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R:search in the last decade revealed
n additional role for the Replication
Licensing Factor Cdc6 in transcriptional
regulation. This novel function has
been linked to human cancer develop-
ment. Here, we summarize all the find-
ings arguing over a role of Cdc6 as a
transcriptional repressor and shed light
toward new research directions for this

field.
Identification of CDC6

CDC6 was initially identified in a genetic
screen aimed at finding mutations that
arrested the budding yeast cell cycle.! It
took many years to clone the correspond-
ing gene and identify its homologs in fis-
sion yeast and human cells.> Actually,
CDCG6 is conserved in every eukaryotic
organism. There is a homolog in Archaea
as well. The first evidence for the partici-
pation of CDCG6 in DNA replication stems
from the analysis of Cdc6-1, a tempera-
ture-sensitive yeast CDC6 mutant that
arrested cells at the G -S transition.”
CDCG6 belongs to the AAA* family of
ATPases with chaperone-like activities.?
All family members contain matches to
the conserved bipartite ATP binding and
hydrolysis motifs described by Walker
and colleagues.* The Walker A-motif is
required for ATP binding, whereas the
Walker B is important for ATP hydroly-
sis.> At least two functions of Cdc6 rely
on its ATPase activity. The first one,
which so far has only been demonstrated
in yeast, concerns the ability of Cdc6 to
influence the specificity with which ORC

Transcription

associates with the DNA,> whereas the
second is the actual loading of MCM
proteins. Three convergent studies in
budding yeast establish that CDC6 is a
key factor for replication origin licensing
due to its responsibility for the loading
of MCM proteins onto origins.®® Mini-
Chromosome Maintenance (MCM) pro-
teins together with Origin Recognition
Complex (ORC) form large structures
called pre-Replication Complexes (pre-
RCs) and can be visualized by genomic
footprinting at origins of replication dur-
ing G,” MCMs function as a helicase
machinery required to separate the two
DNA strands during S phase. Six of them
are essential for both initiation and elon-
gation of DNA replication.'

The human CDC6 gene is located
at chromosome 17q21.3 and its expres-
sion is controlled by the E2F family
of transcription factors that regulate
S-phase-promoting genes.> Shortly after
its identification, it was confirmed that
human CDC6 was also essential for ini-
tiation of DNA replication. When hCdc6
levels were downregulated in G, cells by
antibody microinjection, cells could not
progress into S phase. Later on, it was
found that Cdc6 downregulation by RNA
interference (RNAI) prevented cell prolif-
eration and promoted apoptosis.*

For a cell, it is important that replica-
tion happens only once per cell cycle. To
ensure this, cells inactivate the processes
for pre-RC formation once S phase is
initiated to prevent re-licensing and re-
initiation." After mitosis, the pre-RC
machinery is de-repressed so that origins
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can be licensed again for the next cell
cycle. Due to their critical role as licensing
factors, the majority of the mechanisms
that mammalian cells have developed to
prevent re-replication, impinge on the reg-
ulation of Cdc6 and Cdtl. In both cases,
a ubiquitin-dependent proteolytic degra-
dation mechanism is involved. Moreover,
Cdtl is also regulated by its inhibitor,
Geminin."

Replication Factors Involved in
Regulation of Transcription and
Chromatin Remodeling

It is very interesting to note that several
factors involved in DNA replication, have
additional cellular roles, such as regulators
of transcription and chromatin remod-
eling. The role of a number of them in
heterochromatin silencing and epigenetic
inheritance is very nicely reviewed by Li et
al."” Among them, the ORC, the MCMs
and Cdc6 have been suggested to have a
direct role in transcription as well.

Regarding MCM proteins, there is
evidence implicating their role in tran-
scription, such as association with the
C-terminal domain (CTD) of RNA
polymerase II (RNA Polll), purification
of heterodimer Mcm3-Mcm5 in a com-
plex with STATla, a transcription fac-
tor stimulated by gamma-interferon, and
inhibition of transcription, in vitro, by
antibodies against Mcm2. Intriguingly,
increased levels of Mcmb5 in cells correlate
with increased levels of transcriptional
activation. Moreover, Mcm7 has also been
connected with several transcription regu-
lators, such as Mcm1 and Rb."

The origin recognition complex (ORC)
is another example of replication factor
linked to transcriptional regulation. Quite
early after its identification, it was shown
that ORC2 apart from the role in DNA
replication has an additional function
in transcriptional silencing at the yeast
silent mating-type loci.’ Furthermore,
in Drosophila, a position-effect varie-
gation of gene expression occurs when
chromosomal rearrangements bring genes
in proximity to heterochromatin. These
activities involve the binding of HP1 to
ORCI1.% Moreover, HBO1, a histone ace-
tyl-transferase responsible for chromatin
remodeling followed by transcriptional
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regulation, binds to ORCIL.' Finally,
Takayama et al.” reveal that ORCI com-
petes with SNF5, a component of chro-
matin remodeling complex SNE/SWI,
for binding to the C-terminal region of
c-Myc. As a result of this interaction, the
E-box motif-dependent transcriptional
activity of c-Myc is inhibited, proposing a
direct repressive role for ORCI. It is inter-
esting to note that, Dominquez-Sola and
colleagues identified a critical function for
c-Myc in DNA replication, suggesting a
novel mechanism for its normal and onco-
genic functions.'® This is another finding
strongly supporting the bidirectional rela-
tionship between DNA replication and
transcription.

Cdc6 in Human Cancer

It is more than 10 years now since Cdc6
was also linked to transcriptional regu-
lation. In parallel to their previously
mentioned study on ORCL,"” Hiroyoshi
Ariga’s group published similar studies
for Cdc6.” In particular, Cdc6 was also
shown to bind to the C-proximal region of
c-Myc, thereby competing with Max and
changing c-Myc/Max heterodimer to a
Max/Max homodimer. As a consequence,
the E-box motif-dependent transcrip-
tional activity of c-Myc was abrogated,
suggesting a role for Cdc6 as a transcrip-
tional suppressor of c-Myc.

The last few years, though, an intrigu-
ing hypothesis has emerged linking tran-
scriptional regulation by Cdc6 to human
cancer development. This was first evi-
dent when overexpression of Cdc6 was
shown to lead to transcriptional repres-
sion of INK4/ARF locus.”® Inactivation
of this locus is one of the most frequent
events in human cancer, since it encodes
three important tumor suppressor genes:
pl6™&e and pI15™K both activators of
the retinoblastoma pathway, and ARF,
an activator of p53. The mechanism
of Cdc6-dependent repression involves
recruitment of histone de-acetylases and
heterochromatinization of the /INK4/ARF
locus. Interestingly, Cdc6 in cooperation
with oncogenic Ras promotes cellular pro-
liferation and neoplastic transformation
activity.

Further evidence for the oncogenic role
of Cdc6 in human was demonstrated in

Transcription

POINT-OF-VIEW

two recent reports from our group. The
status of the two Replication Licensing
Factors (RLFs), hCdc6 and hCdtl, in
non-small cell lung carcinomas (NSCLCs)
was initially studied and we revealed that
overexpression of these proteins had syn-
ergistic effect with mutant p53 over tumor
growth and chromosomal instability.?
We, then, used epithelial lesions covering
progressive stages of hyperplasia, dyspla-
sia and full malignancy, coming mostly
from the same patients, in order to exam-
ine how early during cancer development
de-regulation of these factors occurs.?
Abnormal accumulation of both proteins
occurred early from the stage of dysplasia,
caused in a significant proportion of cases
due to gene amplification. Moreover, over-
expression of hCdc6 and hCdtl in tissue
culture cells promoted re-replication and
generated a DNA damage response, which
activated the antitumor barriers of senes-
cence and apoptosis. Continuous stimulus
of de-regulated proteins induced genomic
instability, by over-coming the p53 anti-
tumor barrier, favoring clonal expansion
of cells with more aggressive properties.
Interestingly, pre-malignant, non-tumor-
igenic, mouse epithelial cells were chal-
lenged and exhibited features of epithelial
to mesenchymal transition (EMT), a pro-
cess contributing to cancer invasion and
metastasis.” The same effect of overex-
pressed Cdc6 was also observed in human
cells.?® This phenotype was reversed when
Cdc6 expression was shut down. Notably,
flow cytometric analysis in mouse (P1)
and human (A549) cells overexpressing
Cdc6, revealed a significant increase of
cells expressing the CD24""/CD44"¢
antigen phenotype (Fig. SIA), a con-
figuration associated with stem-like fea-
tures, thus supporting the proposed link
between EMT and the gain of stem cell
properties.?

Following this observation, we were
triggered to elucidate the mechanism by
which Cdc6 induces EMT. Consistent
with that, we found that the phenotypic
changes of mouse and human epithelial
cell lines are accompanied by loss of the
tumor suppressor E-cadherin (CDHI), a
hallmark of EMT.* Intriguingly, though
Cdc6 acts in a similar manner to Snaill,
Snail2/Slug and the ZEB family mem-
bers, ZEB1 (8EF1) and ZEB2 (SIP1),
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which represent the major transcrip-
tion factors known to negatively regulate
E-cadherin,® our data suggest that the
observed suppression of CDHI in cells
overexpressing Cdc6 is not associated
with upregulation of Snaill and Zebl
(Fig. S1B). The status of Snail2 and
Zeb2 remains to be studied. Moreover,
we noticed that human and mouse epi-
thelial cells overexpressing Cdc6 display a
significant growth benefit over their mock
counterparts, in contrast to what has been
previously described for the potent EMT
inducers Snaill and Twist.?#??® These
data point toward a newly discovered and
independent process of EMT, regulated
by Cdc6.

We then discovered that Cdc6 represses
CDHI gene transcription by binding to
E-box motif (CANNTG) located at its
promoter. One E-box motifisalso included
in the regulatory domain (RD) found at
the promoter of INK4/ARF.** Consistent
with the presence of a putative DNA repli-
cation origin proximal to RD at the INK4/
ARFlocus, we also identified nascent DNA
products in a region adjacent to E-boxes
of CDHI promoter.* Interestingly, over-
expression of Cdc6 in mouse epithelial
cells activated this origin. Moreover, we
revealed that Cdc6-dependent repression
of CDHI involves dissociation of chromo-
somal insulator CTCF, displacement of
histone variant H2A.Z and promoter het-
erochromatinization, similar to the /NK4/
ARF promoter.

These data demonstrate that Cdc6 acts
as a molecular switch at the E-cadherin
locus, linking transcriptional repression to
activation of replication and provide a tell-
ing example of how replication licensing
factors could usurp alternative programs
to fulfill distinct cellular functions.

Future Vision

The above intriguing data have shed light
on a new molecular pathway involved in
human cancer development and progres-
sion. They have also highlighted the ver-
satility of proteins which were thought to
have a role only in one of the major cellu-
lar processes, such as DNA replication. It
is more and more obvious that the cell has
developed mechanistic plasticity, in order
to utilize the same factors for different
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jobs, depending on their abundance and
the environmental signals.

In this review, we have summarized the
data arguing for an essential role of Cdc6
as a transcriptional regulator. As a result, a
number of very interesting questions have
now raised; Which other genes are directly
regulated by Cdc6? What is the specificity
of Cdc6 recruitment to DNA? How does
Cdc6 exhibit its repressive function?

Based on all the evidence, someone
would predict that most Cdc6-regulated
target genes would be either cell cycle
inhibitors or genes involved in differen-
tiation. In this mode, “oncogenic” Cdc6
would be expected to switch-off genes
that restrain cell proliferation and at the
same time activate replication initiation.
Therefore, it would be interesting to
address whether the Cdc6 transcriptional
program interferes with other transcrip-
tional pathways. Toward this direction,
we have performed gene expression-array
analysis. Preliminary results of the mouse
DNA-microarray ~data  (overexpressed
Cdc6 vs. Control), utilizing the Gene
Set Enrichment Analysis method,” sug-
gest that there are several protein groups
such as proteins involved in Cell adhesion,
Signal transduction, Cell migration, Cell
proliferation and many others (Table S1),
which have been significantly impacted
(in terms of gene expression-level of de-
regulation). As expected, our data con-
firmed the suppression of E-cadherin and
upregulation of Vimentin, that are mark-
ers for EMT. Whether, Cdc6 directly
regulates the expression of all the identi-
fied de-regulated genes or not is currently
under investigation.

Another very interesting issue is the
specificity of Cdc6 recruitment to DNA.
A common feature of the promoter of
INK4/ARF and CDHI, which are both
regulated by Cdco6, is the presence of three
types of DNA elements; E-box, CTCF-
binding site and origin of replication.?”*
Cdc6 was shown to bind E-box motif
in vitro and in vivo, suggesting that this
might be the mechanism of Cdc6 recruit-
ment.2%?* However, the six-nucleotide
E-box sequence (CANNTG) is very com-
mon across the entire genome. In fact, by
performing bioinformatics analysis we
have shown that there is one E-box every
approximately 200 bp, suggesting that
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the presence of E-box alone cannot be
responsible for Cdc6 recruitment to DNA.
Therefore, someone could speculate that
the presence of CTCF-binding sites and/
or replication origins would be the restric-
tive factor for the specificity of Cdc6 DNA
binding.

An interesting study recently showed
that occupied CTCF binding sites are
surrounded by 20 well positioned nucleo-
somes, covering a region of approximately
2 kb from each side.>® These nuclosomes
are enriched for H2A.Z and 11 histone
modifications (in descending order of

enrichment): H3K4me3, H3K4me2,
H3K4mel, H3K9mel, H4K20mel,
H3R2mel, H3K27mel, H3K36mel,

H2BK5mel, H3R2me2 and H3K79mel.
Eight of those modifications (the ones
underlined), together with H2A.Z enrich-
ment are features of gene promoters
previously correlated with active transcrip-
tion.”" Intriguingly, our group have dem-
onstrated that Cdc6 recruitment to DNA
results in CTCF and H2A.Z displacement
at the CDH1 locus.*® Therefore, one pos-
sible hypothesis could be that Cdc6 has
affinity for E-boxes surrounded by nucleo-
somes enriched for H2A.Z, due to the
presence of bound CTCF. One or more
of the histone modifications enriched at
flanking CTCF-binding

sites, might also contribute to recruitment

nucleosomes

of Cdc6. In order to examine this idea,
we performed a combination of the pre-
viously mentioned Gene Set Enrichment
Analysis of the microarray data with
CTCEF binding site Enrichment Analysis,
run on the promoters of the microarray-
genes. Preliminary data, suggest that 15 of
the groups represented in Table S1 (which
were found statistically significant de-
regulated by Cdc6), also show statistically
significant enrichment for CTCF-binding
sites at the promoters of their genes
(Fig. 1). This fact has been observed at
both, group-level and individual-promoter
level. More specifically group-level means
that these groups present a significantly
larger-than-expected number of proteins
whose promoters contain CTCF binding
sites, while the individual-promoter level
means that the promoters of these proteins
were additionally found to be significantly
enriched with CTCF binding sites per se.
However, there are genes, either repressed
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Figure 1. Barplot of group of genes which were found, by microarray analysis, de-regulated on a Cdc6-dependent manner and also show statisti-
cally significant enrichment (p< 0.05) for CTCF binding sites (CTCF-BS) at their promoters. *p-values were calculated based on observed vs. expected

or activated due to overexpression of Cdc6,
which do not have CTCF sites within
their promoters. In case these genes are
directly regulated at transcription level by
Cdc6, this suggests that Cdc6 is recruited
to those promoters by a different mecha-
nism. This possibility is currently under
investigation.

The molecular mechanism of Cdc6-
dependent transcriptional repression and
activation of replication is another excit
ing area of investigation. Regarding this
field of research, studies in budding yeast
showed no global correlation between
transcriptional activity and replication
timing.*> In the complex genomes of
higher eukaryotes, however, things appear
to be different. In Drosophila, a strong
correlation between the early replication
timing of a gene and the likelihood of it
being actively transcribed was revealed.
Interestingly, this connection is not abso-
lute: 30% of the earliest replicating genes
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were found to be inactive, and 30% of the
latest replicating genes were actively tran-
scribed, suggesting that, despite showing
a high degree of positive correlation with
active genes, early replication is unlikely to
be a general requirement for transcription.
Similar microarray studies in the human
genome also revealed that early-replicat-
ing regions contain more active genes.**¢
Finally, the imperfect correlation between
replication timing and transcription is
also supported by developmental studies.
In particular, whereas during lymphocyte
differentiation only a small number of
genes appear to change replication tim-
ing upon activation, development-specific
changes in DNA replication timing that
coincide with gene activation are well
described in the case of the 3-globin.?”*
In an attempt to address the correlation
between Cdc6-dependent transcriptional
repression and activation of replication,
Agherbi and colleagues, showed, recently,
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that in young cells Cdc6 interacts and
recruits BMII, a member of Polycomb
group proteins, to the INK4/ARF locus,
resulting in transcriptional repression and
replication during late S-phase.** Upon
senescence, the histone de-methylase
Jmjd3 is overexpressed and the MLL1 pro-
tein is recruited to the locus provoking the
dissociation of Polycomb with subsequent
transcriptional activation and replication
during early S-phase.

Based on all the above information, it
is tempting to propose a generic specula-
tive model for Cdc6-dependent transcrip-
tional repression, using our knowledge
for CDHI and INK4/ARF genes (Fig. 2);
Upon a signal leading to overexpression of
Cdc6, the protein is recruited to genomic
loci, where E-boxes, CTCF binding sites
and/or origins of replication are localized.
Through direct binding with Cdc6, mem-
bers of Polycomb group proteins, such as
BMI1, might also recruited. Furthermore,
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Figure 2. Speculative model for Cdc6-dependent transcriptional repression.

co-recruited histone de-acetylases and his-
tone methyl-transferases modify the chro-
matin resulting in transcriptional silencing
and heterochromatinization of the locus.
The verification of this model is currently
under investigation. Moreover, two other
issues with great interest are the explora-
tion of a possible CTCF-independent
mechanism for Cdc6 recruitment, as well
as the identification of protein complexes
participating in Cdc6-dependent activa-
tion of genes.

Opverall, studies from our and other
laboratories have opened up a new field
of transcriptional regulation linked to
cancer development. Cdc6, the replica-
tion licensing factor, has been shown to
regulate the expression of two loci, critical
for the development of human cancer, the
INK4/ARF, expressing three tumor sup-
pressor genes, and the CDHI, expressing
E-cadherin. Unraveling to which extend
Cdc6 regulates cancer-related genes at
transcriptional level and identifying the
mechanism of its action, will be of enor-
mous importance for the future of studies
in cancer treatment and therapy.

Acknowledgments

V.G. is financially supported by the
European Commission FP7  projects
GENICA (contract number 201630),
INFLA-CARE (contract
223151), INsPiRE (contract number
284460; REGPOT). T.G.D. is supported

number

128

by a research project implemented ¢
within the of the Action
“Supporting Postdoctoral Researchers” of

framework

the Operational Program “Education and
Lifelong Learning” (Action’s Beneficiary:
General Secretariat for Research and
Technology), which is co-financed by
the European Social Fund (ESF) and the s
Greek State.

Supplemental Materials

Supplemental materials may be down-
loaded here: www.landesbioscience.com/
journals/trans/article/20301 10.

References

1. Hartwell LH. Sequential function of gene products
relative to DNA synthesis in the yeast cell cycle. J 11
Mol Biol 1976; 104:803-17; PMID:785015; http://
dx.doi.org/10.1016/0022-2836(76)90183-2.

2. Borlado LR, Méndez J. CDC6: from DNA repli-
cation to cell cycle checkpoints and oncogenesis. 12
Carcinogenesis 2008; 29:237-43; PMID:18048387;
hetp://dx.doi.org/10.1093/carcin/bgm268.

3. Lee DG, Makhov AM, Klemm RD, Griffith JD, Bell

SP. Regulation of origin recognition complex con- 13.

formation and ATPase activity: differential effects
of single-stranded and double-stranded DNA bind-
ing. EMBO J 2000; 19:4774-82; PMID:10970868;
http://dx.doi.org/10.1093/emboj/19.17.4774. 14
4. Walker JE, Saraste M, Runswick MJ, Gay NJ.
Distantly related sequences in the alpha- and
beta-subunits of ATP synthase, myosin, kinases
and other ATP-requiring enzymes and a common
nucleotide binding fold. EMBO ] 1982; 1:945-51; 15
PMID:6329717.
5. Mizushima T, Takahashi N, Stillman B. Cdc6p
modulates the structure and DNA binding activity of
the origin recognition complex in vitro. Genes Dev

2000; 14:1631-41; PMID:10887157.

Transcription

Donovan S, Harwood J, Drury LS, Diffley JF.
Cdc6p-dependent loading of Mcm proteins onto
pre-replicative chromatin in budding yeast. Proc Natl
Acad Sci USA 1997; 94:5611-6; PMID:9159120;
http://dx.doi.org/10.1073/pnas.94.11.5611.

Tanaka T, Knapp D, Nasmyth K. Loading of an
Mcm protein onto DNA replication origins is regu-
lated by Cdc6p and CDKs. Cell 1997; 90:649-60;
PMID:9288745; http://dx.doi.org/10.1016/S0092-
8674(00)80526-7.

Liang C, Stillman B. Persistent initiation of DNA
replication and chromatin-bound MCM proteins
during the cell cycle in cdc6 mutants. Genes Dev
1997; 11:3375-86; PMID:9407030; http://dx.doi.
org/10.1101/gad.11.24.3375.

Diffley JE. Eukaryotic DNA replication. [Review].
Curr Opin Cell Biol 1994; 6:368-72; PMID:7917327;
http://dx.doi.org/10.1016/0955-0674(94)90028-0.
Labib K, Tercero JA, Diffley JF. Uninterrupted
MCM2-7 function required for DNA replication fork
progression. [Erratum in: Science 2000; 289] [5487].
Science 2000; 288:1643-7; PMID:10834843; http://
dx.doi.org/10.1126/science.288.5471.1643.

. Li C, Jin J. DNA replication licensing control

and rereplication prevention. [Review]. Protein Cell
2010; 1:227-36; PMID:21203969; http://dx.doi.
0rg/10.1007/513238-010-0032-z.

. Li Q, Zhang Z. DNA replication, RNAi and epigene-

tic inheritance. Acta Biochim Biophys Sin (Shanghai)
2012; 44:3-13; PMID:22194009; http://dx.doi.
org/10.1093/abbs/gmr107.

Forsburg SL. Eukaryotic MCM proteins: beyond rep-
lication initiation. [Review]. Microbiol Mol Biol Rev
2004; 68:109-31; PMID:15007098; http://dx.doi.
org/10.1128/ MMBR.68.1.109-31.2004.

. Bell SP, Kobayashi R, Stillman B. Yeast origin recog-

nition complex functions in transcription silencing
and DNA replication. Science 1993; 262:1844-9;
PMID:8266072;  http://dx.doi.org/10.1126/sci-
ence.8266072.

. Pak DT, Pflumm M, Chesnokov I, Huang DW,

Kellum R, Marr J, et al. Association of the ori-
gin recognition complex with heterochromatin and
HP1 in higher eukaryotes. Cell 1997; 91:311-23;
PMID:9363940; http://dx.doi.org/10.1016/S0092-
8674(00)80415-8.

Volume 3 Issue 3



16.

20.

21

22.

23.

24.

lizuka M, Stillman B. Histone acetyltransfer-
ase HBOI interacts with the ORC1 subunit of
the human initiator protein. J Biol Chem 1999;
274:23027-34; PMID:10438470; http://dx.doi.
org/10.1074/jbc.274.33.23027.

. Takayama MA, Taira T, Tamai K, Iguchi-Ariga

SM, Ariga H. ORCI interacts with c-Myc to inhibit
E-box-dependent transcription by abrogating c-Myc-
SNF5/INI1 interaction. Genes Cells 2000; 5:481-
90; PMID:10886373; http://dx.doi.org/10.1046/
j-1365-2443.2000.00338 .x.

. Dominguez-Sola D, Ying CY, Grandori C, Ruggiero

L, Chen B, Li M, et al. Non-transcriptional control of
DNA replication by c-Myc. Nature 2007; 448:445-
51; PMID:17597761; http://dx.doi.org/10.1038/
nature05953.

. Takayama M, Taira T, Iguchi-Ariga SM, Ariga

H. CDC6 interacts with c-Myc to inhibit E-box-
dependent transcription by abrogating c-Myc/
Max complex. FEBS Lett 2000; 477:43-8;
PMID:10899308; http://dx.doi.org/10.1016/S0014-
5793(00)01756-7.

Gonzalez S, Klatt P, Delgado S, Conde E, Lopez-Rios
F, Sanchez-Cespedes M, et al. Oncogenic activity of
Cdc6 through repression of the INK4/ARF locus.
Nature 2006; 440:702-6; PMID:16572177; http://
dx.doi.org/10.1038/nature04585.

Kim WY, Sharpless NE. The regulation of INK4/
ARF in cancer and aging. [Review]. Cell 2006;
127:265-75;  PMID:17055429;  http://dx.doi.
0rg/10.1016/j.cell.2006.10.003.

Karakaidos P, Taraviras S, Vassiliou LV, Zacharatos P,
Kastrinakis NG, Kougiou D, et al. Overexpression of
the replication licensing regulators hCdtl and hCdc6
characterizes a subset of non-small-cell lung carci-
nomas: synergistic effect with mutant p53 on tumor
growth and chromosomal instability—evidence of
E2F-1 transcriptional control over hCdtl. Am J
Pathol 2004; 165:1351-65; PMID:15466399; htep://
dx.doi.org/10.1016/S0002-9440(10)63393-7.
Liontos M, Koutsami M, Sideridou M, Evangelou K,
Kletsas D, Levy B, et al. Deregulated overexpression
of hCdtl and hCdc6 promotes malignant behavior.
Cancer Res 2007; 67:10899-909; PMID:18006835;
http://dx.doi.org/10.1158/0008-5472.CAN-07-
2837.

Sideridou M, Zakopoulou R, Evangelou K, Liontos
M, Kotsinas A, Rampakakis E, et al. Cdc6 expression
represses E-cadherin transcription and activates adja-
cent replication origins. J Cell Biol 2011; 195:1123-
40; PMID:22201124; hettp://dx.doi.org/10.1083/
jcb.201108121.

www.landesbioscience.com

25.

26.

27.

28.

29.

30.

32.

33.

Hanahan D, Weinberg RA. Hallmarks of cancer:
the next generation. [Review]. Cell 2011; 144:646-
74; PMID:21376230; http://dx.doi.org/10.1016/j.
cell.2011.02.013.

Peinado H, Olmeda D, Cano A. Snail, Zeb and
bHLH factors in tumour progression: an alliance
against the epithelial phenotype? Nat Rev Cancer
2007; 7:415-28; PMID:17508028; http://dx.doi.
org/10.1038/nrc2131.

Thiery JP. Epithelial-mesenchymal transitions in
tumour progression. [Review]. Nat Rev Cancer
2002; 2:442-54; PMID:12189386; http://dx.doi.
org/10.1038/nrc822.

Vega S, Morales AV, Ocafia OH, Valdés F, Fabregat
I, Nieto MA. Snail blocks the cell cycle and confers
resistance to cell death. Genes Dev 2004; 18:1131-
43; PMID:15155580; http://dx.doi.org/10.1101/
gad.294104.

Subramanian A, Tamayo P, Mootha VK, Mukherjee
S, Ebert BL, Gillette MA, et al. Gene set enrichment
analysis: a knowledge-based approach for interpret-
ing genome-wide expression profiles. Proc Natl Acad
Sci USA 2005; 102:15545-50; PMID:16199517;
http://dx.doi.org/10.1073/pnas.0506580102.

Fu Y, Sinha M, Peterson CL, Weng Z. The insulator
binding protein CTCF positions 20 nucleosomes
around its binding sites across the human genome.
PLoS Genet 2008; 4:1000138; PMID:18654629;
http://dx.doi.org/10.1371/journal.pgen.1000138.

. Barski A, Cuddapah S, Cui K, Roh TY, Schones

DE, Wang Z, et al. High-resolution profiling of
histone methylations in the human genome. Cell
2007; 129:823-37; PMID:17512414; htep://dx.doi.
0rg/10.1016/j.cell.2007.05.009.

Raghuraman MK, Winzeler EA, Collingwood D,
Hunt S, Wodicka L, Conway A, et al. Replication
dynamics of the yeast genome. Science 2001; 294:115-
21; PMID:11588253; http://dx.doi.org/10.1126/sci-
ence.294.5540.115.

Schiibeler D, Scalzo D, Kooperberg C, van Steensel
B, Delrow J, Groudine M. Genome-wide DNA
replication profile for Drosophila melanogaster: a link
between transcription and replication timing. Nat
Genet 2002; 32:438-42; PMID:12355067; htep://
dx.doi.org/10.1038/ng1005.

Transcription

34.

35.

36.

37.

38.

39.

40.

White EJ, Emanuelsson O, Scalzo D, Royce T, Kosak
S, Oakeley EJ, et al. DNA replication-timing analysis
of human chromosome 22 at high resolution and dif-
ferent developmental states. Proc Natl Acad Sci USA
2004; 101:17771-6; PMID:15591350; http://dx.doi.
org/10.1073/pnas.0408170101.

Woodfine K, Fiegler H, Beare DM, Collins JE,
McCann OT, Young BD, et al. Replication timing of
the human genome. Hum Mol Genet 2004; 13:191-
202; PMID:14645202; http://dx.doi.org/10.1093/
hmg/ddh016.

Jeon Y, Bekiranov S, Karnani N, Kapranov P, Ghosh
S, MacAlpine D, et al. Temporal profile of replication
of human chromosomes. Proc Natl Acad Sci USA
2005; 102:6419-24; PMID:15845769; http://dx.doi.
0rg/10.1073/pnas.0405088102.

Azuara V, Brown KE, Williams RR, Webb N, Dillon
N, Festenstein R, et al. Heritable gene silencing
in lymphocytes delays chromatid resolution with-
out affecting the timing of DNA replication. Nat
Cell Biol 2003; 5:668-74; PMID:12833066; http://
dx.doi.org/10.1038/ncb1006.

Cimbora DM, Schiibeler D, Reik A, Hamilton J,
Francastel C, Epner EM, et al. Long-distance con-
trol of origin choice and replication timing in the
human beta-globin locus are independent of the
locus control region. Mol Cell Biol 2000; 20:5581-
91; PMID:10891496; http://dx.doi.org/10.1128/
MCB.20.15.5581-91.2000.

Simon I, Tenzen T, Mostoslavsky R, Fibach E, Lande
L, Milot E, et al. Developmental regulation of DNA
replication timing at the human beta globin locus.
EMBO ] 2001; 20:6150-7; PMID:11689454; http://
dx.doi.org/10.1093/emboj/20.21.6150.

Agherbi H, Gaussmann-Wenger A, Verthuy C,
Chasson L, Serrano M, Djabali M. Polycomb medi-
ated epigenetic silencing and replication timing at
the INK4a/ARF locus during senescence. PLoS
One 2009; 4:5622; PMID:19462008; http://dx.doi.
org/10.1371/journal.pone.0005622.

129



