edwards, G., Goodhart, P. J., Patrick, D. R., Huang,
P.S., Ivey-Hoyle, M., Barnett, S. E, Oliff, A., and Heimbrook, D. C.
Proceedings of the National Academy of Sciences of the United States of
America 90(8), 3525-3529 April (1993). PMID: 8475102.

[221] Zhang, Y. and Chellappan, S. P. Oncogene 10(11), 20852093 June
(1995). PMID: 7784053.

[222] Ohtani, K., DeGregori, J., and Nevins, J. R. Proceedings of the National
Academy of Sciences of the United States of America 92(26), 12146—12150
December (1995). PMID: 8618861.

[223] Ren, B., Cam, H., Takahashi, Y., Volkert, T., Terragni, J., Young,
R. A., and Dynlacht, B. D. Genes & Development 16(2), 245-256
(2002). PMID: 11799067.

[224] Burdon, T., Smith, A., and Savatier, P. Trends in Cell Biology 12(9),
432—438 September (2002). PMID: 12220864.

[225] Stead, E., White, J., Faast, R., Conn, S., Goldstone, S., Rathjen, J.,
Dhingra, U., Rathjen, P., Walker, D., and Dalton, S. Oncogene 21(54),
8320-8333 November (2002). PMID: 12447695.

[226] White, ]J. and Dalton, S. Stem Cell Reviews 1(2), 131-138 (2005).
PMID: 17142847.

[227] Becker, K. A., Ghule, P. N., Therrien, J. A., Lian, J. B., Stein, J. L., van
Wijnen, A.J., and Stein, G. S. Journal of Cellular Physiology 209(3),
883-893 December (2006). PMID: 16972248.

[228] Fluckiger, A., Marcy, G., Marchand, M., Négre, D., Cosset, F,,
Mitalipov, S., Wolf, D., Savatier, P., and Dehay, C. Stem Cells (Dayton,
Ohio) 24(3), 547-556 March (2006). PMID: 16239321.

[229] Savatier, P., Huang, S., Szekely, L., Wiman, K. G., and Samarut, J.
Oncogene 9(3), 809-818 March (1994). PMID: 8108123.

[230] Sage, ]J., Mulligan, G. J., Attardi, L. D., Miller, A., Chen, S., Williams,
B., Theodorou, E., and Jacks, T. Genes & Development 14(23), 3037—
3050 December (2000). PMID: 11114892.

[231] Dannenberg, J. H., van Rossum, A., Schuijff, L., and te Riele, H.
Genes & Development 14(23), 3051-3064 December (2000). PMID:
11114893.

[232] Savatier, P.,, Lapillonne, H., van Grunsven, L. A., Rudkin, B. B., and
Samarut, J. Oncogene 12(2), 309—322 (1996). PMID: 8570208.



Bibliography

[233] Faast, R., White, ]J., Cartwright, P., Crocker, L., Sarcevic, B., and
Dalton, S. Oncogene 23(2), 491-502 (2004). PMID: 14724578.

[234] Fujii-Yamamoto, H., Kim, J. M., ichi Arai, K., and Masai, H. The
Journal of Biological Chemistry 280(13), 12976—-12987 April (2005).
PMID: 15659392.

[235] Neganova, L., Zhang, X., Atkinson, S., and Lako, M. Oncogene 28(1),
20-30 (2009). PMID: 18806832.

[236] Ghule, P. N., Becker, K. A., Harper, J. W,, Lian, J. B., Stein, J. L., van
Wijnen, A. ], and Stein, G. S. Journal of Cellular Physiology 213(1),
9—-17 October (2007). PMID: 17520687.

[237] Filipczyk, A. A., Laslett, A. L., Mummery, C., and Pera, M. F. Stem
Cell Research 1(1), 45-60 October (2007). PMID: 19383386.

[238] Conklin, J. E. and Sage, J. Journal of Cellular Biochemistry 108(5),
1023-1030 December (2009). PMID: 19760644.

[239] Becker, K. A,, Stein, J. L., Lian, J. B., van Wijnen, A. J., and Stein,
G. S. Journal of Cellular Physiology 210(2), 517526 February (2007).
PMID: 17096384.

[240] Sengupta, S., Nie, J.,, Wagner, R. J., Yang, C., Stewart, R., and
Thomson, J. A. Stem Cells (Dayton, Ohio) 27(7), 1524-1528 July
(2009). PMID: 19544458.

[241] Miura, T., Luo, Y., Khrebtukova, I., Brandenberger, R., Zhou, D.,
Thies, R. S., Vasicek, T., Young, H., Lebkowski, J., Carpenter, M. K,,
and Rao, M. S. Stem Cells and Development 13(6), 694—715 December
(2004). PMID: 15684837.

[242] Zhang, X., Neganova, 1., Przyborski, S., Yang, C., Cooke, M., Atkin-
son, S. P, Anyfantis, G., Fenyk, S., Keith, W. N., Hoare, S. F,
Hughes, O., Strachan, T., Stojkovic, M., Hinds, P. W., Armstrong, L.,
and Lako, M. The Journal of Cell Biology 184(1), 67-82 (2009). PMID:

19139263.

[243] Wang, Y., Baskerville, S., Shenoy, A., Babiarz, ]J. E., Baehner, L.,
and Blelloch, R. Nature Genetics 40(12), 1478-1483 December (2008).
PMID: 18978791.

[244] Barroso-delJesus, A., Romero-Lépez, C., Lucena-Aguilar, G., Melen,
G.]., Sanchez, L., Ligero, G., Berzal-Herranz, A., and Menendez, P.
Molecular and Cellular Biology 28(21), 6609-6619 November (2008).
PMID: 18725401.

91



92

Bibliography

[245] Card, D. A. G., Hebbar, P. B, Li, L., Trotter, K. W., Komatsu, Y.,
Mishina, Y., and Archer, T. K. Molecular and Cellular Biology 28(20),
6426—6438 October (2008). PMID: 18710938.

[246] Lee, N. S., Kim, J. S., Cho, W. ], Lee, M. R,, Steiner, R., Gompers,
A, Ling, D., Zhang, J., Strom, P., Behlke, M., Moon, S., Salvaterra,
P. M., Jove, R., and Kim, K. Biochemical and Biophysical Research
Communications 377(2), 434—440 December (2008). PMID: 1893003 1.

[247] Qi, J., Yu, J., Shcherbata, H., Mathieu, J., Wang, A. J., Seal, S.,
Zhou, W., Stadler, B., Bourgin, D., Wang, L., Nelson, A., Ware, C.,
Raymond, C., Lim, L., Magnus, J., Ivanovska, L., Diaz, R., Ball, A.,
Cleary, M., and Ruohola-Baker, H. Cell Cycle (Georgetown, Tex.) 8(22)
November (2009). PMID: 19823043.

[248] del Jesus, A. B., Lucena-Aguilar, G., and Menendez, P. Cell Cycle
(Georgetown, Tex.) 8(3), 394—398 February (2009). PMID: 19176999.

[249] Lako, M., Neganova, I., and Armstrong, L. Cell Cycle (Georgetown,
Tex.) 8(8), 1108—-1109 April (2009). PMID: 19305136.

[250] Lin, S., Chang, D. C., Chang-Lin, S., Lin, C., Wu, D. T. S., Chen,
D. T, and Ying, S. RNA (New York, N.Y.) 14(10), 2115-2124 October
(2008). PMID: 18755840.

[251] White, J., Stead, E., Faast, R., Conn, S., Cartwright, P., and Dalton,
S. Molecular Biology of the Cell 16(4), 2018—2027 April (2005). PMID:
15703208.

[252] Akala, O. O. and Clarke, M. E. Current Opinion in Genetics &
Development 16(5), 496—501 October (2006). PMID: 16919448.

[253] Jaenisch, R. and Young, R. Cell 132(4), 567-582 February (2008).
PMID: 18295576.

[254] Calegari, F. and Huttner, W. B. Journal of Cell Science 116(Pt 24),
4947-4955 December (2003). PMID: 14625388.

[255] Calegari, F., Haubensak, W., Haffner, C., and Huttner, W. B. The
Journal of Neuroscience: The Official Journal of the Society for Neuro-
science 25(28), 6533-6538 July (2005). PMID: 16014714.

[256] Lange, C., Huttner, W. B., and Calegari, F. Cell Stem Cell 5(3),
320-331 September (2009). PMID: 19733543.

[257] Lako, M., Neganova, ., and Armstrong, L. Cell Cycle (Georgetown,
Tex.) 8(8), 1108-1109 April (2009). PMID: 19305136.



Bibliography

[258] Shintani, S., Ohyama, H., Zhang, X., McBride, ]J., Matsuo, K., Tsuji,
T., Hu, M. G,, Hu, G., Kohno, Y., Lerman, M., Todd, R., and Wong,
D. T. Molecular and Cellular Biology 20(17), 6300-6307 September
(2000). PMID: 10938106.

[259] Kim, Y., Deshpande, A., Dai, Y., Kim, J. J., Lindgren, A., Conway,
A., Clark, A. T., and Wong, D. T. The Journal of Biological Chemistry
284(35), 23405—23414 August (2009). PMID: 19564334.

[260] Chavez, L., Bais, A. S., Vingron, M., Lehrach, H., Adjaye, J., and
Herwig, R. BMC Genomics 10, 314 (2009). PMID: 19604364.

[261] Gunaratne, P. H. Current Stem Cell Research & Therapy 4(3), 168-177
September (2009). PMID: 19492978.

[262] Chen, C., Ridzon, D., Lee, C., Blake, J., Sun, Y., and Strauss, W. M.
Mammalian Genome: Official Journal of the International Mammalian
Genome Society 18(5), 316—-327 May (2007). PMID: 17610011.

[263] Liao, J., Wu, Z., Wang, Y., Cheng, L., Cui, C., Gao, Y., Chen, T., Rao,
L., Chen, S, Jia, N., Dai, H., Xin, S., Kang, J., Pei, G., and Xiao, L.
Cell Research 18(5), 600-603 May (2008). PMID: 18414447.

[264] Sherr, C.]J. Cell 116(2), 235-246 (2004). PMID: 14744434.

[265] Viatour, P.,, Somervalille, T. C., Venkatasubrahmanyam, S., Kogan,
S., McLaughlin, M. E., Weissman, L. L., Butte, A. J., Passegué, E.,
and Sage, J. Cell Stem Cell 3(4), 416—428 October (2008). PMID:

18940733.

[266] Kozar, K., Ciemerych, M. A., Rebel, V. 1., Shigematsu, H., Zagozd-
zon, A., Sicinska, E., Geng, Y., Yu, Q., Bhattacharya, S., Bronson,
R. T., Akashi, K., and Sicinski, P. Cell 118(4), 477491 August (2004).
PMID: 15315760.

[267] Malumbres, M., Sotillo, R., Santamaria, D., Galén, J., Cerezo, A.,
Ortega, S., Dubus, P, and Barbacid, M. Cell 118(4), 493—-504 August
(2004). PMID: 15315761.

[268] Yuan, Y., Shen, H., Franklin, D. S., Scadden, D. T., and Cheng, T.
Nature Cell Biology 6(5), 436—442 May (2004). PMID: 15122268.

[269] Janzen, V., Forkert, R., Fleming, H. E., Saito, Y., Waring, M. T,
Dombkowski, D. M., Cheng, T., DePinho, R. A., Sharpless, N. E.,
and Scadden, D. T. Nature 443(7110), 421—426 September (2006).
PMID: 16957735.

93



94

Bibliography

[270] Krishnamurthy, J., Ramsey, M. R., Ligon, K. L., Torrice, C., Koh,
A., Bonner-Weir, S., and Sharpless, N. E. Nature 443(7110), 453—457
September (2006). PMID: 16957737.

[271] Molofsky, A. V., Slutsky, S. G., Joseph, N. M., He, S., Pardal, R.,
Krishnamurthy, J., Sharpless, N. E., and Morrison, S. J. Nature
443(7110), 448-452 September (2006). PMID: 16957738.

[272] TeKippe, M., Harrison, D. E., and Chen, J. Experimental Hematology
31(6), 521527 June (2003). PMID: 12829028.

[273] Meletis, K., Wirta, V., Hede, S., Nistér, M., Lundeberg, J., and Frisén,
J. Development (Cambridge, England) 133(2), 363—369 (2006). PMID:
16368933.

[274] Liu, Y, Elf, S. E., Miyata, Y., Sashida, G., Liu, Y., Huang, G., Gian-
domenico, S. D, Lee, J. M., Deblasio, A., Menendez, S., Antipin, J.,

Reva, B., Koff, A., and Nimer, S. D. Cell Stem Cell 4(1), 37—48 (2009).
PMID: 19128791.

[275] Levi, B. P. and Morrison, S. ]J. Cold Spring Harbor Symposia on
Quantitative Biology 73, 539-553 (2008). PMID: 19150957.

[276] Nishino, J., Kim, 1., Chada, K., and Morrison, S. ]J. Cell 135(2),
227-239 October (2008). PMID: 18957199.

[277] Molofsky, A. V., Pardal, R., Iwashita, T., Park, 1., Clarke, M. E, and
Morrison, S. J. Nature 425(6961), 962—967 October (2003). PMID:

14574365.

[278] Lessard, J. and Sauvageau, G. Nature 423(6937), 255-260 May (2003).
PMID: 12714970.

[279] kyung Park, 1., Qian, D., Kiel, M., Becker, M. W,, Pihalja, M.,
Weissman, 1. L., Morrison, S. J., and Clarke, M. F. Nature 423(6937),
302-305 May (2003). PMID: 12714971.

[280] Molofsky, A. V., He, S., Bydon, M., Morrison, S. J., and Pardal,
R. Genes & Development 19(12), 1432—1437 June (2005). PMID:

15964994
[281] Bruggeman, S. W. M., Valk-Lingbeek, M. E., van der Stoop, P.
P. M., Jacobs, J. J. L., Kieboom, K., Tanger, E., Hulsman, D., Leung,

C., Arsenijevic, Y., Marino, S., and van Lohuizen, M. Genes &
Development 19(12), 14381443 June (2005). PMID: 15964995.

[282] Akala, O. O., Park, 1., Qian, D., Pihalja, M., Becker, M. W., and
Clarke, M. F.  Nature 453(7192), 228-232 May (2008). PMID:

18418377.



Bibliography

[283] Bachoo, R. M., Maher, E. A,, Ligon, K. L., Sharpless, N. E., Chan,
S.S., You, M. ], Tang, Y., DeFrances, J., Stover, E., Weissleder, R.,
Rowitch, D. H., Louis, D. N., and DePinho, R. A. Cancer Cell 1(3),
269—277 April (2002). PMID: 12086863.

[284] He, S., Nakada, D., and Morrison, S. J. Annual Review of Cell and
Developmental Biology 25, 377-406 (2009). PMID: 19575646.

[285] Morrison, S. J., Hemmati, H. D., Wandycz, A. M., and Weissman,
I. L. Proceedings of the National Academy of Sciences of the United States
of America 92(22), 10302—-10306 October (1995). PMID: 7479772.

[286] Cheshier, S. H., Morrison, S. J., Liao, X., and Weissman, I. L. Proceed-
ings of the National Academy of Sciences of the United States of America
96(6), 3120-3125 March (1999). PMID: 10077647.

[287] Kiel, M. ], He, S., Ashkenazi, R., Gentry, S. N., Teta, M., Kushner,
J. A., Jackson, T. L., and Morrison, S. J. Nature 449(7159), 238—242
September (2007). PMID: 17728714.

[288] Wilson, A., Laurenti, E., Oser, G., van der Wath, R. C., Blanco-Bose,
W., Jaworski, M., Offner, S., Dunant, C. F,, Eshkind, L., Bockamp, E.,
Li6, P., Macdonald, H. R., and Trumpp, A. Cell 135(6), 1118-1129
December (2008). PMID: 19062086.

[289] Foudi, A., Hochedlinger, K., Buren, D. V., Schindler, J]. W., Jaenisch,
R., Carey, V., and Hock, H. Nature Biotechnology 27(1), 84—90 (20009).
PMID: 19060879.

[290] Morrison, S. J., Wandycz, A. M., Akashi, K., Globerson, A., and
Weissman, I. L. Nature Medicine 2(9), 10111016 September (1996).
PMID: 8782459.

[291] de Haan, G., Nijhof, W,, and Zant, G. V. Blood 89(5), 1543-1550
March (1997). PMID: 9057635.

[292] Mahmud, N., Devine, S. M., Weller, K. P.,, Parmar, S., Sturgeon, C.,
Nelson, M. C., Hewett, T., and Hoffman, R. Blood 97(10), 3061-3068
May (2001). PMID: 11342431.

[293] Harrison, D. E. and Astle, C. M. The Journal of Experimental Medicine
156(6), 1767-1779 December (1982). PMID: 6129277.

[294] Harrison, D. E. The Journal of Experimental Medicine 157(5), 1496—
1504 May (1983). PMID: 6854204.

[295] Shepherd, B. E., Kiem, H., Lansdorp, P. M., Dunbar, C. E., Aubert,
G., LaRochelle, A., Seggewiss, R., Guttorp, P., and Abkowitz, J. L.
Blood 110(6), 1806—-1813 September (2007). PMID: 17526860.

95



96

Bibliography

[206] Harrison, D. E., Astle, C. M., and Delaittre, J. A. The Journal of
Experimental Medicine 147(5), 1526—-1531 May (1978). PMID: 25943.

[297] Ross, E. A., Anderson, N., and Micklem, H. S. The Journal of Experi-
mental Medicine 155(2), 432—444 February (1982). PMID: 7035599.

[298] Harrison, D. E., Stone, M., and Astle, C. M. The Journal of Experi-
mental Medicine 172(2), 431-437 August (1990). PMID: 1973702.

[299] Cheng, T. Oncogene 23(43), 72567266 September (2004). PMID:
15378085.

[300] Kamminga, L. M., Bystrykh, L. V., de Boer, A., Houwer, S., Douma,
J., Weersing, E., Dontje, B., and de Haan, G. Blood 107(5), 2170-2179
March (2006). PMID: 16293602.

[301] Orford, K. W. and Scadden, D. T. Nature Reviews. Genetics 9(2),
115-128 February (2008). PMID: 18202695.

[302] Takahashi, T., Nowakowski, R. S., and Caviness, V. S. The Journal of
Neuroscience: The Official Journal of the Society for Neuroscience 15(9),
6046—6057 September (1995). PMID: 7666188.

[303] Massagué, J. Nature 432(7015), 298-306 November (2004). PMID:
15549091.

[304] Cheng, T., Rodrigues, N., Shen, H., Yang, Y., Dombkowski, D.,
Sykes, M., and Scadden, D. T. Science (New York, N.Y.) 287(5459),
1804-1808 March (2000). PMID: 10710306.

[305] Kippin, T. E., Martens, D. J., and van der Kooy, D. Genes & Develop-
ment 19(6), 756—767 March (2005). PMID: 15769947.

[306] van Os, R., Kamminga, L. M., Ausema, A., Bystrykh, L. V., Draijer,
D. P, van Pelt, K., Dontje, B., and de Haan, G. Stem Cells (Dayton,
Ohio) 25(4), 836-843 April (2007). PMID: 17170062.

[307] Hock, H., Hamblen, M. J., Rooke, H. M., Schindler, J. W., Saleque, S.,
Fujiwara, Y., and Orkin, S. H. Nature 431(7011), 1002—1007 October
(2004). PMID: 15457180.

[308] Yilmaz, O. H., Valdez, R., Theisen, B. K., Guo, W., Ferguson, D. O.,
Wu, H., and Morrison, S. J. Nature 441(7092), 475-482 May (2006).
PMID: 16598206.

[309] Zhang, J., Grindley, J. C., Yin, T., Jayasinghe, S., He, X. C., Ross, J. T.,
Haug, J. S., Rupp, D., Porter-Westpfahl, K. S., Wiedemann, L. M.,
Wu, H., and Li, L. Nature 441(7092), 518-522 May (2006). PMID:

16633340.



Bibliography

[310] Tothova, Z., Kollipara, R., Huntly, B. J., Lee, B. H., Castrillon, D. H.,
Cullen, D. E., McDowell, E. P,, Lazo-Kallanian, S., Williams, I. R.,
Sears, C., Armstrong, S. A., Passegué, E., DePinho, R. A., and
Gilliland, D. G. Cell 128(2), 325-339 (2007). PMID: 17254970.

[311] Nakamura, N., Ramaswamy, S., Vazquez, E, Signoretti, S., Loda, M.,
and Sellers, W. R. Molecular and Cellular Biology 20(23), 8969—-8982
December (2000). PMID: 11073996.

[312] Ho, K. K., Myatt, S. S., and Lam, E. W. Oncogene 27(16), 2300-2311
April (2008). PMID: 18391972.

[313] Lacorazza, H. D., Yamada, T., Liu, Y., Miyata, Y., Sivina, M., Nunes,
J., and Nimer, S. D. Cancer Cell 9(3), 175-187 March (2006). PMID:
16530702.

[314] Viale, A., Franco, E. D., Orleth, A., Cambiaghi, V., Giuliani, V., Bossi,
D., Ronchini, C., Ronzoni, S., Muradore, 1., Monestiroli, S., Gobbi,
A., Alcalay, M., Minucci, S., and Pelicci, P. G. Nature 457(7225),
51-56 (2009). PMID: 19122635.

[315] Bartek, J. and Lukas, J. Current Opinion in Cell Biology 19(2), 238-245
April (2007). PMID: 17303408.

[316] Bakkenist, C. J. and Kastan, M. B. Cell 118(1), 9-17 July (2004).
PMID: 15242640.

[317] Bartek, J., Lukas, C., and Lukas, J. Nature Reviews. Molecular Cell
Biology 5(10), 792—804 October (2004). PMID: 15459660.

[318] Lukas, J., Lukas, C., and Bartek, ]. DNA Repair 3(8-9), 997—1007
September (2004). PMID: 15279786.

[319] Shiloh, Y. Nature Reviews. Cancer 3(3), 155-168 March (2003). PMID:
12612651.

[320] Bartek, J. and Lukas, J. Current Opinion in Cell Biology 13(6), 738-747
December (2001). PMID: 11698191.

[321] Rogakou, E. P, Pilch, D. R., Orr, A. H,, Ivanova, V. S., and Bonner,
W. M. The Journal of Biological Chemistry 273(10), 5858-5868 March
(1998). PMID: 9488723.

[322] Burma, S., Chen, B. P,, Murphy, M., Kurimasa, A., and Chen, D. J.
The Journal of Biological Chemistry 276(45), 42462—42467 November
(2001). PMID: 11571274.

97



98

Bibliography

[323] Siliciano, J. D., Canman, C. E., Taya, Y., Sakaguchi, K., Appella, E.,
and Kastan, M. B. Genes & Development 11(24), 3471-3481 December
(1997). PMID: 9407038.

[324] Canman, C. E,, Lim, D. S., Cimprich, K. A,, Taya, Y., Tamai, K,,
Sakaguchi, K., Appella, E., Kastan, M. B., and Siliciano, J. D. Science
(New York, N.Y.) 281(5383), 1677-1679 September (1998). PMID:

9733515.

[325] Tibbetts, R. S., Brumbaugh, K. M., Williams, J. M., Sarkaria, J. N.,
Cliby, W. A,, Shieh, S. Y., Taya, Y., Prives, C., and Abraham, R. T.
Genes & Development 13(2), 152-157 (1999). PMID: 9925639.

[326] Khosravi, R., Maya, R., Gottlieb, T., Oren, M., Shiloh, Y., and Shkedy,
D. Proceedings of the National Academy of Sciences of the United States
of America 96(26), 14973-14977 December (1999). PMID: 10611322.

[327] Cortez, D., Wang, Y., Qin, J., and Elledge, S. ]. Science (New York,
N.Y.) 286(5442), 1162-1166 November (1999). PMID: 10550055.

[328] Li, S., Ting, N. S., Zheng, L., Chen, P. L., Ziv, Y., Shiloh, Y., Lee,
E. Y, and Lee, W. H. Nature 406(6792), 210-215 July (2000). PMID:
10910365.

[329] Gatei, M., Zhou, B. B., Hobson, K., Scott, S., Young, D., and Khanna,
K. K. The Journal of Biological Chemistry 276(20), 17276—17280 May
(2001). PMID: 11278964.

[330] Yoo, H. Y., Kumagai, A., Shevchenko, A., Shevchenko, A., and
Dunphy, W. G. The Journal of Biological Chemistry 282(24), 17501—
17506 June (2007). PMID: 17446169.

[331] Zhao, S., Weng, Y. C,, Yuan, S. S, Lin, Y. T, Hsu, H. C,, Lin, S. C,,
Gerbino, E., Song, M. H., Zdzienicka, M. Z., Gatti, R. A., Shay, ]. W,
Ziv, Y., Shiloh, Y., and Lee, E. Y. Nature 405(6785), 473—477 May
(2000). PMID: 10839544-.

[332] White, D. E., Negorev, D., Peng, H., Ivanov, A. V,, Maul, G. G., and
Rauscher, E. J. Cancer Research 66(24), 11594-11599 December (2006).
PMID: 17178852.

[333] Ziv, Y., Bielopolski, D., Galanty, Y., Lukas, C., Taya, Y., Schultz,
D. C., Lukas, J., Bekker-Jensen, S., Bartek, J., and Shiloh, Y. Nature
Cell Biology 8(8), 870-876 August (2006). PMID: 16862143.

[334] Zhao, H. and Piwnica-Worms, H. Molecular and Cellular Biology
21(13), 4129—4139 July (2001). PMID: 11390642.



Bibliography

[335] Matsuoka, S., Rotman, G., Ogawa, A., Shiloh, Y., Tamai, K., and
Elledge, S. J. Proceedings of the National Academy of Sciences of
the United States of America 97(19), 10389-10394 September (2000).
PMID: 10973490.

[336] Melchionna, R., Chen, X. B., Blasina, A., and McGowan, C. H.
Nature Cell Biology 2(10), 762—765 October (2000). PMID: 11025670.

[337] Zhou, B. B., Chaturvedi, P, Spring, K., Scott, S. P,, Johanson, R. A.,
Mishra, R., Mattern, M. R., Winkler, J. D., and Khanna, K. K. The
Journal of Biological Chemistry 275(14), 10342—-10348 April (2000).
PMID: 10744722.

[338] Celeste, A., Fernandez-Capetillo, O., Kruhlak, M. J., Pilch, D. R,,
Staudt, D. W., Lee, A., Bonner, R. F., Bonner, W. M., and Nussen-
zweig, A. Nature Cell Biology 5(7), 675-679 July (2003). PMID:

12792649.

[339] Tauchi, H., Matsuura, S., Kobayashi, J., Sakamoto, S., and Komatsu,
K. Oncogene 21(58), 8967-8980 December (2002). PMID: 12483513.

[340] Foray, N., Marot, D., Gabriel, A., Randrianarison, V., Carr, A. M.,
Perricaudet, M., Ashworth, A., and Jeggo, P. The EMBO Journal
22(11), 2860—2871 June (2003). PMID: 12773400.

[341] Kumagai, A., Lee, J., Yoo, H. Y., and Dunphy, W. G. Cell 124(5),
943—955 March (2006). PMID: 16530042.

[342] ichi Morishima, K., Sakamoto, S., Kobayashi, J., Izumi, H., Suda, T.,
Matsumoto, Y., Tauchi, H., Ide, H., Komatsu, K., and Matsuura, S.
Biochemical and Biophysical Research Communications 362(4), 872-879
November (2007). PMID: 17765870.

[343] Carney, ]J. P, Maser, R. S., Olivares, H., Davis, E. M., Beau, M. L,,
Yates, J. R., Hays, L., Morgan, W. F., and Petrini, J. H. Cell 93(3),
477-486 May (1998). PMID: 9590181.

[344] Varon, R., Vissinga, C., Platzer, M., Cerosaletti, K. M., Chrzanowska,
K. H.,, Saar, K., Beckmann, G., Seemanov4, E., Cooper, P. R., Nowak,
N. J., Stumm, M., Weemaes, C. M., Gatti, R. A., Wilson, R. K,,
Digweed, M., Rosenthal, A., Sperling, K., Concannon, P., and Reis,
A. Cell 93(3), 467—476 May (1998). PMID: 9590180.

[345] Trujillo, K. M., Yuan, S. S, Lee, E. Y., and Sung, P. The Journal
of Biological Chemistry 273(34), 21447—-21450 August (1998). PMID:

9705271.

99



100

Bibliography

[346] Paull, T. T. and Gellert, M. Genes & Development 13(10), 1276—-1288
May (1999). PMID: 10346816.

[347] Haber, J. E. Cell 95(5), 583—-586 November (1998). PMID: 9845359.

[348] Li, X., Lee, Y., Jeng, J., Yen, Y., Schultz, D. C., Shih, H., and Ann,
D. K. The Journal of Biological Chemistry 282(50), 3617736189 De-
cember (2007). PMID: 17942393.

[349] Chehab, N. H., Malikzay, A., Appel, M., and Halazonetis, T. D.
Genes & Development 14(3), 278-288 February (2000). PMID:
10673500.

[350] Hirao, A., Kong, Y. Y., Matsuoka, S., Wakeham, A., Ruland, J.,
Yoshida, H., Liu, D., Elledge, S. J., and Mak, T. W. Science (New
York, N.Y.) 287(5459), 1824—1827 March (2000). PMID: 10710310.

[351] Shieh, S. Y., Ahn, J., Tamai, K., Taya, Y., and Prives, C. Genes &
Development 14(3), 289—300 February (2000). PMID: 10673501.

[352] Furnari, B., Rhind, N., and Russell, P. Science (New York, N.Y.)
277(5331), 1495-1497 September (1997). PMID: 9278510.

[353] Mailand, N., Falck, J., Lukas, C., Syljudsen, R. G., Welcker, M.,
Bartek, J., and Lukas, J. Science (New York, N.Y.) 288(5470), 1425—
1429 May (2000). PMID: 10827953.

[354] Falck, J., Mailand, N., Syljudsen, R. G., Bartek, J., and Lukas, J.
Nature 410(6830), 842-847 April (2001). PMID: 11298456.

[355] Chehab, N. H., Malikzay, A., Stavridi, E. S., and Halazonetis, T. D.
Proceedings of the National Academy of Sciences of the United States of
America 96(24), 13777-13782 November (1999). PMID: 10570149.

[356] Barak, Y., Juven, T., Haffner, R., and Oren, M. The EMBO Journal
12(2), 461—468 February (1993). PMID: 8440237.

[357] Wu, X,, Bayle, J. H., Olson, D., and Levine, A. ]. Genes & Development
7(7A), 1126-1132 July (1993). PMID: 8319905.

[358] Roth, J., Dobbelstein, M., Freedman, D. A., Shenk, T., and Levine,
A.]. The EMBO Journal 17(2), 554-564 (1998). PMID: 9430646.

[359] Haupt, Y., Maya, R., Kazaz, A., and Oren, M. Nature 387(6630),
296—-299 May (1997). PMID: 9153395.

[360] Kubbutat, M. H., Jones, S. N., and Vousden, K. H. Nature 387(6630),
299-303 May (1997). PMID: 9153396.



Bibliography

[361] Prives, C. Cell 95(1), 5-8 October (1998). PMID: 9778240.

[362] el-Deiry, W. S., Tokino, T., Velculescu, V. E., Levy, D. B., Parsons, R,
Trent, J. M., Lin, D., Mercer, W. E., Kinzler, K. W., and Vogelstein, B.
Cell 75(4), 817-825 November (1993). PMID: 8242752.

[363] Hermeking, H., Lengauer, C., Polyak, K., He, T. C., Zhang, L.,
Thiagalingam, S., Kinzler, K. W., and Vogelstein, B. Molecular Cell
1(1), 3—11 December (1997). PMID: 9659898.

[364] Miyashita, T. and Reed, J. C. Cell 80(2), 293—299 (1995). PMID:
7834749

[365] Buckbinder, L., Talbott, R., Velasco-Miguel, S., Takenaka, I., Faha,
B., Seizinger, B. R., and Kley, N. Nature 377(6550), 646—649 October
(1995). PMID: 7566179.

[366] Rajah, R., Valentinis, B., and Cohen, P. The Journal of Biological
Chemistry 272(18), 12181-12188 May (1997). PMID: 9115291.

[367] Owen-Schaub, L. B., Zhang, W., Cusack, J. C., Angelo, L. S., Santee,
S. M., Fujiwara, T., Roth, J. A., Deisseroth, A. B., Zhang, W. W,,
and Kruzel, E. Molecular and Cellular Biology 15(6), 3032—-3040 June

(1995). PMID: 7539102.

[368] Wu, G. S, Burns, T. E, McDonald, E. R, Jiang, W., Meng, R., Krantz,
I. D., Kao, G., Gan, D. D., Zhou, J. Y., Muschel, R., Hamilton, S. R.,
Spinner, N. B., Markowitz, S., Wu, G., and el-Deiry, W. S. Nature
Genetics 17(2), 141-143 October (1997). PMID: 9326928.

[369] el-Deiry, W. S. Seminars in Cancer Biology 8(5), 345-357 (1998). PMID:
10101800.

[370] Oda, K., Arakawa, H., Tanaka, T., Matsuda, K., Tanikawa, C., Mori,
T., Nishimori, H., Tamai, K., Tokino, T., Nakamura, Y., and Taya, Y.
Cell 102(6), 849-862 September (2000). PMID: 11030628.

[371] Taira, N., Nihira, K., Yamaguchi, T., Miki, Y., and Yoshida, K.
Molecular Cell 25(5), 725—738 March (2007). PMID: 17349958.

[372] Agarwal, M. L., Agarwal, A., Taylor, W. R., and Stark, G. R. Proceed-
ings of the National Academy of Sciences of the United States of America

92(18), 8493-8497 August (1995). PMID: 7667317.

[373] Stewart, N., Hicks, G. G., Paraskevas, E., and Mowat, M. Oncogene
10(1), 109-115 (1995). PMID: 7529916.

101



102

Bibliography

[374] Innocente, S. A., Abrahamson, J. L., Cogswell, J. P., and Lee, J. M.
Proceedings of the National Academy of Sciences of the United States of
America 96(5), 2147—-2152 March (1999). PMID: 10051609.

[375] Xiao, G., Chicas, A., Olivier, M., Taya, Y., Tyagi, S., Kramer, F. R,,
and Bargonetti, ]. Cancer Research 60(6), 1711-1719 March (2000).
PMID: 10749144.

[376] Harper, J]. W., Adami, G. R., Wei, N., Keyomarsi, K., and Elledge,
S. ]J. Cell 75(4), 805-816 November (1993). PMID: 8242751.

[377] Waldman, T., Kinzler, K. W., and Vogelstein, B. Cancer Research
55(22), 5187-5190 November (1995). PMID: 7585571.

[378] Harper, ]J. W., Elledge, S. J., Keyomarsi, K., Dynlacht, B., Tsai,
L. H., Zhang, P., Dobrowolski, S., Bai, C., Connell-Crowley, L., and
Swindell, E. Molecular Biology of the Cell 6(4), 387—400 April (1995).
PMID: 7626805.

[379] Peng, C. Y., Graves, P. R., Thoma, R. S., Wu, Z., Shaw, A. S., and
Piwnica-Worms, H. Science (New York, N.Y.) 277(5331), 1501—-1505
September (1997). PMID: 9278512.

[380] Blasina, A., de Weyer, I. V., Laus, M. C., Luyten, W. H., Parker,
A. E., and McGowan, C. H. Current Biology: CB 9(1), 1—10 (1999).
PMID: 9889122.

[381] Lopez-Girona, A., Furnari, B., Mondesert, O., and Russell, P. Nature
397(6715), 172-175 (1999). PMID: 9923681.

[382] Donzelli, M. and Draetta, G. F. EMBO Reports 4(7), 671-677 July
(2003). PMID: 12835754.

[383] Chen, M., Ryan, C. E., and Piwnica-Worms, H. Molecular and Cellu-
lar Biology 23(21), 7488-7497 November (2003). PMID: 14559997.

[384] Millar, J. B., Blevitt, J., Gerace, L., Sadhu, K., Featherstone, C.,
and Russell, P. Proceedings of the National Academy of Sciences of
the United States of America 88(23), 10500-10504 December (1991).
PMID: 1961714.

[385] Strausfeld, U., Fernandez, A., Capony, J. P, Girard, F, Lautre-
dou, N., Derancourt, J., Labbe, J. C., and Lamb, N. J. The Journal
of Biological Chemistry 269(8), 5989—6000 February (1994). PMID:

8119945.

[386] Lammer, C., Wagerer, S., Saffrich, R., Mertens, D., Ansorge, W., and
Hoffmann, 1. Journal of Cell Science 111 ( Pt 16), 24452453 August
(1998). PMID: 9683638.



Bibliography

[387] Mailand, N., Podtelejnikov, A. V., Groth, A., Mann, M., Bartek, J.,
and Lukas, J. The EMBO Journal 21(21), 5911-5920 November (2002).
PMID: 12411508.

[388] Zhao, H., Watkins, J. L., and Piwnica-Worms, H. Proceedings of the
National Academy of Sciences of the United States of America 99(23),
14795-14800 November (2002). PMID: 12399544.

[389] Goloudina, A., Yamaguchi, H., Chervyakova, D. B., Appella, E.,
Fornace, A. J., and Bulavin, D. V. Cell Cycle (Georgetown, Tex.) 2(5),
473—478 October (2003). PMID: 12963847.

[390] Hassepass, 1., Voit, R., and Hoffmann, 1. The Journal of Biological
Chemistry 278(32), 29824-29829 August (2003). PMID: 12759351.

[391] Serensen, C.S., Syljudsen, R. G., Falck, J., Schroeder, T., Ronnstrand,
L., Khanna, K. K., Zhou, B., Bartek, J., and Lukas, J. Cancer Cell 3(3),
247-258 March (2003). PMID: 12676583.

[392] Poon, R. Y. and Hunter, T. Science (New York, N.Y.) 270(5233), 90—93
October (1995). PMID: 7569954.

[393] Miyakawa, Y. and Matsushime, H. Biochemical and Biophysical Re-
search Communications 284(1), 71—76 June (2001). PMID: 11374872.

[394] Aladjem, M. I, Spike, B. T., Rodewald, L. W., Hope, T. J., Klemm,
M., Jaenisch, R., and Wahl, G. M. Current Biology: CB 8(3), 145-155

(1998). PMID: 9443911.

[395] Hong, Y. and Stambrook, P. J. Proceedings of the National Academy of
Sciences of the United States of America 101(40), 14443-14448 October
(2004). PMID: 15452351.

[396] Momcilovic, O., Choi, S., Varum, S., Bakkenist, C., Schatten, G.,
and Navara, C. Stem Cells (Dayton, Ohio) 27(8), 1822-1835 August
(2009). PMID: 19544417.

[397] Chuykin, I. A., Lianguzova, M. S., Pospelova, T. V., and Pospelov,
V. A. Cell Cycle (Georgetown, Tex.) 7(18), 2922—2928 September (2008).
PMID: 18787397.

[398] Corbet, S. W., Clarke, A. R., Gledhill, S., and Wyllie, A. H. Oncogene
18(8), 1537-1544 February (1999). PMID: 10102623.

[399] Lin, T., Chao, C,, Saito, S., Mazur, S. J.,, Murphy, M. E., Appella, E.,
and Xu, Y. Nature Cell Biology 7(2), 165-171 February (2005). PMID:
15619621.

103



104

Bibliography

[400] Jirmanova, L., Bulavin, D. V., and Fornace, A. J. Cell Cycle (George-
town, Tex.) 4(10), 1428-1434 October (2005). PMID: 16138010.

[401] Magin, T. M., McWhir, J., and Melton, D. W. Nucleic Acids Research
20(14), 3795-3796 July (1992). PMID: 1641353.

[402] Krystof, V., Cankar, P., Frysov4, 1., Slouka, J., Kontopidis, G.,
Dzubdk, P.,, Hajdtch, M., Srovnal, J., de Azevedo, W. E,, Orsag,
M., Paprskarovd, M., Rolcik, J., Latr, A., Fischer, P. M., and Str-
nad, M. Journal of Medicinal Chemistry 49(22), 6500-6509 November
(2006). PMID: 17064068.

[403] Krystof, V., Lenobel, R., Havlicek, L., Kuzma, M., and Strnad, M.
Bioorganic & Medicinal Chemistry Letters 12(22), 3283—-3286 November
(2002). PMID: 12392733.

[404] Schliwa, M. and van Blerkom, J. The Journal of Cell Biology 9o(1),
222-235 July (1981). PMID: 7019221.

[405] Matsuoka, S., Huang, M., and Elledge, S. J. Science (New York, N.Y.)
282(5395), 1893-1897 December (1998). PMID: 9836640.

[406] Brown, A. L., Lee, C. H., Schwarz, J. K., Mitiku, N., Piwnica-Worms,
H., and Chung, J. H. Proceedings of the National Academy of Sciences
of the United States of America 96(7), 3745-3750 March (1999). PMID:
10097108.

[407] Buscemi, G., Savio, C., Zannini, L., Micciche, F., Masnada, D.,
Nakanishi, M., Tauchi, H., Komatsu, K., Mizutani, S., Khanna, K.,
Chen, P., Concannon, P., Chessa, L., and Delia, D. Molecular and
Cellular Biology 21(15), 5214—-5222 August (2001). PMID: 11438675.

[408] Ward, I. M., Wu, X., and Chen, ]J. The Journal of Biological Chemistry
276(51), 47755—47758 December (2001). PMID: 11668173.

[409] Kang, T., Wei, Y., Honaker, Y., Yamaguchi, H., Appella, E., Hung,
M., and Piwnica-Worms, H. Cancer Cell 13(1), 36—47 (2008). PMID:
18167338.

[410] Blomberg-Wirschell, M. and Doxsey, S. J. Methods in Enzymology
298, 228-238 (1998). PMID: 975188s5.

[411] Krystof, V., McNae, I. W., Walkinshaw, M. D., Fischer, P. M., Miiller,
P., Vojtesek, B., Orsdg, M., Havlicek, L., and Strnad, M. Cellular
and Molecular Life Sciences: CMLS 62(15), 1763—-1771 August (2005).
PMID: 16003486.

[412] Inoue, Y., Kitagawa, M., and Taya, Y. The EMBO Journal 26(8),
2083—2093 April (2007). PMID: 17380128.



Bibliography

[413] Koledova, Z., Kafkova, L. R., Calabkova, L., Krystof, V., Dolezel, P,
and Divoky, V. Stem Cells and Development 19(2), 181-194 February
(2010). PMID: 19737069.

[414] Niida, H., Katsuno, Y., Banerjee, B., Hande, M. P,, and Nakanishi,
M. Molecular and Cellular Biology 27(7), 2572—2581 April (2007).
PMID: 17242188.

[415] Doxsey, S., Zimmerman, W., and Mikule, K. Trends in Cell Biology
15(6), 303—311 June (2005). PMID: 15953548.

[416] Hoof, D. V., Mufioz, ]., Braam, S. R., Pinkse, M. W. H., Linding, R,,
Heck, A. J. R, Mummery, C. L., and Krijgsveld, J. Cell Stem Cell
5(2), 214—226 August (2009). PMID: 19664995.

[417] Koledova, Z., Kafkova, L. R., Krdmer, A., and Divoky, V. Stem Cells
(Dayton, Ohio) (2010). PMID: 20104581.

[418] Bourke, E., Brown, J. A. L., Takeda, S., Hochegger, H., and Morrison,
C. G. Oncogene 29(4), 616624 (2010). PMID: 19838212.

[419] Hinchcliffe, E. H., Li, C., Thompson, E. A., Maller, J. L., and Sluder,
G. Science (New York, N.Y.) 283(5403), 851-854 February (1999).
PMID: 9933170.

[420] Lacey, K. R, Jackson, P. K., and Stearns, T. Proceedings of the National
Academy of Sciences of the United States of America 96(6), 2817-2822
March (1999). PMID: 10077594.

[421] Matsumoto, Y., Hayashi, K., and Nishida, E. Current Biology: CB
9(8), 429432 April (1999). PMID: 10226033.

[422] Meraldi, P, Lukas, J., Fry, A. M., Bartek, J., and Nigg, E. A. Nature
Cell Biology 1(2), 88—93 June (1999). PMID: 10559879.

[423] Hinchcliffe, E. H. and Sluder, G. Oncogene 21(40), 6154—6160 Septem-
ber (2002). PMID: 12214244.

[424] Bourke, E., Dodson, H., Merdes, A., Cuffe, L., Zachos, G., Walker,
M., Gillespie, D., and Morrison, C. G. EMBO Reports 8(6), 603609
June (2007). PMID: 17468739.

[425] Mueller, P. R., Coleman, T. R., and Dunphy, W. G. Molecular Biology
of the Cell 6(1), 119-134 (1995). PMID: 7749193.

[426] Watanabe, N., Broome, M., and Hunter, T. The EMBO Journal 14(9),
1878-1891 May (1995). PMID: 7743995.

105



106

Bibliography

[427] Yamada, A., Duffy, B., Perry, J. A., and Kornbluth, S. The Journal of
Cell Biology 167(5), 841-849 December (2004). PMID: 15583029.

[428] Adkins, J. N. and Lumb, K. J. Biochemistry 39(45), 13925-13930
November (2000). PMID: 11076534.

[429] Maimets, T., Neganova, 1., Armstrong, L., and Lako, M. Oncogene
27(40), 5277-5287 September (2008). PMID: 18521083.

[430] Krasinska, L., Cot, E., and Fisher, D. Cell Cycle (Georgetown, Tex.)
7(12), 1702-1708 June (2008). PMID: 18583935.

[431] Dean, M., Fojo, T., and Bates, S. Nature Reviews. Cancer 5(4), 275-284
April (2005). PMID: 15803154.

[432] Sharova, L. V., Sharov, A. A., Piao, Y., Shaik, N., Sullivan, T., Stewart,
C. L., Hogan, B. L. M., and Ko, M. S. H. Developmental Biology 307(2),
446—459 July (2007). PMID: 17560561.

[433] Shapiro, G. 1. Journal of Clinical Oncology: Official Journal of the
American Society of Clinical Oncology 24(11), 1770-1783 April (2006).
PMID: 16603719.

[434] Hall, M. and Peters, G. Advances in Cancer Research 68, 67—108
(1996). PMID: 8712071.

[435] Tetsu, O. and McCormick, E. Cancer Cell 3(3), 233—245 March (2003).
PMID: 12676582.

[436] Wong, D. J., Liu, H., Ridky, T. W,, Cassarino, D., Segal, E., and
Chang, H. Y. Cell Stem Cell 2(4), 333—344 April (2008). PMID:
18397753.

[437] Ben-Porath, 1., Thomson, M. W,, Carey, V. ], Ge, R., Bell, G. W,,
Regev, A., and Weinberg, R. A. Nature Genetics 40(5), 499-507 May
(2008). PMID: 18443585.



Part III

SUPPLEMENTS AND APPENDICES






SUPPLEMENTS AND APPENDICES

7.1 ACRONYMS AND ABBREVIATIONS

ABC
Alk
APC
ATM
ATP
ATR
BMP
BrdU
BUB3
B-TrCP
CAK
CaMKII
CBP
CCNA:2
CCNE
CDC2z25A
CDK
CDK2AP1
CHEK1
Chki1
CK1

CKI

ATP-binding cassette

Activin receptor-like kinase
Adenomatous polyposis coli
Ataxia-teleangiectasia mutated
Adenosine triphosphate

ATM and Rads-related

Bone morphogenetic protein
5-bromo-2’-deoxyuridine

Budding uninhibited by benzimidazoles 3
B-transducin repeat-containing protein
CDK activating kinase
Ca**/calmodulin-dependent protein kinase II
CREB binding protein

Cyclin A2

Cyclin E

Cell division cycle 25A

Cyclin-dependent kinase
Cyclin-dependent kinase 2-associating protein 1
Checkpoint kinase 1

Checkpoint kinase 1

Casein kinase 1

Cyclin dependent kinase inhibitor
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CSL
CTD
D-MEM
DAPI
DSBs
DTT
Dvl
DYRK2
EDTA
EGTA
EpiSCs
Erbb
ERK
ESC
FBS
FITC
FoxO

Fz
GADDg5
Gfi1
GPRy9
GSK-3(
HAND1
HCF-1
HDACx1
hECCs

HEPES

CBF1/RBP-], Suppressor of hairless, Lag-1
C-terminal domain

Dulbecco’s modified Eagle’s medium
4,6-diamidino-2-phenylindole

Double strand breaks

Dithiothreitol

Dishevelled

Dual-specificity tyrosine-phosphorylation-regulated kinase 2

Ethylenediaminetetraacetic acid
Ethyleneglycoltetraacetic acid
Epiblast stem cells

Estrogen-related receptor b
Extracellular receptor kinase
Embryonic stem cell

Fetal bovine serum

Fluorescein isothiocyanate
Forkhead box

Frizzled

Growth arrest and DNA damage 45
Growth factor independent 1
G-protein-coupled receptor 49
Glycogen synthase kinase-3(3

Heart and neural crest derivatives expressed
Host cell factor-1

Histone deacetylase 1

human embryonal carcinoma cells

4-(2-hydroxyethyl)-1-piperazineethanesulphonic acid



HES
hESC
HRP
HSC
IG5
ICM
iPSCs
IR
IRIF
Kap1
LEF
LGRs5
LIF
LIFR
MAPK
Mef
mESC
miRNA
mirPSCs
MTT
NBS1
N-coR
NLK
ORCiL
PBS
PcG

PI3K
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Hairy and enhancer of split

human embryonic stem cell

Horse radish peroxidase

Hematopoietic stem cell

50% inhibitory concentration

Inner cell mass

induced pluripotent stem cells

Ionizing radiation

Irradiation induced foci

KRAB domain-associated protein
Lymphoid enhancer factor

Leucine-rich repeat-containing G protein-coupled receptor 5
Leukemia inhibitory factor

LIF receptor

Mitogen-activated protein kinase

Myeloid Elf1-like

mouse embryonic stem cell

micro RNA

miRNA-induced pluripotent stem cells
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
Nijmegen breakage syndrome 1

Nuclear coreceptor

NEMO-like kinase

Origin recognition complex subunit 1-like
Phosphate-buffered saline

Polycomb group

Phosphatidylinositol 3-kinase
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PIKK
PKC
PMSF
PRKDC
PYgo
pRB
Pten
RADs54L
RFC2
RPA3
ROS
RT-PCR
SC

SD
SDS
STAT3
TCF3
TCFs
TK

TLE

Tlx
TOP2A
TopBP1
TPs53
UNG

Phosphoinositide 3-kinase related kinase
Protein kinase C

Phenylmethylsulphonyl fluoride

Protein kinase, DNA-activated, catalytic polypeptide
Pygopus

Retinoblastoma protein

Phosphatase and tensin homologue

RADs54 like

Replication factor C2

Replication protein A3

Reactive oxygen species

Reverse transcription polymerase chain reaction
Stem cell

Standard deviation

Sodium dodecyl sulphate

Signal transducer and activator of transcription 3
T-cell factor 3

T-cell-specific factors

Thymidine kinase

Transducin-like-Enhancer of Split

Tailless

Topoisomerase II alpha

Topoisomerase-binding protein-1

Tumor protein 53

Uracil-DNA glycosylase
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7.2 SEQUENCES OF PRIMERS USED FOR QUANTITATIVE RT-PCR

Gene Primers (5" - 37)
Axini F: ACCCAGTACCACAGAGGACG
R: CTGCTTCCTCAACCCAGAAG
Axinz F: TAGGCGGAATGAAGATGGAC
R: CTGGTCACCCAACAAGGAGT
Brachyury F: CAGCCCACCTACTGGCTCTA
R: GAGCCTGGGGTGATGGTA
Cdk2 F: CACAGCCGTGGATATATGG
R: CATGGTGCTGGGTACACACT
Cdx2 F: CACCATCAGGAGGAAAAGTGA
R: CTGCGGTTCTGAAACCAAAT
Dax1 F: ACCGTGCTCTTTAACCCAGA
R: CCGGATGTGCTCAGTAAGG
Gapdh F: AGCTTGTCATCAACGGGAAG
R: TTTGATGTTAGTGGGGTCTCG

Gatag F: GGAAGACACCCCAATCTCG
R: CATGGCCCCACAATTGAC
Hmbs F: GAATTCAGTGCCATCGTCCT

R: CTTCTGGGTGCAAAATCTGG
Lamb1-1 F: TTGCGTGTGTTTGTGATCCT
R: ATCCAGAGGCACAGTCATCA

Lef1 F: TCACTGTCAGGCGACACTTC
R: ATGAGGTCTTTTGGGCTCCT
Nes F: CTGCAGGCCACTGAAAAGTIT

R: TCTGACTCTGTAGACCCTGCTTC
Pousf1 F: GTTGGAGAAGGTGGAACCAA
R: CTCCTTCTGCAGGGCTTTC
Cdknia  F: TCCACAGCGATATCCAGAGACA
R: GGACATCACCAGGATTGGAC
Runx2 F: GCCCAGGCGTATTTCAGA
R: TGCCTGGCTCTTCTTACTGAG
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ABSTRACT

Cyclin-dependent kinase 2 (Cdk2) is the major
regulator of the G1/S transition and the target of an
activated G1 checkpoint in somatic cells. In the
presence of DNA damage, Cdk2 Kkinase activity is
abrogated by a deficiency of Cdc25A phosphatase,
which is marked by Chk1/Chk2 for proteasomal
degradation. Embryonic stem cells (ESCs) lack a G1
checkpoint response. In this study, we analyzed the
G1 checkpoint pathways in mouse ESCs (mESCs) in
the presence of DNA double-strand breaks evoked by
ionizing radiation (IR). We show that checkpoint
pathways, which operate during G1 phase in somatic
cells, are activated in mESCs after IR; however,
Cdk2 activity is not abolished. We demonstrate that
Cdc25A is degraded in mESCs, but this degradation

is not regulated by Chkl and Chk2 kinases because
they are sequestered to the centrosome. Instead,
Cdc25A degradation is governed by GSK-3f kinase.
We hypothesize that Cdc25A degradation does not
inhibit Cdk2 activity because a considerable
proportion of Cdk2 molecules localize to the
cytoplasm and centrosomes in mESCs, where they
may be sheltered from regulation by nuclear
Cdc25A. We also demonstrate that a high and DNA
damage-irresponsive Cdk2 activity is the driving
force of the rapid escape of mESCs from G1 phase
after DNA damage.

| INTRODUCTION

Embryonic stem cells (ESCs) are pluripotent
[1, 2], naturally immortal cells derived from
the inner cell mass of mammalian blastocysts
[3]. These self-renewing cells display a cell
cycle structure and regulation that are distinct
from those of somatic cells and are also
similar, in some features, to those of cancer
cells [4]. Among other differences, ESCs
proliferate rapidly, have a very short G1 phase,
and lack a functional restriction point [5-9].
Moreover, ESCs do not arrest in G1 phase after

DNA damage, and their G1 checkpoint has
been described as non-functional [9-11].

In somatic cells, the GI1/S transition is
governed by Cdk2-cyclin E complexes through
their action on several targets. The major target
of Cdk2-cyclin E 1is retinoblastoma tumor
suppressor protein (pRb) [12]. To be activated,
Cdk2 must be phosphorylated at Thr160 [13]
by Cdk-activating kinase (CAK) [14, 15]. In
contrast, the phosphorylation of two Cdk2
residues (Thr14 and Tyrl5) located within the
ATP binding loop leads to Cdk2 inactivation

Author contributions: Z.K.: conception and design, administrative support, collection and assembly of data, data analysis and interpretation,
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[13]. The level of the inhibitory
phosphorylation is regulated by the activity of
Weel/Mytl kinases [16-18] and Cdc25A
phosphatase [19, 20].

Cdc25A phosphatase is an essential activator
of cell cycle progression [21]. It is an unstable
protein whose cellular levels are regulated by
periodic synthesis and ubiquitin-mediated
proteolysis throughout the cell cycle. Cdc25A
has an important function in late G1 phase
when it accumulates as a result of E2F-1- and
c-Myc-mediated transcriptional activation [19,
22, 23]. Cdc25A dephosphorylates Cdk2 at
Thr14 and Tyrl5, thereby activating Cdk2-
cyclin E complexes [20], which further
phosphorylate and activate Cdc25A to create
an autoamplification loop [24]. Cdc25A also
regulates the activity of Cdk2-cyclin A in S
phase. During mitosis, Cdc25A contributes to
the dephosphorylation and activation of Cdkl
[25].

The G1 checkpoint is controlled via two
pathways, the immediate and the delayed
response pathways, which converge on Cdk2
to block its activity. The immediate response
pathway leads to  Chkl/Chk2-mediated
phosphorylation and subsequent degradation of
Cdc25A [26, 27]. The delayed G1 checkpoint
response pathway involves phosphorylation of
pS3 at several residues, including Serl5 (Serl8
in mouse) and Ser20. Phosphorylation of these
residues  increases p53  stability and
transactivation capacity [28, 29], resulting in
the upregulation of the Cdk inhibitory protein
p21°P' [30]. Both G1 checkpoint pathways are
non-functional in mouse ESCs (mESCs)
because of the inability of mESCs to
translocate p53 into the nucleus after DNA
damage [10] and also because of the
centrosomal sequestration and, thus, spatial
separation of Chk2 from its target Cdc25A

[11].

In this study, we have further investigated the
causes of G1 checkpoint non-functionality in
mESCs. For the first time, we describe a lack
of Cdc25A-Cdk2 communication in response
to DNA damage in mESCs and clearly
demonstrate that, although Cdc25A is degraded
after DNA damage, this degradation does not

DNA damage response in mouse embryonic stem cells

inhibit Cdk2 activity. Instead of Chkl1/Chk2
kinases, GSK-3f kinase is involved in DNA
damage-mediated Cdc25A degradation in
mESCs.

MATERIAL AND METHODS

Cell Culture, Irradiation and
Synchronization

For our studies, we used two different mESC
lines, the inbred cell line HM-1 derived from
the 129 mouse strain [31] and the F1
(129SvJaexC57BL/6) hybrid line V6.5 (Open
Biosystems, Huntsville, AL, USA). The total in
vitro culture time of these mESCs at the time
of experimental testing was equivalent to
passage numbers 22 — 35 of the original mESC
line. Both mESC lines were checked
repeatedly for chromosome numbers and
karyotype abnormalities. mESC culture was
carried out following standard procedures [32].
Briefly, the cells were maintained in culture
dishes covered with 0.1% gelatin (Sigma-
Aldrich, St. Louis, MO, USA) in a humidified
atmosphere of 10% CO, at 37°C in high-
glucose Dulbecco’s modified Eagle medium
(DMEM) with GlutaMAX (Invitrogen/Gibco,
Grand Island, NY, USA) supplemented with
15% fetal bovine serum (FBS; HyClone,
Logan, UT, USA), 0. mM non-essential
amino acids, 1 mM sodium pyruvate, 2 mM
glutamine, 100 U/ml penicillin, 100 pg/ml
streptomycin  (Invitrogen/Gibco), 0.1 uM
B-mercaptoethanol (Serva, Heidelberg,
Germany) and 1,000 U/ml leukemia inhibitory
factor (ESGRO, Chemicon, Temecula, CA,
USA). Mouse embryonic fibroblasts NIH3T3
(ATCC) were maintained in high-glucose
DMEM with GlutaMAX supplemented with
15% FBS (Invitrogen/Gibco), 100 U/ml
penicillin and 100 pg/ml streptomycin. Cells
were irradiated with a defined dosage (4 Gy) of
gamma irradiation (cobalt irradiator, Teragam,
Prague, Czech Republic).

Cells were synchronized in G2/M phase by
treating them with 400 nM nocodazole (Sigma-
Aldrich, St. Louis, MO, USA). mESCs were
grown in the presence of nocodazole for 12 h,
and NIH3T3 cells were grown in its presence
for 24 h. After mitotic shake-off, cells were
washed three times with phosphate-buffered



saline (PBS) with 1% FBS (Invitrogen/Gibco)
and plated in standard media.

Drugs and Inhibitors

Nocodazole was stored as a 400 uM stock
solution in DMSO. CEP3891 (Cephalon,
Frazer, PA, USA) was stored as a 500 uM
solution in DMSO and used at a concentration
of 500 nM. The Chk2 inhibitor II [2-(4-(4-
chlorophenoxy)phenyl)-1H-benzimidazole-5-
carboxamide; Merck Chemicals Limited,
Darmstadt, Germany] was stored as 300 uM
solution in DMSO and used at 300 nM. LiCl
(Sigma-Aldrich) was prepared as a 100 mM
solution in PBS and used at 10 mM. The GSK-
3 inhibitor X (6-bromoindirubin-3’-acetoxime;
Merck Chemicals Limited) was stored as a 2.5
mM stock solution in DMSO and used at 5
uM. Olomoucine 1I (2-{[2-((1-R)-1-
hydroxymethyl-propylamino)-9-isopropyl-
9Hpurin-6-ylamino]-methyl}-phenol) was
synthesized according to published procedures
[33], stored as a 100 mM solution in DMSO
and used at 5 uM.

Flow Cytometric Analysis

Cell cycle distribution was evaluated by
propidium iodide staining. Cells were
trypsinized (0.05% trypsin-EDTA;
Invitrogen/Gibco) and resuspended in PBS to
obtain a single cell suspension, washed with
PBS, and fixed in ice cold 70% ethanol. After
rehydration in PBS with 1% FBS
(Invitrogen/Gibco), cells were incubated in
1.1% sodium citrate with 5 ng/pl ribonuclease
A (DNA Lego Ribonuclease A; Top-Bio,
Prague, Czech Republic) and 60 pg/ul
propidium iodide (Sigma-Aldrich) for 30 min
at 37°C in the dark. Cells were analyzed by
flow cytometry on a Cytomics FC 500 machine
using CXP software (Beckman Coulter,
Fullerton, CA, USA). MultiCycle software
(Phoenix Flow Systems) was applied to assess
cell cycle distribution.

Western Blot Analysis

Cells in culture dishes were washed with cold
PBS, collected into IP buffer (50 mM HEPES,
pH 7.5, 150 mM NaCl, | mM EDTA, 2.5 mM
EGTA, 10% (v/v) glycerol, 0.1% (v/v) Tween
20, 1 M DTT, 1 pM NaF, 10 uM
B-glycerophosphate, 10 pg/ml leupeptin, 2
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pug/ml aprotinin, 0.1 puM Naz;VOs, 0.1 puM
PMSF), and incubated for 1 h at 4°C. Lysates
were cleared by centrifugation at 18,800 g at
4°C  for 30 min. Proteins  were
electrophoretically resolved on 10-15% SDS-
polyacrylamide gels (for detection of Chk2
mobility shift, 10% SDS-polyacrylamide gels
were used) and  electroblotted onto
nitrocellulose membranes (Bio-Rad, Hercules,
CA, USA). Membranes were incubated with
primary antibodies at dilutions recommended
by the supplier at 4°C overnight, washed in
PBS with 0.05% Tween 20, and incubated for

1 h with the appropriate horse radish
peroxidase =~ (HRP)-conjugated  secondary
antibody (DakoCytomation, Glostrup,

Denmark). HRP activity was detected with
ECL detection kit (Pierce, Rockford, IL, USA)
on films (Kodak, Rochester, NY, USA). The
following primary antibodies were used: anti-
actin, anti-Chk2 (DCS-273) and anti-phospho-
retinoblastoma  (Rb)  [pSer612] (Sigma-
Aldrich); anti-Chkl (Stressgen, Ann Arbor,
MI, USA); B-catenin (L87A12), Cdc25A (F-6),
Cdk2 (M-2), cyclin A (C-19) and p-
Cdk2(Thr14/Tyrl5)-R (Santa Cruz
Biotechnology Inc., Santa Cruz, CA, USA);
anti-p21 (BD Pharmingen, San Diego, CA,
USA); and phospho-Chk1 (Ser345), phospho-
GSK-3B (Ser9) (5B3), p53 (1C12) and
phospho-p53  (Ser15)  (Cell  Signaling
Technology, Danvers, MA, USA).

Immunoprecipitation and Kinase Assay

Immunoprecipitations were conducted at 4°C.
Protein A agarose beads (Sigma-Aldrich) were
incubated for 1 h on a rotor in 1 ml IP buffer
with 1 pg of Cdk2 antibody [Cdk2 (M-2),
Santa Cruz Biotechnology], Chkl antibody
[anti-Chk]l (DCS-316), Sigma-Aldrich] or
Chk2 antibody [Chk2 (H-300), Santa Cruz
Biotechnology]. After washing three times
with IP buffer, agarose beads were incubated
for 1 h with protein lysates (Cdk2 kinase
assays: 200 pg of proteins for mESCs or 400
pug proteins for NIH3T3; Chk1/Chk2 kinase
assays: 100 pg of proteins) in IP buffer on a
rotor and finally washed three times with IP
buffer. Agarose beads with immunocomplexes
were equalized with kinase assay buffer (KAB;
50 mM HEPES pH 7.5, 10 mM MgCl,, 5 mM
MnClL, 25 mM EGTA, 100 pM



B-glycerophosphate, 2 pM NaF, 1 uM DTT,
0.1 puM NazVO,). The beads were then
resuspended in 30 pl kinase reaction mixture
[18 ul KAB, 9 ul 75 uM ATP in KAB, 1 ul
3P-y-ATP (10 pCi; MP Biochemicals, Irvine,
CA, USA) and either 2 pg histone H1 (for
Cdk2 kinase assays; Upstate, Lake Placid, NY,
USA) or 2 pg Chkl1/2 peptide substrate (for
Chk1/2  kinase assays; Biaffin, Kassel,
Germany)] and incubated for 30 min at 30°C.
Reactions were terminated by addition of 12 pl
of 4x loading sample buffer (8% SDS, 40%
glycerol, 400 mM DTT, 240 mM Tris, pH 6.8,
0.004% bromophenol blue). Samples were
boiled and electrophoretically separated on
SDS-polyacrylamide gels. The radioactivity of
dried gels was detected with the bioimager
BAS 1800 with a Fuji LAS 1000 CCD Camera
System (Fuji Photo Film Co., Ltd., Tokyo,
Japan) and quantified with Image Gauge
software (Fuji, Valhalla, NY, USA).

Statistical analysis

Statistical evaluation of data was performed
with the independent two sample t-test using
Statistica 8.0 (StatSoft, Inc., Tulsa, OK, USA).

P < 0.05 was considered statistically
significant.

Immunocytochemistry

Cells were grown on gelatinized glass

coverslips, washed with PBS and fixed for 7
min with a methanol-acetone mixture (1:1,
-20°C). Alternatively, to deplete soluble
proteins from cytoplasm, the cells were
permeabilized for 5 min with 0.5% Triton X-
100 in PHEM buffer ([34]; 60 mM PIPES, 25
mM HEPES, 10 mM EGTA, 2 mM MgCl,, pH
6.9) at room temperature, washed twice with
PHEM buffer, and fixed for 10 min with -20°C
methanol. Fixed cells on coverslips were
blocked with blocking buffer (1% FBS in
PBS), stained with primary antibodies
[Cdc25A (M-191), Cdk2 (M-2), Chk2 (A-12)
(all Santa Cruz Biotechnology); gamma-
tubulin (TU-30, Exbio, Prague, Czech
Republic); GSK-3p (BD Biosciences, Franklin
Lakes, NJ, USA); pericentrin (Abcam,
Cambridge, UK); Chkl antibody (DCS-
310.1.1, Sigma-Aldrich)] diluted in blocking
buffer for 1 h at room temperature. After
washing with PBS, cells were incubated for 30
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min with the appropriate fluorophore-
conjugated secondary anti-mouse or anti-rabbit
antibody [Alexa Fluor® 594, goat anti-rabbit
IgG (H+L), Alexa Fluor® 488 donkey anti-
mouse IgG (H+L) (Invitrogen, Carlsbad, CA,
USA)] in the dark, washed with PBS, dried
with ethanol and mounted in Mowiol with
DAPI  (Sigma-Aldrich).  Samples  were
analyzed using a microscope (Olympus IX 81;
Olympus, Tokyo, Japan) fitted with a confocal
detection system (Olympus FV  1000;
Olympus) and LCS Imaris 5.0.3 software
(Bitplane, Zurich, Switzerland). Images were
processed using IrfanView, DP Manager
(Olympus) and GIMP software.

| RESULTS

G1 checkpoint deficiency in mESCs is a
consequence of persistent Cdk2 kinase
activity after DNA damage

In somatic cells, G1 checkpoint activation in
response to ionizing radiation (IR) leads to the
rapid G1 arrest through inhibition of cyclin E-
Cdk2 kinase activity [26]. Because mESCs do
not arrest in G1 after DNA damage [9-11], we
questioned the functionality of this mechanism
in mESCs.

First, we verified the lack of a G1 arrest in
V6.5 and HM-1 mESC lines. mESCs were
treated with IR (4 Gy), and their cell cycle
dynamics was analyzed by flow cytometry 1.5
and 3 h after IR. There were obviously fewer
cells in G1 phase and more cells in S and
G2/M after IR in both cell lines (Suppl. Fig. 1).
The cell cycle profiles of irradiated mESCs
clearly show an escape from Gl phase and
thereby demonstrate the lack of G1 arrest after
IR. The cell cycle analysis also indicated that
V6.5 cells escape from Gl phase faster than
HM-1 cells, as the V6.5 G1 phase cell numbers
decrease (and the G2/M phase cell numbers
increase) more rapidly than those of HM-I
cells. The increased speed of Gl escape in
V6.5 cells might be due to their shorter
generation time when compared to HM-1 cells.

mESCs display a unique cell cycle structure
with an extremely short G1 phase [6, 7]. To
analyze the DNA damage response in these
cells during G1 phase, it was necessary to



increase the number of cells in this cell cycle
phase. Therefore, both mESC lines V6.5 and
HM-1 were synchronized in M phase by
nocodazole treatment. After release from
nocodazole arrest, cell cycle progression was
monitored by flow cytometric analysis and
cyclin A levels (Fig. 1 and Suppl. Fig. 2).
Based on the results of these experiments, 1.5-
and 3-h time points, corresponding to early and
late G1 phase, respectively, were chosen for
further analysis. As a control, mouse
fibroblasts NIH3T3 were treated analogously.
Early and late Gl phase in this cell line
occurred 3 and 7 h after nocodazole release,
respectively, as judged based on flow
cytometric cell cycle progression analysis and
cyclin A levels (data not shown).

After release from nocodazole-induced arrest,
mESCs as well as control NIH3T3 cells were
IR- or mock-treated in early and late G1 phases
and harvested 1 and 3 h after the treatment.
Subsequently, whole cell lysates were prepared
and examined for Cdk2 activity in histone H1
kinase assays. The results were normalized to
mock-treated cells for each particular time
point. As expected, there was a major decrease
in Cdk2 kinase activity after DNA damage in
NIH3T3 cells (Fig. 2A). However, Cdk2
kinase activity was not significantly reduced
after IR in mESCs (Fig. 2A and Suppl. Fig.
3A). This non-responsiveness of Cdk2 activity
to IR in mESCs was corroborated by the
analysis of the pRb phosphorylation status at
the Cdk2-specific phosphorylation site Ser612
[35]. Whereas the decreased Cdk2 kinase
activity after IR corresponded to decreased
pRb-Ser612  phosphorylation in  control
NIH3T3 cells (at time points 7+1 and 7+3), the
IR-induced phosphorylation of pRb at Ser612
remained unchanged in mESCs (Fig. 2B and
Suppl. Fig. 3B).

Inhibitory phosphorylation of Cdk?2 at
Thr14/Tyr15 remains unchanged after IR in
mESCs

In somatic cells, Cdk2 activity is inhibited in
response to DNA damage by increased
inhibitory phosphorylation at Thr14/Tyr15 [20,

36]. As shown in Figure 2C and
Supplementary Figure 3C, Cdk2
phosphorylation at Thr14/Tyrl5 remains
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unchanged after IR-induced DNA damage in
mESCs when comparing the phosphorylation
levels of IR-treated/non-treated cells at
individual time points. By comparison, control
NIH3T3  fibroblasts  showed increased
Thr14/Tyrl5 phosphorylation levels after IR
(Fig. 2C), as expected.

The p53-p21“"' G1 checkpoint pathway is
activated after IR in mESCs

Because Cdk2 activity was not abrogated after
DNA damage in mESCs, we asked whether the
upstream components of Gl checkpoint
pathways become activated in these cells after
IR. Both mESCs and NIH3T3 cells were
synchronized in M phase and, after nocodazole
release, were then IR- or mock-treated at time
points corresponding to early and late Gl
phase as described above. Cell extracts were
analyzed by western blot. Previous reports
suggested that G1 checkpoint pathways may be
compromised in mESCs [10, 11, 37]. However,
in our experiments, the p53-p21<"' pathway
was activated in mESCs similar to somatic
cells (Fig. 3A) after IR-induced DNA damage.
Comparable to somatic cells exposed to IR,
p53 was phosphorylated at Serl8. In addition,
the level of p21“"', the major transcriptional
target of pS53, increased in mESCs after IR
(Fig. 3A and Suppl. Fig. 4A). The marked
increase of p2] gene expression after DNA
damage in both mESCs and NIH3T3 cells was
confirmed by quantitative RT-PCR analysis
(Suppl. Fig. 4B).

To rule out the possibility that differentiation
may cause the observed IR-induced p2l
expression in mESCs, we checked the
differentiation status of both V6.5 and HM-1
mESCs using differentiation and pluripotency
marker analysis. The quantitative RT-PCR
analysis  showed that expression  of
differentiation markers (Brachyury, Cdx2,
Gata4, Lambl-1, Nestin, Runx2) was low and
that the expression of pluripotency markers
(Oct4 and Daxl) was sustained (Suppl. Fig.
4C), thus confirming the undifferentiated status
of the V6.5 and HM-1 cells used in our study.



Chk1 kinase localizes to centrosomes in
mESCs, and its phosphorylation at Ser345 is
not increased after IR-induced DNA
damage

In somatic cells, Chkl kinase is implicated in
the response to DNA damage throughout the
cell cycle [26, 38, 39]. Chkl localizes to the
nucleus, and its expression is regulated by E2F
[40]. Chkl is active during unperturbed cell
cycles [41, 42] and is significantly
phosphorylated at Ser317 [43] and Ser345 [38]
after DNA damage. We found that Chkl is
constitutively phosphorylated at Ser345 and
that the phosphorylation level of Chkl at
Ser345 does not change after IR-induced DNA
damage in mESCs (Fig. 3B and Suppl. Fig.
4D). In NIH3T3 cells, we did not observe any
phosphorylation of Chk1 at Ser345 exposed to
IR (data not shown), which is in agreement
with a predominant role of Chkl in response to
UV irradiation in somatic cells [44]. In
agreement with both a recent report on the
centrosomal localization of Chk2 kinase in
mESC line J11 [11] and our observation that
Chk2 localizes to centrosomes in V6.5 and
HM-1 mESCs (Suppl. Fig. 4E), we
investigated Chk1 localization in these cells by
immunofluorescence microscopy. Chkl was
entirely sequestered to the centrosomes in both
mESC lines used (Fig. 3C and Suppl. Fig. 4F);
its localization did not change after DNA
damage (data not shown).

Cdc25A phosphatase is degraded in
response to DNA damage, and its
degradation is not regulated by Chk1/Chk2
kinases in mESCs

In agreement with previous reports on somatic
cells [27, 45], but contrary to a previous report
on mESCs [11] in which the Chk2-Cdc25A
axis was reported to be non-functional due to
centrosomal sequestration of Chk2, our
analysis revealed activation of Chk2 in
response to IR-induced DNA damage in
mESCs; this response was comparable to Chk2
activation in NIH3T3 cells (Fig. 4A and Suppl.
Fig. 5A). Correspondingly, we detected
Cdc25A degradation after DNA damage in
both control NIH3T3 cells and mESCs (Fig.
4A and Suppl. Fig. 5A).
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Our observation of centrosomal localization of
Chkl1 (Fig. 3C and Suppl. Fig. 4F) and Chk2
(Suppl. Fig. 4E) made us question their role in
degradation of Cdc25A after IR in mESCs. To
shed more light on this issue, 30 min prior to
IR, mESCs were treated with 500 nM Chkl1
inhibitor CEP3891 [46] and 300 nM Chk2
inhibitor II [47]. The effectiveness of Chk1 and
Chk2 inhibition was checked with Chkl and
Chk2 kinase assays (Suppl. Fig. 5B, C).
Western blot analysis revealed that Cdc25A
degradation after IR is non-responsive to Chkl
and Chk2 inhibition in mESCs (Fig. 4B and
Suppl. Fig. 5D). Furthermore, Cdc25A
localized to the cytoplasm (Suppl. Fig. SE) and
the nucleus in mESCs (Fig. 4 C and Suppl. Fig.
5F) as well as in NIH3T3 cells (Fig. 4C) and
was not detectable at centrosomes in any cells.
Taken together, we suggest that Chkl and
Chk2 are not responsible for Cdc25A
degradation after IR in mESCs due to their
centrosomal sequestration.

Cdk2 is predominantly localized to
cytoplasm and centrosomes in mESCs
Having uncovered the localization discrepancy
between Chkl/Chk2 and Cdc25A, we
investigated the localization of Cdk2, the target
of the G1 checkpoint, in both mESCs as well
as NIH3T3 cells. In NIH3T3 fibroblasts, Cdk2
localized to the nucleus (Fig. 5) and the
cytoplasm (data not shown). Some Cdk2 was
also  detectable at  centrosomes by
colocalization with the centrosomal marker -
tubulin (Fig. 5A). In mESCs, Cdk2 localized
predominantly to the cytoplasm (Suppl. Fig. 6)
and centrosomes (Fig. 5A), and its localization
did not change after DNA damage (Fig. 5B). In
the context of Cdk2-Cdc25A interactions, the
centrosomal abundance of Cdk2 is of special
interest because this centrosomal population of
Cdk2 may be excluded from regulation by
Cdc25A after IR.

GSK-3p activity is required for IR-induced
Cdc25A degradation in mESCs

Recently, glycogen synthase kinase-3p3 (GSK-
3) was reported to regulate Cdc25A
proteolysis in G1 phase in somatic cells [48].
Therefore, we hypothesized that GSK-33
activity may regulate Cdc25A degradation
after IR in mESCs. We blocked this kinase



using its inhibitors lithium chloride [49] (10
mM LiCl) or 6-bromoindirubin-3’-acetoxime
[50] and investigated Cdc25A degradation
under these conditions after DNA damage in
both mESCs and NIH3T3 cells. The
effectiveness of GSK-3f inhibition in our
experiments was controlled by monitoring the
increase of negative regulatory
phosphorylation of GSK-38 at Ser9 and/or
increase of P-catenin levels, which is targeted
for degradation by active GSK-3p (Fig. 6A, B,
and Suppl. Fig. 7A, B). Accumulation of f-
catenin corresponded to increased expression
of its target genes Lef~1 [51, 52] and Axin2 [53,
54] (Fig. 6C, Suppl. Fig. 7C). In mESCs,
inhibition of GSK-3f completely abrogated
IR-induced degradation of Cdc25A (Fig. 6A,
B, and Suppl. Fig. 7A, B). On the other hand,
GSK-3B inhibition had only little impact on
Cdc25A degradation after IR in NIH3T3
fibroblasts (Fig. 6A), in which Chkl/Chk2
activity towards Cdc25A is intact.

Further, we investigated the localization of
GSK-3f in mESCs and found it in the
cytoplasm in both mock-treated (Fig. 6D and
Suppl. Fig. 7D) and IR-treated cells (Suppl.
Fig. 7E), ie. in the same cell compartment
where Cdc25A is localized. These observations
collectively suggest a regulatory role for GSK-
38 in IR-induced Cdc25A degradation in
mESCs.

Downregulation of Cdk2 activity slows
escape of mESCs from G1 after DNA
damage

Based on our observation that Cdk2 activity is
not abrogated after DNA damage in mESC, we
hypothesized that high and persistent Cdk2
activity may be the driving force of G1 escape
after DNA damage and, thus, the cause of the
lack of Gl arrest after DNA damage in
mESCs. To test this hypothesis, we used
olomoucine II, a potent Cdk2 inhibitor [55], to
downregulate Cdk2 activity and monitor the
effects of Cdk2 inactivation on mESC cell
cycle dynamics after DNA  damage.
Downregulating Cdk2 activity to 50% by 5 uM
olomoucine II (Fig. 7A) significantly slowed
the decrease of cells in G1 after IR (Fig. 7B,
Suppl. Fig. 8) and slowed down the G1 escape
of mESCs. This observation corroborates the
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central role of unimpaired Cdk2 activity in
rapid, DNA-damage non-responsive escape of
mESCs from G1 phase.

‘ DISCUSSION

G1 checkpoint pathways are well described in
somatic cells. However, to date, there is only
little data available with regard to the lack of a
G1 checkpoint response in mESCs.

In somatic cells, Cdk2 kinase is the key G1/S
transition-promoting enzyme. Its activity
towards its substrates, such as pRb, is both
rate-limiting and essential for S phase entry. In
response to DNA damage, Cdk2 kinase is
targeted by the G1 checkpoint to abrogate its
activity and, thus, to prevent S phase entry.
mESCs are known for their inability to arrest in
G1 phase after DNA damage. Instead, mESCs
with damaged DNA are preferentially
eliminated through apoptosis [10]. Here, we
show that the absence of a G1 arrest in mESCs
after IR-induced DNA damage is caused by the
insensitivity of Cdk2 kinase activity to DNA
damage.

Sustained Cdk2 kinase activity in mESCs
seems to be crucial for transition from G1 to S
phase after DNA damage, as downregulating
Cdk2 activity slowed the G1 escape after IR in
mESCs. DNA damage-refractory Cdk2 activity
may be important for maintenance of
pluripotency in ESCs because, as recently
showed by Neganova et al. [56] and by us [57],
downregulating Cdk2 activity in ESCs leads to
their differentiation.

Persistent Cdk2 kinase activity after DNA
damage in mESCs was confirmed also by
unchanged level of phosphorylation at pRb-
Ser612, the Cdk2 target site. Recently, it was
shown that pRb-Ser612 is also phosphorylated
by Chkl1/Chk2 after DNA damage [58]. This
activity may be responsible for the sustained
level of pRb-Ser612 phosphorylation observed
in NIH3T3 cells after IR in early G1 phase,
which did not correspond to the decreased
Cdk2 activity observed at the time points 3+1
and 3+3. Nevertheless, Chkl/Chk2 are
probably not involved in the phosphorylation
of pRb in mESCs because these proteins



localize to different cell compartments (our
observation, data not shown) and Cdk2 activity
remains sufficiently high in these cells to fulfill
this task.

Cdk2 activity in somatic cells is abrogated by
Chk1/Chk2-mediated degradation of Cdc25A
phosphatase [26, 27], which is required for
Cdk2 activation. We found that both Chk1 and
Chk2 kinases are localized to centrosomes in
mESCs and, therefore, are unavailable to
participate in Cdc25A degradation.
Correspondingly, Chk1-Ser345
phosphorylation, which is essential for Chkl-
Cdc25A signal transmission [42], did not
increase after DNA damage. Instead, Chk1 was
constitutively phosphorylated at Ser345, which
may be necessary for proper localization of
Chkl1 to centrosomes [59]. In contrast to Chkl
kinase, Chk2 was regularly activated after IR
despite its centrosomal sequestration in
mESCs. We confirmed the disconnected
signaling between Chk1/Chk2 and Cdc25A by
dual inhibition of Chkl and Chk2, which did
not abrogate Cdc25A degradation in mESCs.
Instead, we found that GSK-3p regulates the
level of Cdc25A phosphatase in response to IR
in mESCs. Fittingly and in contrast to
Chk1/Chk2 and Cdc25A, GSK-3p and Cdc25A
localize to the same cellular compartment in
mESCs. GSK-3f activity influences the
maintenance of mESCs properties, such as
self-renewal, propagation, and differentiation
[60]. In addition, phosphorylation of Cdc25A
by GSK-3p has already been described in
somatic cells, where GSK-3f participates in
Cdc25A degradation during early G1 phase
[48]. However, which signaling molecules
transmit the DNA damage signal to GSK-3f in
mESCs remains unknown.

Although Cdc25A was efficiently degraded
after DNA damage in a GSK-3B-dependent
manner, Cdc25A  degradation was not
sufficient to abrogate Cdk2 activity in mESCs.
Correspondingly, Cdk2 phosphorylation at
Thr14/Tyrl5, the target sites of Cdc25A
phosphatase, remained unchanged after DNA
damage. A possible explanation for this finding
may be that a sizable proportion of Cdk2 also
localizes to centrosomes in mESCs, which may
be sheltered from any changes in cellular
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Cdc25A levels, as we did not find detectable
amounts of Cdc25A at the centrosomes by
immunofluorescence staining. These results
lend further support of a role for centrosomes
in the regulation of cell cycle progression and
checkpoint response in mESCs, as suggested
by earlier observations [11]. Also, the concept
of centrosomes as cell cycle control centers has
long been suggested for somatic cells [61].

Weel/Mytl phosphorylate Cdk2-Thr14/Tyr15
[16-18], thus having a function opposing
Cdc25A. Because Cdc25A is degraded after
DNA damage in mESCs, Weel/Mytl activity
would have to be abrogated for the
Thr14/Tyrl5 phosphorylation level to remain
stable when Cdc25A is degraded. Whether
Weel/Mytl activity is regulated by DNA
damage in mESCs and, if so, what is the
mechanism of abrogating Weel/Mytl activity
towards Cdk2 remains to be determined.

In mESCs, the functional status of the
alternative Gl checkpoint pathway, p53-
p21P! is disputed. Results on p53 activation
by Serl8 phosphorylation after IR in mESCs
are contradictory [11, 37]. Aladjem et al. [10]
have suggested that the lack of increased p21
expression after DNA damage in mESCs is due
to the inability of p53 to translocate into the
nucleus after DNA damage. It was also
reported that the p53-p21“*' pathway becomes
functional in mESCs upon their differentiation
[10] and that p21 expression is repressed in
undifferentiated mESCs by ESC-specific micro
RNAs [62]. In contrast, another study [63]
suggested a p53-dependent suppression of
Nanog expression as an alternative pathway to
maintain genetic stability in mESCs, which
would obviously require nuclear localization of
p53. In contrast to mESCs, a rapid and robust
induction of p21“"' upon IR in human ESCs
has been reported [64]. Although some of the
discrepancies observed by different groups
may be explained by the use of different ESC
lines, it is difficult to reconcile between these
studies. Nevertheless, our study revealed p53
activation, increased p2/ expression and
accumulation of p21“?" after IR in mESCs that
is similar to the situation in human ESCs and
somatic cells. Because Cdk2 activity was
unaffected by IR, these findings suggest that



Cdk2 activity is refractory to both p21P!
accumulation as well as Cdc25A degradation
in mESCs. As discussed above, a possible
explanation may be the centrosomal
delocalization of a significant portion of Cdk2
molecules. These molecules could be, by an
unknown mechanism, protected from p21
binding. An alternative explanation may be the
requirement for equimolar concentrations of
p21“?" and cyclin/Cdk2 complexes for
efficient Cdk2 inhibition [65]; the observed
p21P! protein accumulation in mESCs in our
study may be insufficient to buffer high
concentrations of Cdk2.

CONCLUSION |

This study shows that mESCs regularly
activate both the immediate and delayed Gl
checkpoint pathways known in somatic cells in
response to DNA damage. However, these
pathways do not impact the activity of Cdk2,
which is  predominantly localized at
centrosomes in mMESCs, where it may be
sheltered from regulation by nuclear Cdc25A.
Furthermore, we show that Cdc25A
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phosphatase is degraded after DNA damage in
mESCs, but this degradation is not mediated by
Chkl and Chk2, which are sequestered to
centrosomes. Instead, this degradation seems to
be regulated by GSK-3p kinase.
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Figure 1. Monitoring the cell cycle progression of synchronized mESCs. Cells were collected at
the indicated time points after release from nocodazole, and their cell-cycle progression was
monitored by flow cytometry (A) and western blot analysis (B). A. Cell-cycle profiles of
synchronized V6.5 cells. Hyperdiploid cells (>2n) were excluded from assessment of cell cycle
distribution. B. Immunoblots for cyclin A in synchronized V6.5 cells. Staining for B-actin was used

as a loading control.
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DNA damage response in mouse embryonic stem cells

Figure 2. Activity of Cdk2 kinase is not decreased in response to DNA damage in mESCs. A.
Cdk2 kinase activity in synchronized V6.5 and NIH3T3 cells after mock- or IR-treatment (black
and grey columns, respectively). The data represent the mean of three independent experiments;
bars designate standard deviations. *P < 0.05, **P < 0.005. In V6.5 cells, Cdk2 activity changes
after IR were not statistically significant: P = 0.18, 0.06, 0.11 and 0.08 for time points 1.5+1, 1.5+3,
3+1 and 343, respectively. B. pRb Ser612 phosphorylation [pRb-(P)Ser612] does not change after
DNA damage in mESCs. C. Inhibitory phosphorylation of Cdk2 on Thr14/Tyrl5 [Cdk2-
(P)Thr14/Tyr15] does not increase after DNA damage in mESCs. Designation of time points: time
(in hours) after nocodazole release in which cells were irradiated plus time (in hours) after IR in
which cells were collected for lysates.
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DNA damage response in mouse embryonic stem cells

Figure 3. Characterization of the p53-p21P! pathway and Chk1 phosphorylation and localization
in mESCs. A. The p53-p21"! pathway is activated after DNA damage in both V6.5 mESCs and
NIH3T3 cells. Staining for cyclin A and B-actin were performed to check cell cycle phase and
protein loading, respectively. Time points are designated as in Fig. 2. B. Levels of Chkl
phosphorylation at Ser345 [Chk1-(P)Ser345] do not change after IR in V6.5 mESCs. C. Chkl
localizes entirely to centrosomes in V6.5 mESCs. After extraction of soluble proteins, V6.5 cells
were fixed with methanol. Markers: y-tubulin - centrosomes; DAPI - DNA. Scale bar, 5 pm.
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DNA damage response in mouse embryonic stem cells

Figure 4. Characterization of the Chk2—Cdc25A pathway in mESCs. A. Chk2 is activated, and
Cdc25A is degraded in mESCs. The phosphorylation status of Chk2 was detected by a mobility
shift of the Chk2-specific band [66-69]. Time points are designated as in Fig. 2. B. Cdc25A
degradation after DNA damage is not regulated by Chk1/Chk2 in mESCs. V6.5 and NIH3T3 cells
were mock-treated (DMSO) or treated with CEP3891 and Chk2 inhibitor II for 30 min, IR- or
mock-treated and collected 1 h after IR. C. Cdc25A localizes to nuclei in mESC line V6.5 and
NIH3T3 fibroblasts. After extraction of soluble proteins, the cells were fixed with methanol.
Markers: y-tubulin - centrosomes; DAPI - DNA. Scale bar, 5 um.
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DNA damage response in mouse embryonic stem cells

Figure 5. Cdk2 localizes predominantly to centrosomes in mESCs. Immunolocalization of Cdk2 in
methanol-fixed NIH3T3, V6.5 and HM-1 cells after extraction of the soluble protein pool. Prior to
fixation, mESCs were either mock- (A) or IR-treated (B). Cytoplasmic remnants can be seen in
V6.5 and HM-1 cells because the soluble proteins could not be completely removed because of the
tight growth of mESCs in colonies. Markers: y-tubulin - centrosomes; DAPI - DNA. Scale bar, 5
pm.
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DNA damage response in mouse embryonic stem cells

Figure 6. Cdc25A degradation is regulated by GSK-3 in mESCs. A. V6.5 and NIH3T3 cells were
mock- or LiCl-treated for 2.5 h. Afterwards, they were IR- or mock-treated and lysed 0.5 or 1.5 h
after IR. Abrogation of GSK-3f activity was confirmed by increased levels of GSK-33-Ser9
inhibitory phosphorylation as well as by the accumulation of B-catenin. B. V6.5 cells were treated
with 6-bromoindirubin-3’-acetoxime (BIOac) or mock-treated for 2.5 h, IR- or mock-treated and
collected 3 h after IR. Abrogation of GSK-3B activity was confirmed by the accumulation of
B-catenin. C. Relative expression of B-catenin target genes after BIOac treatment. Axinl, an Axin2
homolog insensitive to -catenin [70], was used as a control. Gene expression was analyzed by
quantitative RT-PCR and normalized to the expression of the housekeeping gene Hmbs. The data
represent the mean from three independent experiments, and bars designate standard deviation.
Statistical significance was assessed using Student’s t-test: *P < 0.05 and **P < 0.005. D. GSK-3p
is localized to the cytoplasm in V6.5 cells. V6.5 cells were fixed with methanol-acetone. Nuclei
were stained with DAPI. Scale bar, 5 um.
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Figure 7. Downregulation of Cdk2 activity slows G1 escape after DNA damage in mESCs. A.
Downregulation of Cdk2 activity by olomoucine II. mESCs were treated for 1 h with the indicated
concentrations of olomoucine II, a Cdk2 inhibitor, and Cdk2 activity was measured in histone H1
kinase assays. The data represent mean of three independent experiments; bars designate standard
deviations. **P < 0.005. B. V6.5 cells were mock-treated or treated for 1 h with 5 uM olomoucine
I1, they were then IR- or mock-treated, collected 1.5 h or 3 h after IR and their cell cycle profiles
were analyzed by flow cytometry. The data represent three independent experiments. The P value
expresses the statistical significance of differences in the number of cells in G1 after IR in Cdk2
inhibitor-treated cells compared to mock-treated cells.

A
100 7
—_ 5
&
2 75
=
=
[&]
(]
& 50 sk Kk
=]
O
@
= 25
5
]
e
0 T T T T
0 1 5 10
olomoucine Il [uM]
B
1.5h 3h
mock IR mock IR
00— 2404 3009 | 004
Gl 157% Gl 13.0% | Gl 174% Gl 20%
2504 | S 68.9% s S 73.0% 2s0- I S 67.3% 204 IS 66.9%
G2/M 15.4% I | GaM 14.0% I G2/M 15.3% | G2M31.1%
T 2004 L 1860 ! i 200-] i [ 200
o i i |
£ i f
mock 2 o 1204 16 i 50+
E 1004 & 1004 1004
&04 40 50 50
] e T 5 ] a Sl ] 1 o ]
128 256 384 512 124 268 382 812 512 512
00+ 2404 4204 240+
) Gl 162% Gl 149% G1 24.9% Gl 7.0%
01 i s  680% ! S 709% s 598%™ 'S 76.4%
g o] G2/M158% i [G2M 14.2% .y, G2/M 15.3% ,, | | G2/M16.7%
Cdk2 E 1 L i )
. z 2 120
Inhibitor =
8 1 140 B0+
704 40+
] o Ly , o
3 5z 128 256 334 512 52
DNA content DNA content DNA content DNA content
P=0.012 P =0.004

21



STEM CELLS AND DEVELOPMENT
Volume 19, Number 2, 2010

© Mary Ann Liebert, Inc.

DOI: 10.1089/scd.2009.0065

Cdk2 Inhibition Prolongs G1 Phase Progression
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Petr Dolezel,' and Vladimir Divoky'

Embryonic stem cells (ESCs) proliferate rapidly and have a unique cell-cycle structure with a very short G1
phase. Previous reports suggested that the rapid G1 phase progression of ESCs might be underpinned by high
and precocious Cdk2 activity and that Cdk2 activity might be crucial for both cell-cycle regulation and cell-fate
decisions in human ESCs. However, the actual role of Cdk2 in cell-cycle progression of mouse ESCs (mESCs) has
not been elucidated. In this study, we investigated the effects of down-regulation of Cdk2 activity by olomoucine
II'in 2 mESC lines. Olomoucine II treatment significantly increased the G1 phase cell numbers, decreased the S
phase cell numbers, and inhibited DNA replication in mESCs. In nocodazole-synchronized mESCs, we show
that specific down-regulation of Cdk2 activity prolongs G1 phase progression. In addition, down-regulation of
Cdk2 activity in mESCs established a somatic cell-like cell cycle and induced expression of differentiation mark-
ers. Our results suggest that high Cdk2 activity is essential for rapid G1 phase progression and establishment
of ESC-specific cell-cycle structure in mESCs and support the hypothesis of a link between cell-cycle regulation
and pluripotency maintenance in ESCs. This study reveals olomoucine II to be an effective tool for manipula-
tion of the cell cycle and pluripotency in ESCs and very likely also for the manipulation of other stem cell types,

including cancer stem cells.

Introduction

MBRYONIC STEM CELLS (ESCs) proliferate rapidly and their
cell-cycle regulation and structure have unique charac-
teristics that distinguish them from somatic cells. ESCs lack
a functional restriction point and do not rely on persistent
serum stimulation for continuous proliferation [1-4]. The
cell-cycle progression of ESCs is rapid: the generation time of
mouse ESCs (mESCs) is ~10 h [2,3]. The cell cycle of ESCs has
an unusual structure, as it consists largely of the S phase and
has a truncated G1 phase [1-6]. This is reminiscent of the cells
of early developing animal embryos, for example, Xenopus [7],
Danio [8], or Drosophila [9], where gap phases are completely
lacking and cell cycle consists of alternating S and M phases.
At the molecular level, the rapid cell-cycle progression of
ESCs in vitro has been described as the result of an unusually
high and precocious Cdk2 activity in mouse ESCs (mESCs)
that appears to be cell-cycle-independent [3]. In contrast,
Cdk2 activity in somatic cells is tightly regulated as Cdk2
is involved in both G1/S transition and initiation of DNA
replication [10,11], processes that require proper timing and

cellular conditions to ensure flawless genome replication
and production of viable progeny [12]. Proliferation in vivo
in early embryogenesis appears to be independent of Cdk2
[13,14], suggesting that the G1/S phase-associated Cdks can
substitute for each other [15-17]. The study by Stead et al. [3]
suggested that the absolute level of Cdk?2 activity in mESCs
determines cell division rates. A recent study in human
ESCs (hESCs) suggested that Cdk2 activity might be crucial
for both cell-cycle regulation and cell-fate decisions because
siRNA knockdown of Cdk2 resulted in G1 phase arrest and
differentiation of hESCs to extraembryonic lineages [18]. But
the actual role of Cdk2 in cell-cycle progression of mESCs is
not fully understood, and, moreover, Cdk2 is predominantly
localized on centrosomes in mESCs (our observation, data
not shown), which makes its role in mESC cycle regulation
even more obscure.

Selective chemical Cdk inhibition is a useful tool for deci-
phering the roles and requirements in cells of individual
Cdks [19]. In our study, we used this approach to investigate
the role of Cdk2 in G1 phase progression of mESCs. We took

'Department of Biology, Faculty of Medicine, and 2Laboratory of Growth Regulators, Faculty of Science, Palacky University, Olomouc,

Czech Republic.

181



182

advantage of 2 new generation Cdk inhibitors: olomoucine II
and CAN508. We used olomoucine II to inhibit Cdk2 activity
in mESCs. As olomoucine IIis a potent inhibitor of both Cdk2
and Cdk9 [20], we used also CANS508, a specific Cdk9 inhibi-
tor [21], to distinguish the effects of Cdk2 inhibition from
those of Cdk9 inhibition. Cdk2 inhibition by olomoucine II
treatment efficiently increases the proportion of Gl cells in
mESC culture. In nocodazole-synchronized cells, we show
that this is due to decelerated progression of mESCs through
the G1 phase. Prolonged down-regulation of Cdk2 activity
established a somatic cell-like cell cycle and induced mor-
phology and gene expression changes indicative of mESC
differentiation. Based on kinase assays, on comparison of the
results of CAN508 and olomoucine II treatment in mESCs,
and on the effects of Cdk2 knockdown by siRNA, we suggest
that the observed cell-cycle structure changes and induction
of differentiation in mESCs is the result of down-regulation
of Cdk2 activity after olomoucine II treatment. Our results
suggest that the high Cdk2 activity plays an important role
in the regulation of rapid G1 phase progression as well as in
the establishment of the ESC-specific cell-cycle structure and
maintenance of pluripotency in mESCs.

Materials and Methods
Cell culture and synchronization

For our studies, 2 different mESC lines were used; an
inbred HM1 cell line derived from 129 mouse strain [22]
and an F1 (129Sv]JaexXC57BL/6) hybrid line V6.5 (Open
Biosystems, Huntsville, AL). The total in vitro culture time
of these mESCs at the time of experimental testing was
equivalent to passage number 22-35 of the original mESC
line. Both mESC lines were checked repeatedly for chromo-
some number and possible karyotypic abnormalities. mESC
culture was carried out following standard procedures [23].
In brief, the cells were maintained on culture dishes cov-
ered with 0.1% gelatin (Sigma-Aldrich, St. Louis, MO) in
a humidified atmosphere of 10% CO, at 37°C in high-glu-
cose Dulbecco’s modified Eagle’s medium (D-MEM) with
GlutaMAX (Invitrogen/Gibco, Grand Island, NY) supple-
mented with 15% fetal bovine serum (FBS; Thermo Fisher
Scientific/HyClone, Waltham, MA), 0.1 mM nonessential
amino acids, 1 mM sodium pyruvate, 2 mM glutamine, 100
U/mL penicillin, 100 pg/mL streptomycin (Gibco), 0.1 pM
B-mercaptoethanol (Serva), and 1000 U/mL leukemia inhibi-
tory factor (ESGRO; Chemicon, Temecula, CA).

Human colon adenocarcinoma cell line HT29 (ATCC) was
maintained in a humidified atmosphere of 10% CO, at 37°C
in high-glucose D-MEM with GlutaMAX supplemented
with 10% FBS (Gibco), 100 U/mL penicillin, and 100 pg/mL
streptomycin.

mESCs were synchronized in G2/M phase by 400 nM
nocodazole (Sigma-Aldrich) treatment for 12 h. After mitotic
shake-off, cells were washed 3 times with phosphate-buff-
ered saline (PBS) with 1% FBS (Gibco) and plated in standard
mESC media.

Inhibitors

OlomoucineII 2-{[2-((1-R)-1-hydroxymethyl-propylamino)-
9-isopropyl-9Hpurin-6-ylamino]-methyl}-phenol) and
CAN508  (4-[(3,5-diamino-1H-pyrazol-4-yl)diazenyl]phenol)
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were synthesized according to published procedures [21,24].
Both olomoucine IT and CAN508 were stored as 100 mM stock
solutions in DMSO.

MTT assay

Equal numbers of cells per well (7,000 for mESCs, 5,000
for HT29) were plated on a 96-well plate and incubated
for 3 h (mESCs) or 24 h (HT29) under standard conditions.
Triplicate samples of these cells were treated with increas-
ing concentrations of inhibitors (range from 10°% to 10°*
M) or mock-treated and incubated for 24 h (mESCs) or 72
h (HT29) under standard conditions. After this time, MTT
(3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bro-
mide; Sigma-Aldrich) was added to a final concentration 0.5
mg/mL and the cells were incubated for another 2.5 h under
standard conditions. The media was then removed, 100 uL
of 10% sodium dodecyl sulfate (SDS) was added per well,
and the 96-well plate was incubated overnight at room tem-
perature on a shaker. The absorbance was read at 570 nm.
To calculate IC5, values (concentrations that produce a 50%
of inhibitory effect on cell proliferation), the results from all
triplicates were transformed to percentage of controls, and
plotted as sigmoid dose—effect curves using a nonlinear
regression mode and the GraphPad Prism 5 software. Using
this software, the IC;, values were interpolated.

Flow cytometric analysis

Cell-cycle distribution was evaluated by 5-bromo-2'-
deoxyuridine (BrdU) incorporation and propidium iodide
staining. Cells were pulsed with 10 uM BrdU (Sigma-Aldrich)
for 30 min, trypsinized (0.5% trypsin—ethylenediaminetet-
raacetic acid [EDTA]; Gibco) to obtain a single cell suspen-
sion, washed twice in PBS with 1% FBS, and resuspended in
PBS. The cells were then fixed in ice cold 70% ethanol. After
rehydration in PBS with 1% FBS (Gibco), cells were incubated
in 2 M HCI with 0.5% (v/v) Triton X-100 for 30 min at room
temperature. Following neutralization with 0.1 M Na,B,0,,
cells were collected by centrifugation and washed with PBS
with 1% FBS and 0.5% (v/v) Tween-20. Then they were stained
with anti-BrdU fluorescein isothiocyanate (FITC)-labeled
antibody (1:20; Roche Diagnostics, Mannheim, Germany)
for 30 min at room temperature in darkness. The cells were
then washed with PBS with 1% FBS and 0.5% (v/v) Tween-20
and incubated in 1.1% sodium citrate dehydrate with 5 ng/uL
ribonuclease A (DNA Lego Ribonuclease A; Top-Bio, Prague,
Czech Republic) and 60 pg/pL propidium iodide (Sigma-
Aldrich) for 30 min at 37°C in the dark. Cells were analyzed
by flow cytometry on the Cytomics FC 500 machine using the
CXP software (Beckman Coulter, Fullerton, CA) and follow-
ing standard procedures. Analysis by MultiCycle (Phoenix
Flow Systems) was applied to assess cell-cycle distribution.

Western blot analysis

Cells on culture dishes were washed in cold PBS, col-
lected into IP buffer (50 mM HEPES, pH 7.5, 150 mM NaCl,
1 mM EDTA, 2.5 mM ethyleneglycoltetraacetic acid (EGTA),
10% (v/v) glycerol, 0.1% (v/v) Tween-20, 1 pM dithiothre-
itol (DTT), 1 uM NaF, 10 pM B-glycerophosphate, 10 ug/
mL leupeptin, 2 ug/mL aprotinin, 0.1 uM Na;VO,, 0.1 pM
PMSF) and incubated for 1 h at 4°C. Lysates were cleared
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by centrifugation at 18,800g at 4°C for 30 min. Proteins were
electrophoretically resolved on SDS-polyacrylamide gels
and electroblotted onto nitrocellulose membranes (Bio-
Rad). Membranes were incubated at 4°C overnight with
primary antibodies [anti-a-tubulin (Sigma-Aldrich); Cdk2
(M2) (Santa Cruz Biotechnology, Santa Cruz, CA); RNA
polymerase II antibody [H5], RNA Polymerase II antibody
[BWG16] (Abcam)] at dilution recommended by the supplier,
washed in PBS with 0.05% Tween, and incubated for 1 h
with anti-mouse horseradish peroxidase (HRP)-conjugated
secondary antibody (DakoCytomation, Glostrup, Denmark).
HRP activity was detected with an ECL detection kit (Pierce)
on films (Bio-Rad, Hercules, CA).

Immunoprecipitation and kinase assay

Immunoprecipitations were conducted at 4°C. Protein A
Agarose Beads (Sigma-Aldrich) were incubated for 1 h on a
rotor in 1 mL IP buffer with 5 uL Cdk2 antibody (Cdk2 (M2);
Santa Cruz Biotechnology) or 4 puL Cdkl antibody (Anti-
cdkl/cdc2, CT; Upstate Biotechnology, Lake Placid, NY).
After washing 3 times with IP buffer, the agarose beads were
incubated for 1 h with protein lysates (200 ug of proteins) in
IP buffer on a rotor and finally washed 3 times with IP buffer.
Agarose beads with immunocomplexes were equalized with
kinase assay buffer (KAB; 50 mM HEPES pH7.5, 10 mM MgCl,,
5 mM MnCl,, 2.5 mM EGTA, 100 uM B-glycerophosphate, 2
pM NaF, 1 pM DTT, 0.1 uM Na;VO,). They were then resus-
pended in 30 pL kinase reaction mixture (18 pL KAB, 9 uL
75 uM adenosine triphosphate (ATP) in KAB, 2 ug histone
H1, 1 pL [y-3P]JATP (10 uCi; MP Biochemicals, Irvine, CA)
and incubated for 30 min at 30°C. Reactions were terminated
by addition of 12 pL of 4X Loading sample buffer (8% SDS,
40% glycerol, 400 mM DTT, 240 mM Tris, pH 6.8, 0.004% bro-
mophenol blue). Samples were boiled and electrophoretically
separated on 8%-12% SDS-polyacrylamide gels. Radioactivity
of the dried gels was detected with the bioimager BAS 1800
(Fuji Photo Film Co., Ltd.).

Statistical analysis

Statistical evaluation of the data was performed with the
independent 2-sample t-test using Statistica 8.0. P < 0.05 was
considered statistically significant.

RNA isolation and quantitative real-time RT-PCR

Total RNA from cells was isolated using TRI Reagent
(Ambion) and treated with DNAse (TURBO DNA-free,
Ambion). One microgram of total RNA was used for reverse
transcription by First Strand cDNA Transcriptor Synthesis
Kit (Roche Applied Science) according to the manufac-
turer’s instructions. The relative quantity of target genes’
RNA was determined by real-time quantitative polymerase
chain reaction (PCR) using a LightCycler 480 (Roche).
Gene-specific primer pairs (listed in Supplementary Table
1; Supplementary materials are available online at http://
www.liebertpub.com/) were designed and evaluated at an
annealing temperature of 60°C using freely available Web-
based software in the Universal ProbeLibrary Assay Design
Center. The amplification mix and program were prepared
using LightCycler 480 SYBR Green I Master (Roche) accord-
ing to the manufacturer’s instructions. Data were analyzed
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by using LightCycler 480 Relative Quantification Software
(Roche) and expression levels were normalized to the house-
keeping gene GAPDH.

SIRNA transfection

mESCs were transfected with 70 nM Stealth Select RNAi
for mouse CDK2 (Invitrogen, Carlsbad, CA; sequence of the
duplex: 5'-CCCUUUCUUCCAGGAUGUAACUAAA-3") or 70
nM Stealth RNAi Negative Control Duplex with Medium GC
content (Invitrogen) using X-tremeGENE siRNA Transfection
Reagent (Roche) as outlined in the manufacturer’s instruc-
tions. The cells were analyzed 24 h after transfection.

Quantification of Cdk2 protein levels

Cdk2 protein levels were quantified from scanned
images of western blot analyses using AlphaEase FC soft-
ware, Version 5.0.1 (Alpha Innotech, San Leandro, CA).

Results
Cdk inhibitors are cytotoxic for mESCs

The cytotoxicity of the Cdk inhibitors olomoucine II and
CANB508 was tested in MTT assays for 2 mESC lines, V6.5
and HM1, and for the adenocarcinoma cell line HT29. HT29
cells were used as a reference cell line because their response
to olomoucine IT and CANG508 treatment has been described
already [20,21]. mESCs were treated for 24 h and HT29 for 72
h with scaled doses of each inhibitor separately. The duration
of inhibitor treatment corresponded approximately to 3 cell
cycles in the respective cell lines. The results of MTT tests
are summarized in Table 1. The cytotoxic potential of the
pan-specific inhibitor olomoucine II was stronger than that
of the cytotoxic potential of Cdk9-specific inhibitor CAN508.
IC;, of olomoucine II was 9.0 uM for V6.5, 6.3 uM for HM1,
and 10.7 uM for HT29. The HT29 IC;, value is consistent with
the observation of Krystof et al. [20]. IC;, for CAN508 was
129.0 uM for V6.5, 68.1 uM for HM1, and 54.4 uM for HT29
(this value is consistent with Krystof et al. [21]).

Treatment of mESCs with Cdk inhibitors causes
major changes in cell-cycle progression

To investigate the effects of olomoucine II and CAN508
on the cell cycle, mESCs and HT29 cells were treated with
olomoucine II or CAN508 at ICs, concentrations for the
time approximately corresponding to the duration of 1 cell
cycle (11 h for mESCs, 24 h for HT29). To investigate more

TaBLE 1. IC;, VALUES FOR OLomoucINE I AND CAN508
Olomoucine IT (um) CAN508 (um)
V6.5 9.0 £09 129.0 = 24.6
HM1 6.3 +07 68.1 = 5.6
HT29 10.7 £ 0.7 544 =82

The number of viable cells after 24 h (V6.5 and HM1 cells) or
72 h (HT29 cells) treatment with olomoucine II or CAN508 was
quantified in MTT assays and IC5, values were calculated from
dose-response curves. The results are means (+SD) of at least 3
experiments.
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immediate effects of Cdk inhibition, cells of all 3 lines were
incubated with the inhibitors for 3 h only. Following incu-
bation, cells were double-stained with BrdU and propidium
iodide and their cell-cycle profiles were analyzed by flow
cytometry. The results for 1 experiment, representative of 3
independent experiments, are depicted in Figure 1. In the
control cell line HT29, the 24-h treatment with olomoucine
I caused a slight, but statistically significant increase (from
72% in mock-treated cells to 75% in olomoucine II-treated
cells; P = 0.003) in the proportion of G1 cells and a minor
decrease (P = 0.06) in the proportion of S phase cells (Fig.
1). However, the 24-h treatment with CAN508, a specific
inhibitor of transcriptional kinase Cdk9, led to a more
prominent decrease in Gl phase cell number (from 72%
in mock-treated cells to 63% in CAN508-treated cells; P =
0.009) and a prominent increase (from 22% in mock-treated
cells to 35% in CANS508-treated cells; P = 0.02) in S phase
cell number (Fig. 1). The same trend to the cell-cycle changes
was observed as early as 3 h of inhibitor treatment (Fig. 1).
Neither olomoucine II nor CAN508 treatment of HT29 cells
led to inhibition of DNA replication (Fig. 1).

mESCs responded to the inhibitor treatment differently
from the HT29 cells, and similarly to each other. An 11-h
treatment with olomoucine II caused a significant increase in
GI phase cell number in mESCs: from 18% to 43% in mock-
treated V6.5 cells (P = 0.01; Fig. 1) and from 20% to 45% in
mock-treated HM1 cells (P = 0.04; Fig. 1). Correspondingly,
the proportion of mESCs in S phase dropped significantly
after 11-h olomoucine II treatment (from 78% to 31% in
V6.5 cells and from 75% to 27% in HM1 cells; P = 0.03 and
0.05, respectively). The proportion of G2 phase cells exhib-
ited changes as well, but these changes were not statisti-
cally significant (P = 0.09 for V6.5 cells and 0.06 for HM1
cells). Moreover, 11-h treatment with olomoucine II caused a
65-fold and a 137-fold increase of BrdU-negative cells in V6.5
and HM1 mESCs, respectively, pointing to a significant inhi-
bition of DNA replication (P = 0.02 and 0.01, respectively).

Treatment with the Cdk9 inhibitor CAN508 had similar,
but less prominent consequences to those of olomoucine II
treatment: G1 phase cell numbers increased (P = 0.006 for
V6.5 and P = 0.37 for HM1), S phase cell numbers decreased
(P = 0.03 for V6.5 and P = 0.06 for HM1), and the proportion
of G2 phase cells decreased (P = 0.28 and 0.36 for V6.5 and
HM], respectively). The number of BrdU-negative S phase
cells increased (Fig. 1), but these slight changes were not
statistically significant (P = 0.18 and 0.15 for HM1 and V6.5
cells, respectively). Again, the propensity for these cell-cycle
changes (observed after 11-h treatment with inhibitor) can be
observed as early as 3 h after inhibitor treatment in mESCs.

Effects of CAN508 and olomoucine Il treatment on
Cdk9, Cdk2, and Cdk1 activities in mESCs

Olomoucine II and CAN508 were reported to be effective
inhibitors of Cdk9 both in in vitro kinase inhibition assays
and in cancer cell lines: IC5, for Cdk9—cyclin T is 0.06 uM for
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olomoucine II [20] and 0.35 uM for CAN508 [21]. To check the
effectiveness of Cdk9 inhibition by CAN508 or olomoucine
II, we tested, using western blots, the phosphorylation sta-
tus of RNA polymerase II on Ser2 in the C-terminal domain
(RNA-pol II CTD), the specific Cdk9 target site. We found
that CAN508 effectively abolishes Cdk9 activity at the con-
centrations used in our experiments, as it down-regulates the
phosphorylation of RNA-pol II CTD at a concentration of 100
1M in both studied ESC lines (Fig. 2). Cdk9 activity was also
inhibited by olomoucine II in mESCs, where a decrease of
CTD phosphorylation was detected at 2.5 uM olomoucine II
in V6.5 cells and at 5 uM olomoucine II in HM1 cells (Fig. 2).

Besides Cdk9, olomoucine II exhibits specificity for Cdk2
(IG5 for Cdk2—cyclin E is 0.1 uM [20]) and a lower specific-
ity for Cdkl1 (ICs, for Cdkl-cyclin B is 7.6 uM [20]). To deter-
mine the activity of olomoucine II against Cdk2 and Cdk1 in
mESCs, we undertook a series of histone H1 kinase assays for
Cdk2 and Cdk1 activities in mock- or olomoucine II-treated
mESCs. The results are plotted in Figure 3. Following 5 uM
olomoucine II treatment, the activity of Cdk2 significantly
decreased (to 42% of the Cdk2 activity in mock-treated cells;
P = 0.002). In contrast, the activity of Cdkl was not signifi-
cantly decreased by up to 10 uM olomoucine II (64% of the
Cdk1 activity in mock-treated cells; P = 0.15).

CANB508 was reported to have minor inhibitory effect on
Cdk2 (IG5, for Cdk2—cyclin E is 3.5 pM [21]) in somatic cells.
The specificity of Cdk9 inhibition by CAN508 in mESCs
was checked in kinase assays for Cdkl and Cdk2 activities.
CANB508 treatment (up to ICs, concentration for the respec-
tive mESC lines) had no effect on Cdk1/Cdk2 activity (data
not shown).

These observations suggest the Cdk inhibitors olomou-
cine II and CANG508 have the same targets in mESCs and in
somatic cells.

Olomoucine Il treatment blocks DNA replication in
mESCs

From kinase assays, we concluded that 5 uM is the upper
concentration limit of olomoucine II that effectively inhib-
its Cdk2 activity while not affecting Cdk1 activity (Fig. 3).
This results suggested use of 5 uM olomoucine II for more
specific down-regulation of Cdk2 activity in mESCs. In view
of this observation, both V6.5 and HM1 cells were treated
with 1, 2.5, or 5 uM olomoucine II, or mock-treated to inves-
tigate the effects of down-regulation of Cdk2 activity on
cell-cycle progression in mESCs. The shorter time-point
(6 h) of olomoucine II treatment was chosen in order to fol-
low the immediate effects of Cdk2 activity attenuation on
mESC cycle progression. After the 6-h treatment, the cells
were double-stained with BrdU and propidium iodide and
analyzed by flow cytometry. The olomoucine II treatment
increased the frequency of mESCs in G1 phase from 16%
in mock-treated V6.5 cells up to 42% in 5 uM olomoucine
[I-treated V6.5 cells (P = 0.01) and from 26% up to 44% in
HMI cells (P = 0.04) (Fig. 4A).

>

FIG.1. Changes of cell-cycle profiles after Cdk inhibitor treatment. HT29, V6.5, and HMI cells were treated with olomou-
cine IT or CANS08 (at the concentrations corresponding to their ICs, values) or mock-treated for the indicated times. Cells
were subsequently pulsed with 5-bromo-2'-deoxyuridine (BrdU) for 30 min, fixed, stained with propidium iodide and their
cell-cycle profile was analyzed by flow cytometry. The figures are representatives of 3 independent experiments.
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FIG.2. Phosphorylation of the C-terminal domain of RNA
polymerase 1II is abolished by CAN508 and olomoucine II
treatment. Cells were treated for 11 h with the indicated
concentration of CAN508 (A) or olomoucine II (B) or mock-
treated, collected and the phosphorylation status of RNA
polymerase II on Ser2 was investigated by immunoblotting.

Olomoucine II treatment also led to a decrease in S phase
cell numbers and an inhibition of DNA replication. The S
phase cell numbers decreased significantly in both V6.5
and HM1 cells treated with 5 uM olomoucine II (P = 0.03
and 0.04, respectively; Fig. 4A). Of the S phase cells, about
50%-60% did not incorporate BrdU, that is they were S
phase arrested in both mESC lines after 5 ptM olomoucine II
treatment (P = 0.03 for V6.5 and 0.01 for HM1 cells; Fig. 4A).
Lower doses of olomoucine II had no effect on DNA replica-
tion in V6.5 cells. DNA replication of HM1 cells appeared
to be more sensitive to olomoucine II, as inhibition of DNA
replication occurred (in 32% of S phase cells; P = 0.04) even
under 2.5 pM olomoucine II treatment (Fig. 4A).

Prolongation of olomoucine II treatment to 11 h led to
cell-cycle changes comparable to those after 6-h treatment
(Fig. 4B): G1 phase cell numbers increased (P = 0.001 and
0.01 for V6.5 and HM1 cells, respectively), S phase cell num-
bers decreased (P = 0.002 for both V6.5 and HM1 cells), and

175 1
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Relative Cdk Activity [% of Control]
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FIG. 3. Inhibition of Cdkl and Cdk2 activity by olomou-
cine I treatment. After 1-h treatment of V6.5 cells with desig-
nated concentrations of olomoucine II, Cdk1 or Cdk2 activity
was measured in histone H1 kinase assays. The results were
normalized to control (mock-treated cells). The data are the
means of 2 independent experiments. Statistical significance
was assessed using Student’s t-test, **P < 0.005. Bars = 95%
confidence interval.
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G2/M phase cell numbers increased (P = 0.003 for V6.5 and
P = 0.001 for HM1 cells) (Fig. 4B). Also, 5 ptM olomoucine
IT treatment inhibited DNA replication in 40%-50% cells
(P = 0.02 for V6.5 cells and P = 0.01 for HM1 cells), as judged
from the diminished numbers of BrdU-positive S phase cells
(P = 0.008 and 0.003 for V6.5 and HM1 cells, respectively)
(Fig. 4B). Treatment of mESCs with olomoucine II for longer
periods of time (up to 96 h) sustained increased G1 phase cell
numbers; however, a massive cell death could be observed
(data not shown).

Olomoucine Il treatment leads to G1 phase
prolongation in mESCs

Our data showed that inhibition of Cdk2 activity by olo-
moucine IT in mESC culture increases the proportion of cells
in G1 (Fig. 4). This could be the result of either prolonga-
tion of the G1 phase, or arrest in the G1- or G1/S phase. To
distinguish between these possibilities and to investigate
the effect of Cdk2 inhibition on G1/S phase progression in
mESC in greater detail, mESCs were synchronized in the
G2/M phase by nocodazole treatment and then released
from the block to obtain the maximum number of G1 phase
cells, which were then followed in their cell-cycle progres-
sion under olomoucine II or mock treatment. The maxi-
mum number of Gl phase cells (41%) was observed at 2 h
after nocodazole release, so at this time-point, olomoucine
I was added to a final concentration of 5 uM. Olomoucine
II-treated and mock-treated cells were collected at different
time-points and their cell-cycle profile was analyzed by flow
cytometry (Fig. 5). Olomoucine II treatment slowed down G1
phase progression and S phase entry (Fig. 5) in mESCs. The
Gl1 phase was prolonged by ~2 h (ie, to about 5 h), as shown
by the fact that identical proportions of cells in G1 and S
phases were found 4 h after nocodazole release in mock-
treated cells and 6 h after nocodazole release in olomoucine
II-treated cells, respectively. Collectively, these data suggest
that a decrease in Cdk2 activity prolongs G1 phase duration
from about 3 h in mock-treated cells to ~5 h in 5 uM olomou-
cine II-treated cells.

Down-regulation of Cdk2 activity establishes a
somatic cell-like cell cycle and induces expression of
differentiation markers in mESCs

It has been shown that down-regulation of Cdk2 activ-
ity in hESCs induces their differentiation [18]. To find out
whether this might also be the case in mESCs, we investi-
gated the effects of prolonged Cdk2 down-regulation by
olomoucine II in mESCs. After 24 h of 5 uM olomoucine II
treatment, mESCs still exhibited a somatic cell-like profile,
that is, a cell-cycle profile with a high proportion of cells in
Gl1 phase and a lower proportion of cells in S phase (Fig. 6A).
Changes in the mESC cycle induced by down-regulation of
Cdk2 activity were accompanied by changes in cell mor-
phology, cell and colony shape, and adhesiveness as early as
11 h after 5 uM olomoucine II treatment (Supplementary Fig.
1A). Examination of pluripotency and differentiation mark-
ers by quantitative real-time RT-PCR showed a statistically
significant increase in expression of differentiation mark-
ers and reduced expression of some pluripotency markers
after 11 h of olomoucine II treatment (Supplementary Fig.
1B). This was further reinforced by prolonged olomoucine
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FIG.4. HighCdk2activityisrequired
for embryonic stem cell (ESC)-specific
cell-cycle profile. Flow cytometry anal-
ysis of cell-cycle profiles and DNA rep-
lication in V6.5 and HM1 mouse (ESCs)
treated with indicated doses of olomou-
cine Il for 6 h (A) or 11 h (B) and pulsed
with 5-bromo-2'-deoxyuridine (BrdU)
for 30 min. The figures are representa-
tives of 3 independent experiments.
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FIG.5. Down-regulation of Cdk2 activity in mouse embryonic stem cells (mnESCs) by olomoucine II leads to prolongation of the
Gl1 phase and delayed S phase entry. V6.5 mESCs were synchronized by nocodazole treatment and 2 h after nocodazole release,
the cells were treated with 5 uM olomoucine II or mock-treated. Cells were collected at indicated time-points after nocodazole
release and their cell-cycle profiles were analyzed by flow cytometry. Hyperdiploid cells (>21) were excluded from assessment

of cell-cycle distribution.
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FIG. 6. Down-regulation of Cdk2 activity by olomoucine II establishes a somatic cell-like cell-cycle profile and induces
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IT treatment for 24 h (Fig. 6B). Specific down-regulation of = (Gata4), primitive endoderm (Lambl-1), primitive neuroecto-
Cdk2 activity in mESCs reduced expression of the pluripo- derm (Nestin), and skeletal (Runx2) markers (Fig. 6B). These
tency marker Dax1 and induced expression of trophoblast data are indicative of induction of mESC differentiation by
(Cdx2), mesoderm (Brachyury), extraembryonic entoderm down-regulation of Cdk2 activity.
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SiRNA knockdown of Cdk2 increases G1 phase
cell number, decreases S phase cell number, and
induces morphological changes in mESCs

To verify that the observed effects of olomoucine II on
mESC cycle regulation were truly caused by down-regu-
lation of Cdk2 activity, we adopted Cdk2 siRNA knock-
down approach. Twenty-four hours after Cdk2 siRNA
transfection, Cdk2 expression was down-regulated by
43%, as assessed by quantitative real-time RT-PCR (Fig. 7A),

KOLEDOVA ET AL.

and Cdk2 protein level decreased to 55% (Fig. 7B). These
changes in Cdk2 expression led to 28% decrease of Cdk2
activity (data not shown) and induced increase of G1 phase
cell number from 20.7% in negative control siRNA-treated
cells to 26.3% in Cdk2 siRNA-treated cells (P = 0.01) (Fig.
7C), which was similar to the effect of olomoucine II on
mESC cycle structure. Moreover, siRNA-mediated knock-
down of Cdk2 induced similar changes in mESC morphol-
ogy, colony shape, and adhesiveness (Fig. 7D) as olomoucine
IT (Supplementary Fig. 1A). These results confirm that Cdk2
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FIG.7. Cdk2 knockdown leads to similar mouse embryonic stem cell (mESC) cycle and morphology changes to those in-
duced by olomoucine II treatment. (A) Down-regulation of Cdk2 mRNA level 24 h after Cdk2 siRNA transfection. The data
represent the means = SD from 2 independent experiments. Statistical significance was assessed using Student’s t-test, *P <
0.05. (B) Decrease of Cdk2 protein level 24 h after Cdk2 siRNA transfection. Relative levels of Cdk2 were determined from
western blots using the AlphaEase FC program, normalized to a-tubulin and are indicated beyond the blots. (C) Cell-cycle
profile analysis of Cdk2 siRNA transfected mESCs 24 h post-transfection. (D) The microphotographs of mESCs 24 h after

siRNA treatment. Scale bar = 100 um.
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is the target molecule for olomoucine II, through which the
observed cell-cycle changes and associated modulation of
pluripotency are mediated.

Discussion

In mESCs, high, cell-cycle-independent Cdk2 activity
was reported to underpin rapid cell-cycle progression [3]
but the role of Cdk?2 in the establishment of mESC-specific
cell cycle has remained obscure. Moreover, in the context of
Cdk substitutionary roles [15-17] and Cdk2 nonessentiality
for G1/S transition [13,14], the actual role of Cdk2 in mESC
cycle regulation has not been fully elucidated. Finally, the
role of Cdk2 in mESC cycle regulation was emphasized by
the observation of a predominantly centrosomal localization
of Cdk2 in mESCs (our observation, data not shown).

In our model, we used olomoucine II to down-regulate
Cdk2 activity in mESCs. As olomoucine II is a Cdk inhibitor
with high specificity for both Cdk2 and Cdk9 [20], we used
also a Cdk9 inhibitor, CAN508 [21], to distinguish the effects
of Cdk9 inhibition from those of Cdk2 inhibition. CAN508 is
highly selective for Cdk9 and its effects on Cdk2 are minor. In
in vitro kinase assays, CAN508 inhibits Cdk9 activity at least
50 times more effectively than it does Cdk2 activity [21].

mESC treatment with olomoucine II at a concentration
equal to its IC5, caused major changes in cell-cycle progres-
sion: the G1 cell numbers increased and S phase cell num-
bers decreased (Fig. 1). CAN508 treatment caused similar,
but smaller changes to those after olomoucine II treatment
corresponding to its lower specificity for Cdk2. Olomoucine
II treatment also led to a marked inhibition of DNA replica-
tion in mESCs. Overall, these cell-cycle changes in mESCs
following olomoucine II or CAN508 treatment were clearly
different from the effects of these inhibitors in somatic cells
(Fig. 1).

Investigation of Cdk activities in inhibitor-treated mESCs
confirmed Cdk9 inhibition in CAN508-treated cells and both
Cdk2 and Cdk9 inhibition in olomoucine II-treated cells
(Figs. 2 and 3). However, at higher concentrations of olomou-
cine II, Cdkl1 inhibition occurs (Fig. 3) and might be partially
responsible for the observed cell-cycle changes when 10 pM
(or more) olomoucine is used. Therefore, we investigated
cell-cycle progression of mESCs in 5 uM olomoucine II,
that is in conditions of specific Cdk2 inhibition. Even under
such specificity, G1 phase cell numbers in mESCs increased
significantly with a concomitant reduction in S phase cell
number and inhibition of DNA replication. In synchronized
mESCs, we showed that the increase in the proportion of G1
phase cells after Cdk2 inhibition was caused by slowdown
of their progression through G1 phase, that is prolonga-
tion of Gl phase by ~2 h (from 3 to 5 h). This observation
corroborates the role of Cdk2 in driving ESC cycles [3]. Of
particular interest, our observation of distinctive cell-cycle
changes after Cdk2 inhibition is novel and adds more depth
to the observation of Stead et al. [3]. In their study, inhibi-
tion of Cdk2 activity (by treatment with a Cdk2 inhibitor
Ro09-3033) did not change the general cell-cycle characteris-
tics of mESCs, although they did observe slowdown of cell-
cycle progression after Ro09-3033 treatment as we did after
olomoucine II treatment. We suggest that high Cdk activity
per se contributes to a very short G1 phase in mESCs and
might be responsible for the unusual cell-cycle structure of
mESCs.
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As the atypical cell-cycle structure with short gap phases
is common to all pluripotent cells of embryonic origin [3], it
has been proposed that specific cell-cycle regulation and loss
of G functions (restriction point and G1 checkpoint) in ESCs
might be involved in self-renewal of ESCs [25]. The relation-
ship between cell-cycle regulation and pluripotency of ESCs
has been under dispute. It was reported that activation of p53
leads to rapid differentiation of ESCs by introducing changes
in cell-cycle progression, particularly abolishing S phase
entry [26]. Differentiation is a smart way of coping with DNA
damage in ESCs [27], which are deficient in a G1 checkpoint
response and p53-dependent apoptosis [28,29], by elimi-
nating DNA-damaged ESCs from the replicative ESC pool.
Recently, it was shown that down-regulation of Cdk2 activ-
ity in hESCs induces their differentiation to extraembryonic
lineages [18]. Our study in mESCs presents further evidence
on the requirement for Cdk2 activity for maintenance of the
ESC-specific cell-cycle structure and for the pluripotency of
ESCs. Down-regulation of Cdk2 activity in mESCs by olo-
moucine II or Cdk2 siRNA knockdown established a somatic
cell-like cell cycle (Figs. 6A and 7C, respectively) and induced
expression of differentiation markers of lineages of all 3
embryonic layers (Supplementary Fig. 1B and Fig. 6B). This
observation is consistent with studies reporting cell-cycle
remodeling during differentiation and an increase in G1 cell
proportion with the loss of pluripotency [1,3,5,25].

Also, our study revealed slight differences in effects of
Cdk2 down-regulation between mESCs and hESCs: while
hESCs arrest in G1 after down-regulation of Cdk2 activity
[18], mESCs only slowdown their G1 progression (Fig. 5).
Neither after prolonged 5 uM olomoucine II treatment (48 or
72 h), nor after treatment with higher doses of olomoucine II
(10 uM and higher) did we observe G1 arrest in mESCs (data
not shown). Our contrasting observation could be caused by
biological differences between mESCs and hESCs, but rather
it might be related to the extent of Cdk2 inhibition or to dif-
ferent methods used for down-regulation of Cdk2 activity.
In our study, we primarily analyzed requirements for Cdk2
in cell-cycle regulation of mESCs using a chemical inhibition
approach. To confirm our observations, we also employed
Cdk2 knockdown by siRNA. Both approaches led, in prin-
ciple, to the same results, but in the knockdown experiments
the G1 cell number was increased less efficiently. This might
result from low efficiency of Cdk2 knockdown by siRNA;
that is, from the different extent to which Cdk2 activity
was inhibited. Another possibility is that the knockdown
approach introduces a bias through up-regulation of other
Cdks/cyclins and their potential compensation for S phase-
promoting functions. Chemical inhibition might not allow
for the same compensation [19]. While knockdown of a Cdk
leaves a pool of its interactory cyclin molecules free and
accessible for other Cdks that might bind to them and com-
pensate for the knocked-down Cdk, chemical inhibition of a
Cdk does not leave its partner cyclin pool available.

Nevertheless, whatever the modularities of induced cell-
cycle changes in different ESC types are, down-regulation
of Cdk2 activity commonly results in expression of differ-
entiation markers. In this context, it would be interesting to
investigate the effects of Cdk2 down-regulation in cancer
stem cells. As cancer stem cells use an ESC-like “stemness”
program to induce and maintain tumors [30,31], modulation
of the cell cycle of (cycling) cancer stem cells with Cdk inhib-
itors might become a useful tool for their eradication.
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Our study partially addressed the issue of testing Cdk
inhibitors on an ESC model. Stem cells, in general, are more
resistant to toxins and various types of drugs due to high
expression of specific ATP-binding cassette (ABC) drug
transporters [32]. As this characteristic might be common to
“normal” (embryonic and tissue) stem cells and “abnormal”
(cancer) stem cells [32], drug testing using ESCs as conve-
nient model of cancer stem cells might provide important
insights into the mechanism(s) by which cancer stem cells
might response to cancer therapy.

We report on the cytotoxicity of olomoucine II and
CAN508 in mESCs. Cytotoxicity of these drugs toward
mESCs is similar to the cytotoxicity toward cancer cell
lines, as the ICs, for olomoucine II or CAN508 was similar
for mESCs and cancer cells. However, the mESC line V6.5
exhibited lower sensitivity toward CAN508, with an ICy, 2
to 3 times higher than those for the mESC line HM1 (this
study) and for cancer cell lines (reported previously [21]).
We suggest this might be due to some unique features of
transcription regulation in V6.5 cells [33], rather than due
to ABC-mediated drug resistance, as V6.5 sensitivity toward
another small molecular Cdk inhibitor, olomoucine II, does
not significantly differ from that of other cell lines, including
the mESC line HM1. We conclude mESCs do not exert resis-
tance toward Cdk inhibitors olomoucine IT and CAN508.

Besides other functions, cyclin-dependent kinases are criti-
cal regulators of cell-cycle progression and RNA transcription
[34]. As a result of a variety of genetic and epigenetic events,
Cdks are frequently deregulated in tumors [35,36]. Chemical
Cdk inhibitors have appeared as a promising tool for cancer
therapy because Cdk inhibition can lead to cell-cycle arrest
and apoptosis [34]. But as Cdk2 activity is dispensable for
cancer cell proliferation [37], the suitability of Cdk2 as a target
for cancer therapy has been called into question. As modula-
tion of Cdk2 and Cdk1 activity sensitizes survival checkpoint
responses after exposure to DNA-damaging agents [38], Cdk2
inhibitors show promising antitumor activity in combination
with DNA-damaging drugs [39]. Our study reveals olomou-
cine II as an effective tool for manipulation of ESC cycle and
ESC pluripotency and in this context, it is tempting that Cdk2
inhibitors might become powerful tools for cancer stem cell
eradication, possibly contributing to their differentiation.
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Abstract

Embryonic stem cells (ESCs) have the intriguing capacity to divide apparently indefi-
nitely while retaining their pluripotency. This is accomplished by specialized mechanisms
of cell cycle control which they employ to self-renew. In the last few years, several studies
have given evidence for the existence of a direct link between cell cycle regulation and
cell fate decisions in stem cells. In this review, we discuss the peculiarities of ESC cycle-
control mechanisms, implicate their roles in cell fate decisions and feature centrosomes as
important players in the self-renewal versus differentiation roulette.

Pluripotent cells, including mouse and hu-
man embryonic stem cells (ESCs) and mouse
epiblast stem cells, share unique cell cycle
characteristics. They divide rapidly and have
a very short G1 phase with most of the cells
being in S phase of the cell cycle [1, 2, 3]. This
is reminiscent of early embryonic development
of lower vertebrates, in which cell/nuclear di-
vision is extremely rapid and achieved by
skipping gap phases with progression through
repetitive rounds of DNA replication followed
by chromosome separation (i.e. S phase and
M phase) [4, 5, 6]. During differentiation, G1
and G2 phases are fully formed and cell di-
vision cycles are prolonged, suggesting that a
specific cell cycle structure might play a role
in the establishment of pluripotency. Multi-
ple studies have provided further evidence for
a direct link between cell cycle regulation and
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cell fate decisions in stem cells. These items

will be discussed below.

Cell cycle regulation in somatic cells

The cell cycle, a highly organized process
of cell growth, DNA replication, chromosome
separation and cell division, is regulated by
cyclin-dependent kinases (CDKs). These ki-
nases, among other functions, phosphorylate
the retinoblastoma protein (pRB), thereby
promoting cell division-cycle entry with pro-
gression from G1 to S phase. When unphos-
phorylated, pRB binds E2F transcription fac-
tors, repressing E2F target gene expression.
Phosphorylation of pRB by CDKs leads to
release of E2Fs and promotes expression of
genes, which drive cell cycle progression to S
phase (such as cyclin E or CDC25A) and take
part in DNA replication (such as thymidine



kinase or polymerase alpha).

The phosphorylation of pRB is sequential.
First, in response to growth factor and/or mi-
togenic signaling, which induces cyclin D ex-
pression, pRB is phosphorylated by cyclin D-
CDK4/CDKG6 complexes, leading to progres-
sion through G1 phase. Induction of E2F-
directed cyclin E and CDC25A expression re-
sults in formation and activation of cyclin E-
CDK2 complexes, which cause further pRB
phosphorylation and whose activity drives G1-
S transition. Cyclin A-CDK2 then regulates S-
and G2-phase events and, finally, cyclin A/B-
CDK1 promotes entry into mitosis and con-
trols early mitotic events.

For activation, CDKs have to be bound by
cyclins, whose levels vary in a cyclical fash-
ion during the cell cycle. Furthermore, CDK4,
CDK2 and CDKI1 require phosphorylation on
Thr172 in CDK4, Thr160 in CDK2, and
Thr161 in CDK1 by CDK-activating kinase
(CAK, a complex of CDK7 and cyclin H) |7, §].
The activity of CDK2 and CDKI1 is addition-
ally held in check by an inhibitory phospho-
rylation on Thr14/Tyrl5 through Wee/Myt1
[9, 10], which is relieved by CDC25 phos-
phatases. Furthermore, CDK4/CDK6 and
CDK2/CDK1 complexes are inhibited by pro-
teins of the Ink4 (p15™k4b, p1einkda  piginkic,
p19k4d)y and  Cip/Kip (p21©Pl, p27Kipl
p57%iP2) families, respectively (reviewed in
Sherr & Roberts [11]).

Cell cycle regulation in embryonic stem
cells  With regard to cell cycle regulation
and structure, ESCs demonstrate substantial
differences from somatic cells. ESCs prolif-
erate at a fast rate. Progression through a
single cell cycle takes about 8-11 h in mESCs
[1,2,12], 15-16 h in hESCs [13]| and 12-21 h in
rhesus monkey ESCs as compared to roughly
24 h for many somatic cell types in tissue cul-
ture [14]. The short cell cycle duration results,
for the most part, from a very short G1 phase
that lacks a restriction point and a G1 check-
point. In contrast to somatic cells, ESCs do
not require exogenous growth factors to enter
the cell division cycle, are not subject to con-
tact inhibition and do not enter quiescence on
growth factor withdrawal [15, 16]. The ESC

independence from growth factors (i.e. restric-

tion point nonfunctionality) stems from consti-
tutively hyperphosphorylated pRB. Therefore,
E2F target genes are constitutively expressed
and ESCs progress rapidly to S phase, spend-
ing only a very short time (about 2 hours for
mESCs) in G1 phase. All interphase cyclins
(D1, D3, E, A2) [2, 15, 17, 18] are present in
mESCs at comparable levels throughout the
cell cycle [2, 17] with cyclin levels being sig-
nificantly elevated compared to somatic cells
[18]. mESCs do not express CDK inhibitory
molecules of the Ink4 and Cip/Kip families
[19, 15, 17]. Therefore, most CDKs are ac-
tive throughout the cell cycle in mESCs, with
the exception of CDK1-cyclin B that becomes
selectively activated before mitosis [2], and
CDK4-cyclin D1 complexes which exhibit only
little or no activity in mESCs [17]|. The driv-
ing force of the rapid cell cycle progression
in mESCs is high and precocious activity of
CDK2 [2]. Chemical inhibition of CDK2 ac-
tivity prolongs cell cycle duration [2]| and slows
down the progression of mESCs through G1
phase [20]. Overexpression of the CDK2 in-
hibitor p21“P! for example by downregula-
tion of its negative regulator, the mir-290 clus-
ter, has similar effects [21].

In hESCs, a shortened G1 phase has been
attributed to elevated mRNA levels of cy-
clin D2-CDK4 and low levels of p21¢iPPl
p27XiPT and p57KiP2 [13, 22, 23|, which are con-
trolled by miR-372 (p21¢P1) [24] and miR-92b
(p57KiP2) [23]. Also, CDK inhibitors of the
Ink4 family are expressed at low levels or are
not expressed at all [25, 26]. Therefore, similar
to mESCs, CDKs have very high activity, with
CDK2 displaying the highest kinase activity
overall in hESCs [27]. Also similar to mESCs,
inhibition of CDK2 activity delays G1-S tran-
sition [28] and knockdown of CDK2 leads to
G1 arrest in hESCs [27], implicating a crucial
role for CDK2 for G1 phase regulation in both
mouse and human ESCs [20, 27].

Linking cell cycle regulation to cell fate
decisions in ESCs  Major changes in ex-
pression of cell cycle regulatory proteins and
cell cycle structure associated with differenti-
ation gave a first hint on the connection be-
tween cell cycle regulation and the potency of
stem cells with specific patterns of expression



of cell cycle regulators in stem cells might play-
ing a role in maintenance of the stem cell self-
renewal potential. Further evidence came from
studies in adult stem cells, neural progenitor
cells in particular, which suggested that the
length of G1 phase directly impacts on cell fate
decisions (self-renewal versus differentiation).
These studies revealed that proliferating and
self-renewing neural progenitors have shorter
cell cycles than those committed to neuronal
differentiation [29]. Inhibition of CDK activ-
ity prolonged their cell cycle and induced for-
mation of neurons [30] whereas shortening of
the cell cycle of neural progenitors prevented
their differentiation [29]. Finally, cyclin D1-
CDK4 overexpression studies in neural stem
cells have shown that G1 lengthening is neces-
sary and sufficient to switch neural progenitors
from self-renewal to neurogenesis [31].

Recent studies have implicated the exis-
tence of similar regulatory connections be-
tween cell cycle structure and self-renewal in
both hESCs and mESCs and have shown that
inhibition of cell cycle progression is sufficient
to induce differentiation of ESCs. Treatment
of hESCs with nutlin, an activator of p53 (and
thus a positive regulator of the CDK2 inhibitor
p21¢iP1) resulted in accumulation of hESCs in
GO/G1 that was associated with an increase
of differentiation markers and a decrease in
pluripotency markers [32]. Downregulation of
CDK2 activity in hESCs by either chemical in-
hibition or knockdown led to G1/S phase delay
[28] or G1 arrest |27, respectively, and induced
hESC differentiation, as indicated by down-
regulation of OCT4 [27, 28] and expression of
markers of extraembryonic lineages [27|. Like-
wise, CDK2 inhibition prolonged G1 phase
and induced differentiation-associated changes
in gene expression and morphology in mESCs
[20]. Furthermore, CDK2-associated protein
1 (CDK2AP1; p12POC1) "an inhibitor of G1-
S transition through downregulation of CDK2
[33], was shown to act as a competency fac-
tor in mESC differentiation by modulating the
phosphorylation level of pRB [34]. In this
study, Cdk2ap1~/~ mESCs were shown to be
resistant to LIF withdrawal-induced differen-
tiation resulting in altered pRB phosphory-
lation [34]. The differentiation competency
of Cdk2ap1~/~ mESCs was restored upon ec-

topic expression of CDK2AP1 or a nonphos-
phorylatable pRB mutant [34]. Essentiality
of RB family proteins in mESC differentiation
was demonstrated in triple knockout mESCs
(Rb1/~, Rbl1”/~, RbI2/"), which were inca-
pable of undergoing proper differentiation [35].
As single and double knockout ESCs showed
no defect in differentiation, RB family mem-
bers appear to have the ability to compensate
for one another in this setting [35]. These ob-
servations indicate the existence of an intrin-
sic link between cell cycle regulation and cell
fate decisions (self-renewal versus differentia-
tion) in stem cells that are likely to be affected
by the length of each phase of the cell cycle
and suggest that G1 phase corresponds to a
window of increased sensitivity of stem cells
to differentiation signals [27].

This hypothesis is further supported by
the observation that core pluripotency factors
0OCT4, SOX2 and NANOG regulate the ex-
pression of key cell cycle regulatory proteins,
such as CDKI1, cyclin D1, CDK6, CDC25A,
and CDCT [36, 37]. Evidence of another link
between cell cycle regulation and self-renewal
machineries, namely between E2F and OCT4
activities, came from a study by Chavez and
coworkers [38]. This work suggests that E2F
may act as a regulatory co-factor for OCT4 at
the promoters of OCT4 target genes and that
ORCI1L (Origin recognition complex subunit
1-like), a direct E2F target involved in DNA
replication and mitotic cell cycle progression,
belongs to the core OCT4 regulatory network.

Very likely, many more connections ex-
ist between master cell cycle regulators and
stemness, including the regulation via microR-
NAs [39]. For instance, the c-Myc/E2F-driven
miR-17-92 cluster that controls the G1-S tran-
sition, is fundamental for hESC self-renewal
and cell proliferation and is down-regulated
upon hESC differentiation [40]. Another ex-
ample is the miR-290 cluster that targets
multiple cell cycle-regulatory genes, such as
Cdknia (encoding p21©PY) Rb1, Rbl1, RbI2,
and Lats2 [41]. It is expressed in mESCs,
repressed during mESC differentiation, unde-
tectable in adult mouse organs [42, 43, 44|,
and has recently been shown to be a general
characteristic of pluripotent cells [45]. Impor-
tantly, LIN28 /c-Myc (which regulates miR-17-



92) and OCT4/SOX2-regulated miR-302 have
been identified to be among a handful of fac-
tors necessary and sufficient to convert differ-

entiated cells into induced pluripotent stem
cells [46, 47].

DNA damage response In response to
DNA damage, checkpoint pathways are acti-
vated to restore genomic integrity and to pre-
vent formation of mutations. These mecha-
nisms halt cell cycle progression when DNA
damage has occurred to prevent replication of
damaged DNA or passage of damaged chro-
mosomes to progeny in order to avoid mu-
tations and/or genomic instability. Further-
more, DNA damage checkpoint pathways in-
duce the DNA damage repair machinery and,
if the damage cannot be repaired, cells are
instructed to undergo apoptosis.
tion of mutations might lead to aberrant cell
function, cellular transformation and tumori-
genesis. Major consequences may arise from
the disruption of stem cell function, affecting
numbers and/or function of stem cells as well
as their differentiated progeny, tissue function
and homeostasis, and possibly formation of
cancer stem cells, leading to premature ag-
ing or cancer. Pluripotent stem cells of early
embryos (as well as their derivatives, ESCs)
must possess especially effective mechanisms
of DNA damage response because any mal-
function of these cells might cause major mal-
formations of the embryo and jeopardize its
health and viability.

Accumula-

DNA damage response in somatic cells

In somatic cells, DNA damage is sensed
by the phosphoinositide 3-kinase related ki-
nases (PIKK) ataxia-teleangiectasia mutated
(ATM), ATM and Rad3-related (ATR) and
DNA-dependent protein kinase (DNA-PK).
Their many substrates mediate cell cycle ar-
rest in G1, S or G2 phases, DNA repair and
cell death [48, 49, 50] in response to vari-
ous types of DNA damage, with DNA double
strand breaks (DSBs) being probably the most
dangerous ones. They can be induced by ex-
ogenous factors such as ionizing radiation (IR)
or genotoxic chemicals including chemothera-
peutic drugs, or they can result from endoge-
nous processes such as chromosome breakage,

telomere erosion, replication of single strand
breaks or action of reactive oxygen species.
Activated ATM/ATR phosphorylate multiple
substrates, including the signal transducers
Chk1/Chk2 and the transcription factor p53.
Chk1/Chk2 impose cell cycle arrest by mark-
ing CDC25 phosphatases, positive regulators
of CDKs, for proteasomal degradation and in-
directly by enhancing p53 stability through its
phosphorylation on Ser20. This phosphoryla-
tion interferes with p53 binding to the ubiqui-
tin ligase Mdm2 that shuttles pb3 out of the
nucleus and targets it for proteasomal degra-
dation. Phosphorylation of other p53 residues
enhances its transactivatory and DNA binding
activity, resulting in expression of its down-
stream targets, including the CDK inhibitor
CDKNI1A (encoding p21©™") or proapoptotic
genes (e.g. PUMA, BAX). Both the immedi-
ate Chk1/Chk2-CDC25A pathway and the de-
layed p53-p21€"P! pathway contribute to core
G1 checkpoint mechanisms and converge on
CDK2 to inhibit its activity and induce G1
arrest.

DNA damage response in embryonic
stem cells  Despite the essential role of the
G1 checkpoint in maintaining genomic stabil-
ity, ESCs do not arrest in G1 after DNA dam-
age |51, 52|. Instead, ESCs rely on S and
G2/M checkpoints or undergo apoptosis. Why
might this be so? Why do ESCs prefer entry
into S phase with damaged DNA or cell death
over stopping and repairing DNA in G1 phase?
There must be some good reason for this strat-
egy.

From the classical point of view, the ab-
sence of a G1 checkpoint in ESCs is beneficial
for the ESC population as a whole by facili-
tating removal of ESCs with damaged DNA,
thus avoiding mutations that might arise from
inaccurate DNA repair and maintaining pris-
tine genetic information of ESCs [53|. Consis-
tent with this hypothesis, ESCs are hypersen-
sitive to DNA damage [54, 55]. Yet mutations
through inaccurate DNA repair can arise in
later cell cycle phases as well. So why might
the G1 checkpoint be inactivated but all other
ones, including S and G2/M checkpoints re-
main intact? And what are the mechanisms
that selectively inactivate the G1 checkpoint



but sustain the functionality of other DNA
damage checkpoints in ESCs?

Numerous studies have attempted to reveal
the mechanisms of G1 checkpoint nonfunction-
ality in ESCs. First observations suggested
that in mESCs, pb3 is localized to the cy-
toplasm and cannot be translocated into the
nucleus [51]. Therefore, neither Cdknla, nor
proapoptotic genes are induced and mESCs
do not arrest in G1 or undergo p53-dependent
apoptosis in response to DNA damage [51].
However, another study suggested that p53 is
functional and revealed p53-mediated down-
regulation of Nanog expression as a novel
mechanism for maintenance of genetic stability
in mESCs by inducing their differentiation into
other cell types [56]. Nonfunctionality of p53
has been further challenged by a recent study
that showed p53 to be activated and Cdknla
expression induced after IR in mESCs [57].
Furthermore, in hESCs p53 is nuclear [58] and
CDKNI1A is robustly induced in response to
DNA damage [22]. However, despite increased
levels of the CDK2 inhibitor p21Cipl ESCs es-
cape G1 arrest after DNA damage. What is
the mechanism of this phenomenon?

With regard to the parallel G1 checkpoint
pathway employing the Chk1l/Chk2-CDC25A
cascade, in two mESC studies Chk2 was re-
ported to be sequestered at centrosomes and
thus separated from its substrate CDC25A and
therefore unable to mediate its degradation
with subsequent G1 arrest [53, 57]. However,
these studies diverged in observed phosphory-
lation patterns of Chk proteins: Chk2 was con-
stitutively phosphorylated in one of the stud-
ies, while in the latter its phosphorylation was
induced by DNA damage. Koledova and col-
leagues also reported constitutive phosphory-
lation of Chk1l on Ser345, which might be con-
sistent with centrosomal sequestration of Chkl
observed in their study as Chkl1-Ser345 phos-
phorylation has been suggested to be impor-
tant for cytoplasmic and subsequent centroso-
mal localization of Chkl on centrosomes [59].

More importantly, CDC25A levels were
sustained after IR in the study by Hong and
Stambrook [53], but Koledova and colleagues
found robust CDC25A degradation, which was
mediated by GSK-38 [57]. It is difficult to rec-

oncile between these two studies. Differences

in mESC lines studied might account for some
of the observed differences; however, it is im-
portant to note that the observations of Kole-
dova and collaborators were made in two di-
vergent mESC lines — an inbred and a hybrid
line, substantially limiting bias from cell line
variability.

Interestingly, neither downregulation of
CDC25A levels nor upregulation of p21Cipl
led to a G1 arrest in mESCs because CDK2
activity was not abrogated [57]. An impor-
tant role for DNA damage-refractory CDK2
activity in driving rapid G1/S phase progres-
sion after DNA damage in mESCs was shown
by chemical inhibition of CDK2 that slowed
down mESCs progression from G1 to S after
IR [57].

What might make CDK2 irresponsive to
changing levels of its regulators, CDC25A
and p21©P'? Immunolocalization studies have
suggested that it might be CDK2’s ESC-
specific localization: CDK2 was found to be
localized predominantly to centrosomes, while
CDC25A localized to cytoplasm and nuclei
and was not detected at centrosomes [57].
Thus, centrosomal CDK2 might be sheltered
from varying levels of CDC25A and, proba-
bly, also from p21©iPL [57]. Alternatively, lev-
els of p21©"P! might be insufficient to buffer
high levels of CDK2 in mESCs as it was shown
that equimolar concentrations of p21©iPl and
cyclin-CDK2 complexes are required for effi-
cient CDK2 inhibition [60]. The observation
of a large CDK2 pool at mESC centrosomes
has raised many questions. Among them the
possible mechanism of G1 phase regulation
by centrosomal CDK2 is most intriguing, al-
though conclusive evidence for its existence re-
mains elusive. We hypothesize that centroso-
mal CDK2 (possibly in cooperation with the
cytoplasmic pool of CDK2) might regulate the
activity of relevant cell-cycle (e.g. pRB-E2F)
and cell-fate /self-renewal (e.g. SOX2) [61] reg-
ulatory proteins that shuttle between cyto-
plasm and nucleus. The role of centrosomal
pools of Chkl and Chk2 for G1/S phase reg-
ulation, if any, is not understood as well. Are
they sequestered to centrosomes to avoid their
interaction with CDC25A, as suggested by
Hong and Stambrook [53], or do they actually
play an active role in maintaining centrosomal



CDK2 activity? Having in mind that even
with Chk1l/Chk2 at centrosomes CDC25A is
targeted for degradation by GSK-33 [57] and
that centrosomal Chkl regulates centrosomal
CDK1 activity during unperturbed cell cycles
as well as in response to DNA damage in so-
matic cells [62, 63], it is more probable that
the latter might be the case.

In somatic cells;, DNA damage induces
Chk1-dependent amplification of centrosomes
that leads to lethal multipolar mitoses [64].
This mechanism might act as an additional
checkpoint in the case when earlier check-
points fail or are not functional, e.g. in ESCs,
which naturally are devoid of a G1 checkpoint.
Based on the CDK2 requirement for centroso-
mal amplification [65, 66, 67, 68| and the re-
cent finding that DNA damage causes Chkl-
dependent activation of CDK2 [69], we sug-
gest that colocalization of CDK2 and Chkl
on centrosomes might allow for fast and effec-
tive centrosome amplification after DNA dam-
age in mESCs with subsequent efficient elim-
ination of damaged cells from the stem cell
pool via mitotic catastrophe. Furthermore,
Chk1-dependent activating phosphorylation of
CDK2 after DNA damage might possibly con-
tribute to sustained total CDK2 activity after
DNA damage in mESCs.

In view of CDK2’s role in ESC self-renewal
[20, 27|, maintaining CDK2 activity after DNA
damage might be important to sustain pluripo-
tency of ESCs and to avoid their differentiation
[57]. Evidence for a tight cooperation of DNA
damage and cell cycle regulatory mechanisms
in cell fate decisions also comes from studies
in muscle stem cells, in which DSBs naturally
occur during differentiation [70, 71, 72|. These
DSBs are targeted to specific genomic loci, in-
cluding critical differentiation regulatory genes
such as Cdknla, to induce their expression [73].
It is tempting to speculate that this process
may be involved in the development of other
tissues as well.

Centrosomes as cell cycle regulatory
centers Implicating centrosomes as critical
shelters of CDK2 from activated G1 check-
point pathways in mESCs [57], we suggest a
novel role for centrosomes in coordination of
fate decisions in stem cells and support the

hypothesis of centrosomes as coordination cen-
ters of cell cycle regulatory events.

Centrosomes are microtubule organizing
centers of animals cells. During G1 phase,
there is only one centrosome (consisting of two
centrioles and pericentriolar material) that is
replicated during S phase. The two centro-
somes form a bipolar mitotic spindle during
mitosis, thereby allowing for accurate chromo-
some segregation and cytokinesis. Aberrations
in centrosome number and/or function have
been associated with genomic instability and
tumorigenesis. However, whether these cen-
trosomal aberrations are a cause |74, 75, 76|
or a consequence of malignant transformation
still remains elusive [77, 78, 79].

Several studies have implicated a role for
centrosomes in the regulation of G1-S and G2-
M transitions and DNA damage checkpoint
signaling with multiple proteins implicated in
cell cycle control and DNA damage response
are found to localize to centrosomes (for a
[80]). Consecu-
tively, a new concept for centrosomes as cell
cycle regulatory centers has arisen, according
to which centrosomes might function as “scaf-
folds” to promote interactions between various
regulatory components during the cell cycle
[80, 81, 82].

Studies of karyoplasts (acentrosomal cells)
revealed that an activity associated with core
centrosomal structures is required for cell cy-
cle progression from G1 to S phase, as abla-
tion of centrosomes in late G2 phase led to an
arrest at the G1/S boundary of the next cell
cycle [83, 84]. This activity might be conferred
to cyclin E because its localization to centro-
somes is required to promote S phase entry in
a CDK2-independent manner [85]. Further-
more, alterations in centrosome composition
by knockdown of discrete centrosomal proteins
can induce p38-p53-p21¢Pl-dependent G1 ar-
rest [86].

The first implication of a role for the cen-
trosome in mitotic entry came from work in
oocytes which showed that injection of cen-
trosomes into G2-arrested starfish oocytes can
induce progression into mitosis [87], activate
maturation promoting factor (MPF; cyclin B-
CDK1) and accelerate mitotic entry in Xeno-
pus eggs [88]. Subsequent work in somatic cells

review, see Doxsey et al.



demonstrated the presence of CDK1 [89, 90]
and cyclin B |91]| at centrosomes. More re-
cently it was shown that an activated cy-
clin B-CDK1 complex first appears on cen-
trosomes during prophase [92] and this acti-
vation is regulated by Chkl, which localizes
to centrosomes during interphase and shields
centrosomal CDK1 from unscheduled activa-
tion by cytoplasmic CDC25B [62]. In response
to DNA damage, Chkl accumulates at centro-
somes and induces a G2/M cell cycle arrest
[63]. Also, a subset of Chk2 molecules local-
ize to centrosomes and mitotic apparatus, sug-
gesting a role for Chk2 in regulation of mitosis
[82, 93|. Together, these observations indicate
that centrosomes are sites where cell cycle de-
cisions and checkpoint reactions take place.

Centrosomal decision on self-renewal
The little information available for mESCs
suggests a role for centrosomes as sites for se-
questration of checkpoint components (Chkl,
Chk2) [53, 57| on the one hand and as a shel-
ter for cell cycle-regulatory proteins (CDK2)
[57] to prevent reactions that might limit self-
renewal (Figure 1). It would be interesting to
investigate whether hESCs use similar mech-
anisms of escape from G1 arrest after DNA
damage and whether CDK2 localizes to cen-
trosomes in these cells as well. As mESCs and
hESCs differ in cell cycle regulation and be-
cause they have been suggested to represent
different pluripotent states, equivalent to in-
ner cell mass epiblast progenitors and to the
early postimplantation epiblast, respectively
[94], the outcome might be surprising.
Another, only recently appreciated role of cen-
trosomes, is regulation of asymmetrical divi-
sion of stem cells: Although centrosomes are
not essential in many somatic cell types, there
is compelling evidence that centrosomes are re-
quired for the efficient asymmetrical division of
stem cells. Well studied examples are the early
C. elegans and Xenopus embryos, Drosophila
neuroblasts [76] and Drosophila male germline
stem cells (GSCs) [95], in which perturba-
tions of centrosome function or number com-
promises asymmetrical division [96, 97]. In
some cases, such as in Drosophila male GSCs,
the asymmetric outcome of the cellular divi-
sion is specified by asymmetric placement of
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Figure 1.: Regulation of CDK2 activity G1
checkpoint, restriction point and localization
to centrosomes in the context of self-renewal.
In somatic cells, CDK2 activity is negatively
regulated by restriction point and G1 check-
point. However, because of CDK2’s role in
self-renewal, these mechanisms are inactivated
in mESCs. G1 checkpoint activity is partially
abrogated by sequestration of Chkl/Chk2 pro-
teins to centrosomes, separating them from
their substrates, and partially by CDK2 local-
ization to centrosomes, where it is protected
from others activated G1 checkpoint pathways
(p53 — p21; GSK-33 — CDC25A). Also, mecha-
nisms of self renewal may be involved in abro-
gation of restriction point (dashed line).

daughter cells into microenvironments that
provide extrinsic signals to direct cells to dif-
ferent fates [98, 99]. In others, such as in
Drosophila neuroblasts, stem cells undergo
asymmetric division based on differential seg-
regation of intrinsic fate determinants [100,
101]. Relationships between spindle orienta-
tion and symmetricity of stem cell division
have also been observed in stem cells from
mammalian skin [102], muscle [103], and neu-
ronal stem cells [104], suggesting a broad in-
volvement of centrosomes (through spindle ori-
entation) in the accomplishment of asymmet-
ric stem cell divisions.

Interestingly, it has been shown that
Drosophila male GSCs preferentially inherit
and retain the mother centrosome and that the
asymmetric behavior of mother and daughter
centrosomes is the reason for the asymmetric
outcome of male GSC divisions [105]. This ob-
servation suggests that an “immortal centro-
some,” retained in the stem cell, could help to
determine stem cell fate and raises the possi-
bility that preferential centrosome inheritance
is a conserved stem cell mechanism [106].

On the other hand, asymmetrically inher-



ited centrosomes in stem cells could be just
innocent bystanders that are differentially seg-
regated because of their role in spindle orienta-
tion or they could be carriers of developmental
information. One study has already revealed
asymmetric inheritance of a fate-determining
mRNA that associates with only one centro-
some during early embryonic development in
a mollusk [107]. The complex role of centro-
somes in self-renewal decisions remains to be
elucidated.

Embryonic stem cells as a model for em-
bryonic pathways: a handy tool or an
artifact? An intriguing issue is to what
extent the observations in vitro in ESCs corre-
spond to the situation in vivo in cells of early
embryos. Transfer of stem cells from the em-
bryo to the culture dish subjects cells to selec-
tive pressure from their new environment and
ESCs adapt to culture conditions through self-
transformation events involving epigenetic and
karyotypic changes [108, 109].

One of the stress factors impinged on
embryo-derived stem cells is oxygen: ESCs are
routinely cultured under normoxic conditions
although it is well known that in the mam-
malian reproductive tract, the native envi-
ronment for preimplantation embryos, are hy-
poxic [110]. Stem cells, including ESCs, might
benefit from residing in hypoxic niches where
oxidative DNA damage may be less frequent
[111]. This hypothesis is supported by the ob-
servation of alterations in mitochondrial DNA
in late passage hESC lines cultured under high
oxygen tension [112]. Also, hESCs were shown
to prefer hypoxia for maintenance of a highly
proliferative, pluripotent state [113, 114, 115].
However, only short-term hypoxia increased
mESC proliferation (through upregulation of
cell-cycle regulatory proteins such as Cdk2)
[116]. Long-term hypoxia, on the other hand,
inhibited self-renewal and led to differentiation
of mESCs [117]. The full extent to which ESCs
differ from their developmental counterparts
in embryos remains elusive. Nevertheless, in
the absence of better systems ESCs remain the
most suitable tool for modeling of processes in
cells of early embryos as well as cancer stem
cells.

Concluding remarks In embryonic stem
cells, high CDK2 activity drives rapid pro-
gression through G1 phase to maintain their
self-renewing state by minimizing the poten-
tial exposure to differentiation signals. Be-
cause downregulation of CDK2 activity is suffi-
cient to induce stem cell differentiation, mech-
anisms negatively regulating CDK2 activity
in somatic cells, such as restriction point and
G1 checkpoint, are deactivated in ESCs. An-
other level of protection of CDK2 activity in
ESCs might be its specific localization to cen-
trosomes, where it is sheltered from activated
G1 checkpoint pathways. Chkl and Chk2 pro-
teins are sequestered to centrosomes, to sepa-
rate them from their substrates and possibly to
increase CDK2 protection. Therefore, in the
cell fate game, centrosomes appear to play a
mediatory role, providing an interface for cru-
cial cell cycle and cell fate decisions to take
place.
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