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1. Background
1.1. Identification and domains of 53BP1

Using the yeast two-hybrid system, 53BP1 was ifiedtias a protein that binds
to wild type p53 (lwabuchi et al., 1994). The 53B&ne localizes to
chromosome 15q15-21 and encodes a protein thaBi2 Amino acids long
(lwabuchi et al., 1998). A search for protein damsausing relatively stringent
criteria identifies consistently three protein damsa a tudor domain
(2aa1480-1540) and two tandem Brcal C-terminal (BRdbMmains (aal714-1850
and 1865-1972, respectively) (Fig. 1). The BRCT imstfirstly identified in the
COOH-terminal region of BRCAl1 and has been foundaimarge number of
proteins involved in variouaspects of cell cycle control, recombination, and
DNA repairin mammals and yeast (Koonin et al. 1996; Bork let1897;
Callebaut and Mornon 1997; Manke et al., 2003)dErnce suggests that BRCT
domains maynediate protein—protein interactions (Bork et #097; Zhang et al.
1998) and in 53BP1, they mediate its interactiotih\wb3 (lwabuchi et al., 1998).
The tudor domain is a conserved region of 50 aramids firstly identified in the
Tudor protein of Drosophila and found in severadteins involved in binding
RNA and DNA (Ponting CP, 2004). New evidence sutgtsat the tudor domain
containing proteins may associate with methylargircontaining cellular
proteins and modify the functions of these proté{@ate et al., 2005; Kim et al.,
2006). Two recent studies have identified the malinegion of focus formation
including the conserved tudor domain in 53BP1 (New&t al., 2003; Goldberg et
al., 2003), which is critical for 53BP1 location I® (ionizing radiation)-induced
foci (Huyen et al., 2004). The 53BP1 tudor domaailitates an interaction
between p53 and 53BP1 after DNA damage to promioge ldcalization of
53BP1-p53 complex to the sites of break and toeee the transcriptional

activation of p53 (Huang et al., 2007; Kachirskatial., 2008).
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Fig. 1. Schematic diagram of human 53BP I he functional domains including
a tudor, ay-H2AX binding, two BRCT domains, a serine phospletsd

residues (S25) and the focus-forming region areated.

1.2. Current models regarding 53BP1 function
1.2.1. The DNAdamageresponse (DDR)

DNA damage can be caused by various forms of ge&motsiress, including
endogenous (reactive oxygen species, abnormalcatipln intermediates) and
exogenous (reactive chemicals, UV and IR) sour&sldh Y, 2003). DNA
double-strand break (DSB) is believed to be on¢hefmost serious lesions to
cells because it can result in loss or rearrangeofegenetic information, leading
to cell death or carcinogenesis. The DNA damagpeorese (DDR) is crucial for
cellular survival and for avoiding carcinogenesighis DNA damage can
stimulate several different components in concert activate the cellular
checkpoint that leads to cell cycle delay, DNA iepad programmed cell death
(Phillips et al., 2007; d'Adda di Fagagna, 2008)e§e components consist of
sensors that sense DNA damage, signal transdutargenerate and amplify the
DNA damage signal, effectors that induce cell cydtday, programmed cell
death, transcription and DNA repair (Zhou et aDQ@, Phillips et al., 2007;
d'Adda di Fagagna, 2008) as shown in Fig. 2.
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Fig. 2. A view of the general outline of the DDR gnalling pathway. The
network of interacting pathways is depicted asnadr pathway consisting of
signals, sensors, transducers and effectors (Zhoal.e 2000). Arrowheads

represent activating events and perpendicular exgesent inhibitory events.

1.2.2. 53BP1: focusing on mediating the DDR througATM

signalling pathway

Even though several candidate proteins have beefhcated in DNA damage
response, an official checkpoint-specific damagesaeis still unknown (Phillips
et al., 2007; d'Adda di Fagagna, 2008). 53BP1 sd¢erhs one of the key-sensors
of DNA DSBs (Fig. 3), upstream of ATM (ataxia tefpectasia, mutated) (Wang
et al., 2002; Ward et al., 2003; Zgheib et al., 0®3BP1 was found to be a
nuclear protein that rapidly localizes to discrégei following DNA damages.
53BP1 foci may represent “sites of DNA DSBs”, a diyyesis further supported
by the colocalization of 53BP1 with other protekmown to mark sites of DNA
DSBs such as phosphorylated histone H2AXH2AX) and the



Mrel1/Rad50/Nbsl complex (Schultz et al., 2000;ulid® et al., 2002; Adams et
al., 2006). The recognition of histone H4 dimetkgthat lysine 20 (H4K20me2)
by the 53BP1 has been shown to be important forPa3Bcalization to at
chromatin regions flanking the DSBs sites and malder areas surrounding DSBs
(Botuyan et al., 2006). Histone lysine methylatiblms a central role in
transcriptional regulation and has recently beekell to DNA damage repair.
Moreover, specific histone methylation and demettigh can both up- and
downregulate the transcriptional activity of mamgngs (Sims et al., 2003 and
2008), suggesting the functions of 53BP1 in thadcaption and cell signalling

response to DNA damages.

ATM and ATR (ATM and Rad3-related) are key molesule DDR and function
as essential links between the sensors and eféeofothe cellular response to
DNA damage (Adams et al., 2006). Different stucie®3BP1-deficient cellular
models indicate that 53BP1 function is tightly etated with ATM. The interplay
between ATM and 53BP1 may be direct, on the basisthese two proteins can
be co-immunoprecipitaed in IR-damaged but not uradged cells (DiTullio et al.,
2002). Moreover, the recruitment of 53BP1ytbi2AX-positive nuclear foci is
crucial for the phosphorylation of numerous ATM suates, including p53,
BRCAL and the cohesin protein SMC1 (DiTullio et, &002; Botuyan et al.,
2006). These effector proteins are responsiblehédiing cell cycle progression,
activating transcription, initiating DNA repair memisms and triggering
apoptosis. Interestingly, DDR pathways are notctyrilinear and redundant
signalling occurs. Previous evidence has suggebtadb3BP1 may operate both
upstream and downstream of ATM activation (Mochiealg 2003; Huyen et al.,

2004).
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Fig. 3. Schematic representation of the 53BP1-dependent dtigoint

pathway. The pathway is triggered by IR and other genatexients, resulting in
DNA DSBs. 53BP1 accumulates at or near sites of S3Bd is important for
coupling ATM to several of its downstream targets|uding p53 (Abraham et al.,

2002).

1.2.3. Function of 53BP1 irGadd45a signalling pathway

53BP1 has been functionally linked to p53 as amg@tecoactivator (Huang et al.,
2007; Kachirskaia et al., 2008). The 53BP1 BRCT¢&sn repeats were shown to
bind the DNA-binding domain of p53, though the pbiegic context in which

this interaction functions remains elusive (Adarhsle 2006). Furthermore, the

tandem tudor domain of 53BP1 recognizes p53 dinktitny at lysine 382 and



facilitates an interaction between 53BP1 and pB&mnpting the accumulation of
p53 protein and transcriptional activation of p53everal target genes (Huang et
al.,, 2007; Kachirskaia et al., 2008). Subsequeminsient co-transfection
experiments with 53BP1 and p53 reporter plasmidgested that 53BP1 could
enhance p53-mediated transcriptional activation afuchi et al., 1998;
Kachirskaia et al., 2008). Targeting 53BP1 for Kmown resulted in decreased
protein levels of p21, p53 upregulated modulataamdptosis (PUMA) and mdm2
(Zhang et al., 2006; Huang et al., 2007).

The activated p53, in turn, up-regulates many taggees that may play roles in
different aspects of cellular response. Gadd45a @towth arrest and DNA
damage-inducible gene alpha) is a p53-regulategssiorotein (Hollander et al.,
1999). Gadd45a is implicated in the maintenanageabmic fidelity probably via

its roles in the control of cell cycle G2-M checkmaWang et al., 1999; Zhan et
al., 1999; Jin et al., 2000), induction of cell the@lakekawa et al., 1998; Harkin
et al., 1999; Zhan et al., 2002), and DNA repaircess (Smith et al., 1994; Smith
et al., 1996; Hollander et al., 2001). Barreto dmsl colleagues revealed that
Gadd4b5a is a key regulator of active DNA demetliyhatat global level and it

acts by promoting DNA repair (Barreto et al., 200¥his work demonstrated
enhanced demethylation in the presence of oversgpde Gadd45a and XPG
(xeroderma pigmentosum, complementation group @Gactor involved in NER

(nucleotide excision repair).

1.3. Epigenetic modification

The genome contains information in two forms, genand epigenetic. The
genetic information, which is inherited by the DNéplication machinery and
dictated by the strict rules of Watson and CrickyfSet al., 1985), provides the
blueprint for the manufacture of all the proteiwsile the epigenetic information
provides instructions on how, where, and when #eetc information should be
used (Szyf et al., 1985). In the post-genomic é@acer biology, it is becoming

increasingly evident that epigenetic controls afeyexpression play an important
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role in determining the phenotype of cancer ceilsssibly suggesting a novel
approach and strategy for epigenetically restonogmal phenotype in cancer
cells (Jones et al., 1999; Reik et al., 2001; Ande¢ al., 2004; Esteller M, 2007
Henikoff S, 2008). Epigenetic is the regulatiorchfinges in gene expression that
do not involve changes in DNA sequence (Razin et #980). Histone
modifications and DNA methylation-demethylation etge are central to the
epigenetic regulations of development. The mechasisontrolling these events
and their dynamic changes have important implicagtion developmental cell
biology as well as carcinogenesis and tumor pragragJones et al., 1999; Reik
et al., 2001; Andrew et al., 2004; Esteller M, 208&énikoff S, 2008). Epigenetic
technologies in cancer studies are helping increage number of cancer
candidate genes and allow us to examine changgsnathylcytosine DNA and
histone modifications at a genome-wide level. Iot,fall the various cellular
pathways contributing to the neoplastic phenotype afected by epigenetic
genes in cancer (Andrew et al., 2004; Esteller 72 Jones et al., 2007). They
are being explored as biomarkers in clinical useefarly detection of disease,
tumor classification and response to treatment valdssical chemotherapy
agents, target compounds and epigenetic drugs.uBmiog results have been
obtained with histone deacetylase and DNA methydfierase inhibitors, leading
the US Food and Drug Administration to approve ssvef them for the
treatment of malignancies and lymphoproliferativisodders (Sansom et al.,
2007; Stresemann et al., 2008)

1.3.1. DNA methylationpatterns vary in time and space

DNA methylation is a conserved epigenetic modifaatof the genome. The
presence of 5-methylcytosine (5-MeC) in DNA is goigenetic marker and key
recognition signal for the regulation of DNA-praténteractions. Methylation of

cytosines within CpG dinucleotides is associateth ianscriptional silencing

during mammalian development and tumorigenesisi(Reizal., 1980; Jones et
al., 2002). These dinucleotides are unevenly thsted throughout the genome
and remain in short stretches or clusters of 5024t (base pairs), called CpG

islands (Razin et al., 1980; Jones et al.,, 200G Gnethylation plays an

10



important role in maintaining gene silencing thatnecessary for tissue- and
development-specific gene expression, silencinghefinactive X-chromosome,
genomic imprinting, and protection against the egpion of intragenomic
parasitic elements such as Alu and Line sequerlme®es$ et al.,, 1999; Baylin et
al., 2000; Robertson et al., 2000; Li et al., 200Ruring early embryonic
development, alternating waves of methylation anemethylation have
programmed cellular growth and differentiation étial., 2002; Haaf et al., 2006).
The DNA methylation patterns established during thime remain relatively
stable in normal tissue. Most CpG islands are foumthe proximal promoter
regions of almost half of mammalian genes and geegrally, unmethylated in
normal cells (Fig. 4). In cancer cells, howeveest promoter regions are usually
hypermethylated, leading to their transcriptionéreing (Baylin et al., 2000;
Villar-Garea et al., 2003).

Normal

Promoter region

! mnwnm A R S !

\«.;3 D
C onwr )

Fig. 4. Methylation patterns of CpG islands in nornal and tumor cells. Most

CpG islands (numerous circles) in the proximal pwten regions surrounding
and within exon 1 of the sample gene are unmetylat normal cells (white
circles) and methylated in tumor cells (black @&@s)l with associated

transcriptional silencing (red X at the transcoptstartsite) (Baylin et al., 2000).
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1.3.2. DNAmethyltransferases (DNMTS)
Methylation of DNA cytosine is a complex procestabged by DNMTSs, which
transfer the methyl group from Sadenosylmethiori®®M) to generate patterns

of genomic methylation (Li et al., 1992; Okano ket B999; Grgnbaek et al., 2007)
(Fig. 5).

Cytosine (C) S-methylcytosine (m°C)

Fig. 5. Methylation of cytosine.Cytosine residues in DNA are converted to
5-methylcytosine by DNMTs. The methyl group is dmabby the universal
methyl donor SAM, which is converted to S-adenosggibcysteine (SAH)
(Grgnbaek et al., 2007).

In mammals, DNMTs can be divided into maintenaridBl§IT1) and de novo
methyltransferases (DNMT3a and DNMT3b) accordingirtiunctions. During
DNA replication, the methylation pattern on thegraal DNA strand is copied
onto the newly synthesized strand mainly by DNMDk#no et al., 1999; Bestor
TH, 2000; Grgnbaek et al., 2007) (Fig. 6). Howewergarly embryonic stem
cells and cancer cells, methylation of previoushymethylated DNA may occur.
This so-called de novo methylation is preferentiatiediated via DNMT3a and
DNMT3b (Okano et al., 1999; Bestor TH, 2000; Graaibat al., 2007) (Fig. 6).

12
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Fig. 6. Establishment and propagation of methylatin patterns. De novo

methylation of previously unmethylated DNA in embnjc stem cells and
cancer is catalyzed mainly via DNMT3a and DNMT3HteA each replication,
the methylation pattern of the parental strand opied onto the newly
synthesized strand by the maintenance methyltreasfe DNMT1 (Grgnbaek et

al., 2007).

DNA methylation is mediated by DNMT family, whicm@mpasses DNMT1,
DNMT3a and DNMT3b. The importance of these DNMTs nmammalian
development has been demonstrated in mouse knookadels in which loss of
DNMT1/DNMT3b or DNMT3 was lethal at the embryonitage and at four
weeks after birth, respectively, due to hypometiytaof genomic DNA (Li et
al., 1992; Okano et al., 1999).

DNA methylation is also strongly implicated in tungenesis (Jones et al., 1999;
Baylin et al., 2000). All three DNMTSs, at the mRNakd/or protein level, are
modestly overexpressed in many types of tumor d&lbertson et al., 1999;
DeMarzo et al., 1999). There is considerable ewidaendicating an upregulation
of DNMT1 in cancer (Belinsky et al., 1996; Bayliha., 1998). Elevated levels
of DNMT1 are required to silence pl6ink4a in bladckncer cells (Fournel et al.,
1999). Conversely, knock down of DNMT1 in human tuncells causes
demethylation and re-activation of tumor suppreggores (Robert et al., 2003).
Overexpression of DNMT3a, DNMT3b has also been nteploin tumor cells
(Robertson et al., 1999; Kanai et al., 2001). Acrease methylation of DNA in

13



the promoter region of tumor suppressor genes lebesewith downregulation of
transcriptional activation (Schmutte et al., 1998).addition to transcriptional
silencing through direct methylation of CpG islarafsthe promoters, DNMTs
proteins also have been shown to recruit othestrgotional repressors for this
purpose (Aapola et al., 2002; Bachman et al., 2003)

1.3.3. The possible link between 53BP1 and DNMTs

To date, there are several lines of evidence indigahat DNA methylation
mediated by DNMTs is associated with p53 signallraghways in maintaining
genome stability (Wang et al., 2005). The expressd6 DNMTs was found
increased in certain cancers and tumor cells withsttutive 53BP1 foci
(Bartkoval et al., 2005; Gorgoulis et al., 2005)BP1 is a central mediator of the
DNA damage checkpoint and is important for couplXipM to its downstream
targets including p53 and Gadd45 (Wang et al., 28@2ams et al., 2006). The
interaction between 53BP1 and p53 facilities tlabifization of p53 protein and
enhances p53-mediated transcriptional activatidmag et al., 2006; Huang et
al., 2007; Kachirskaia et al., 2008). Furthermd@8BP1-null mice eventually
succumb to genomic instability and cancer develogme a p53-dependent
manner (Celeste et al., 2003; Ward et al., 2005raMes et al., 2006). Recent
studies have demonstrated that DNMT1- and DNMT3diated methylation is
stimulated by p53, suggesting cooperation betweg® and DNMTs in the
regulation of gene methylation (Wang et al.,, 2008 et al., 2008). Taken
together, these observations implicate the possibletions of 53BP1 in

regulating the DNMTs.

1.3.4. DNA demethylation

In contrast to the large amount of information awalated on DNA methylation,
relatively little is known about DNA demethylationhe DNA demethylation can
be either passive or active, or a combination dfibBassive DNA demethylation
occurs by inhibition or lack of maintenance of DNM1hroughout cycles of

replication, whereas active DNA demethylation reesii specific enzymatic

14



reactions (Kress et al., 2001, Bird, 2002; Patral.e2008). Active demethylation
occurs during early development and differentiatidfnese mechanisms can
explain active demethylation without mitotic prosdSzyf et al., 1985; Kafri et

al., 1993; Weiss et al., 1996). Recent studies estgd that DNA methylation

pattern is a steady-state balance of methylatiah demethylation (Fig. 7). In

contrast to the classic model, DNA methylation gatitis in a dynamic steady
state of methylation and demethylation catalyzedbMTs and demethylases
(Szyf et al., 2005, Patra et al., 2008).

Fig. 7. The DNA methylation pattern is a steady-ste balance of methylation
and demethylation Interaction of trans-acting repressors (TR) rigsrhistone
modification enzymes such as histone deacetylas8AC) and histone
methyltransferases (HMTASE) to specific genes. HBADd HMTASE in turn
recruit DNMTs and methylated DNA binding proteingls as MeCP2 to tilt the
balance of the reaction toward DNA methylation.rnB-acting activating factors
(TAF) on the other hand recruit histone acetyl sfarases (HAT) to specific
genes. The presence of HATs results in acetylatibhistones and increased
accessibility to demethylases tilting the steadstestbalance of the DNA
methylation equilibrium toward demethylation (Segfal., 2005).
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1.3.5. DNA demethylases

Although three active demethylation mechanisms Haeen proposed, none of
them has gained wide acceptance (Kress et al.,)200& first mechanism is
direct replacement of the methyl moiety by a hy@rm@tom. Several lines of
evidence have been provided MBD2 as a demethylgsthis mechanism: 1)
exogenous expression of MBD2 increased replicatidependent active
demethylation of ectopically methylated DNA (Cervenal., 2001) and resulted
in overexpression of the urokinase type plasminaygivator and the hexokinase
type Il by demethylation of their hypermethylatedmpoters in vitro (Guo et al.,
2002; Goel et al., 2003); 2) antisense inhibitioi BIBD2 reduced
replication-independent active demethylation (Cre@ic al., 2003); 3) recombinant
MBD2 expressed and purified from A549 cells hasnbsbown to possess
demethylase activity in vitro (Detich et al., 2003)he second mechanism
implicates a role for DNA glycosylases, which cleathe bond between the
5-methylcytosine base and the deoxyribose moietPNA. The abasic site is
then repaired by resident repair activity resultimy replacement of a
5-methylcytosine with an unmethylated cytosine (Geteal., 2003; Jost et al.,
1995 and 1997). The third mechanism describes tathylated nucleotide as
being removed by nucleotide excision, being remlaty an unmethylated
cytosine (Weiss et al., 1996 and 1997). Nucleagxigsion repair is an important
mechanism for removing a wide spectrum of differBMA lesions, which can
repair damaged DNA during DNA replication (Davidagt 2007). Cells may use
this repair processes as buffer, as additionalilsethdemethylation pathways for
gene transcription. Recent studies have demondttiéd the nucleotide excision
mechanism induced the local targeted DNA demetioylaby a transcriptional
activator during development in living cells (Kapoet al., 2005; Kress et al.,
2006; Murayama et al., 2006). It has been proptis&dGadd45a, the target gene
of p53, can catalyze active demethylation througé mechanism (Barreto et al.,

2007).
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1.4. RASSF1A and C1S2 repeats in A549 cells

The small GTP-bindingrotein Ras plays an important role in mediatindtiple
intracellularsignal transductions, including growth, apoptoais] differentiation
(Vavvas et al., 1998; Khokhlatchev et al., 2002ASSF1A (Ras association
domain family 1 isoform A), a candidate tumor sggsor gene, contains the
Ras-association domain that interacts with Ras rardiates K-Ras-dependent
apoptosis (Vos et al., 2000; Donninger et al., 30Uvanscriptionasilencing of
RASSF1A by promoter methylation has been found amyrtypes of carcinomas
and tumor cells including human lung adenocarcinaela A549 that exhibits
K-Ras activating mutation (Beaulieu et al., 2002ninann et al., 2005a). Recent
study in non-small cell lung cancers demonstratetl RASSF1A methylatiom
combination with K-ras mutation, might have an adeesynergistieffect on
patient’s survival (Kim et al., 2003). Re-expressiof RASSF1A in various
tumor cells where this gene is deleted or its piemis methylated inhibits cell
growth, invasion, stimulates apoptosis and reducesorigenicity in mouse

models (Dammann et al., 2000; Donninger et al.,7200

Repetitive sequences like Alu elementsand classic satellite DNA are strongly
methylated in the human genome (Jeanpierre M 19%%dellite 2 (Sat2) DNA
sequences are found predominantly in juxtacentriembeterochromatin of
certain human chromosomes and are most abundém liong juxtacentromeric
heterochromatin region of chromosome 1 (Ehrlichlgt2003). The chromosome
1 satellite 2 (C1S2) is methylated highly in divec®ll lines and has been used as
marker for the analysis of the global methylatighrlich et al., 2003; Mund et al.,
2005; Wilson et al., 2007).

17



1.5. The aim of this study

Epigenetic silencing by hypermethylation of CpGiels in the promoter regions

of tumor-suppressor genes is involved in the indraand progression of several
types of cancer (Baylin et al., 2000; Esteller M02). DNA methylation changes

in cancer represent innovative diagnostic markerd attractive therapeutic
targets by using demethylating agents (Yoo e2806; Stresemann et al., 2008).
However, the mechanisms of DNA demethylation in regulatioh gene
expression are still unknowrb3BP1 has been suggested as a sensor and/or
mediator of the DNA damage checkpoint. 53BP1 fuunctis important for
coupling ATM to its downstream targets including3p&nd Gadd45. The latter
has been reported to participate to active dematibboyl (Barreto et al., 2007). In

light of these findings, we hypothesize that:

(1) 53BP1 may play an important role in DNA demddlign in cellular response

to DNA damage to protect genomic stability.

(2) 53BP1 signalling is associated with DNMTs inimbi@ning genome stability.

(3) The possible mechanisms of 53BP1 in regulatiobDNA demethylation may
be involved in the activation of Gadd45a and MBD?2.

The purpose of the present dissertation was tohcldwe role of 53BP1 in DNA
demethylation as a response to DNA damage. In otdedetermine the
relationship between the overexpression of 53BRILtha methylation status of
DNA, the methylation status of the RASSF1A gene @i%62 DNA repetitive
elements was assessed in A549 cells transfectéddiferent 53BP1 plasmids
by methylation specific PCR (MSP) and combined lfiteurestriction analysis
(COBRA). The expression of RASSF1A gene in A549scélansfected with
different 53BP1 plasmids by RT-PCR was also ingestid. Additionally, the
effect of 53BP1 on the expression of DNMTs, Gadd4&ad MBD2 was

evaluated by quantitative real-time PCR.
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2. Materials

2.1. Plasmid used in this study

The expression plasmids of full-length cDNA (pCMHG6RBP1), N-terminal

1052 (pCMH6K-53BP1N) and C-terminal 921 residueSNiH6K-53BP1C) of

53BP1 were kindly provided by Kuniyoshi lwabuchi,.DM, Ph.D., Associate
Professor, Department of Biochemistry, Kanazawa ib&dUniversity, Japan
(lwabuchi et al.,, 1998). TheB-galactosidase B¢gal) -encoding plasmid
pcDNA3.1/His/lacZ used to monitor transfection @fncywas purchased from
Invitrogen (Kalrsruhe, Germany). The maps of thpkesmids were displayed
under below (Fig. 8A and 8B).

ATG FHA 53BP1 6.2 kb

Fig. 8A. The full-length cDNA (6.2 kb), N-termingdb3BP1N, 3.3 kb) and
C-terminal (53BP1C, 3.1 kb) of 53BP1 were constdadn the vector pCMH6K
containing an influenza virus hemagglutinin (HAY tat the N-terminal. Pcmv:
CMV promoter, ATG: ATG initiation codon, BGH pA: B polyadenylation
signal, Psv40: SV40 promoter and origin, Neomyci®omycin resistance gene,

Ampicillin: ampicillin resistance gene
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Fig. 8B The map op-gal-encoding plasmid pcDNA3.1/His/lacZ was takesnf
Invitrogen, Germany. Pcmv: CMV promoter, ATG: AT@Gitiation codon, BGH
pA: BGH polyadenylation signal, Psv40: SV40 promaad origin, SV40 pA:
SV40 polyadenylation signal, Neomycin: neomycinisisce gene, Ampicillin:

ampicillin resistance gene.

2.2. Cell line

The human lung adenocarcinoma cell line A549 amdixx@denocarcinoma cell
line Hela were purchased from the American Typdw@ealCollection (Manassas,
VA). Cells were cultured at 37°C in RPMI 1640 medigupplemented with 1%

penicillin/streptomycin (Sigma, Germany) and 10%alfecalf serum (FBS)
(Sigma, Germany).
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2.3. Primers

Table. 1.Primer sequences and PCR conditions

Gene Forward Reverse Annealing Product Reference
primer (5’ -3") primer (5’ -3") (cycles) size(bp)
Reverse transcription PCR
RASSF1A CAGATTGCAAGTTCACCTGCCACTA GATGAAGCCTGTGTAAGAACCGTCCT 60 (37cy) 244 Dote et al., 2005
53BP1-N AGGTGGGTGTTCTTTGGCTTCC TTGGTGTTGAGGCTTGTGGTGATAC 60 (37cy) 328 Kao et al., 2003
53BP1-C GCAGCCTCTGTGAAGCAGCA ATGCAAGGAATCCAGTTACACACAA 60 (37cy) 303 Gorgoulis et al., 2005
GAPDH TGGTCACCAGGGCTGCTT AGCTTCCCGTTCTCAGCCTT 55 (35¢y) 150 Bussolatiet al., 2005
Real time PCR
Gadd45a TCAGCGCACGATCACTGTC CCAGCAGGCACAACACCAC 58 (37cy) 82 Kis et al., 2006
MBD2 AACCCTGCTGTTTGGCTTAAC CGTACTTGCTGTACTCGCTCTTC 58 (40cy) 101 Fang et al., 2003
DNMT1 ACCGCTTCTACTTCCTCGAGGCCTA GTTGCAGTCCTCTGTGAACACTGTGG 60 (40cy) 329 Mizuno et al., 2001
DNMT3a CACACAGAAGCATATCCAGGAGTG AGTGGAAACCAAATACCC 60 (40cy) 550 Mizuno et al., 2001
DNMT3b AATGTGAATCCAGCCAGGAAAGGC ACTGGATTACACTCCAGGAACCGT 60 (40cy) 191 Mizuno et al., 2001
Methylation-specific PCR
RASSF1A M: GTGTTAACGCGTTGCGTATC M: AACCCCGCGAACTAAAAACGA 60 (40cy) 93 Loetal., 2001
U: TTTGGTTGGAGTGTGTTAATGTG U: CAAACCCCACAAACTAAAAACAA 60 (40cy) 105 Lo etal., 2001
COBRA PCR
C1S2 ATGGAATTTTTATGAAATTGAAATG CATTCCATTAAATAATTCCATTC 51 (40cy) 210 Mund et al., 2005




2.4. Chemicals
ABsolute SYBR Green Mixes
Acrylamide stock 30%
Agarose

Ampicillin

Boric acid

CoClh

DNase I, RNase-free
Distilled water

dNTPs

EDTA

Ethanol 100%
FastDigest™ buffer
FastDigest™ Hinfl

GeneRuler 100bp DNA ladder

Glycerol (absolute)
Hot-star Tag-polymerase
Hydroquinone
L-glutamine

6x loading dye solution
MgCl,

M-MuLV reverse transcriptase

NacCl

NaOH

PBS buffer
Penicillin/streptomycin
Puromycin dihydrochloride
Roti-fect plus

RPMI 1640 medium
Sodium bisulfite
Tag-polymerase

TEMED

Tris base

ABgene, Germany
Roth, Germany

Sigma Aldrich, Germany
PAA, Germany

Sigma Aldrich, Germany
Sigma Aldrich, Germany

Fermentas, Germany
Millipore, Germany
Fermentas, Germany
AppliChem, Germany
Roth, Germany
Fermentas, Germany
Fermentas, Germany

Fermentas, Germany
AppliChem, Germany

Qiagen, Germany
Sigma Aldrich, Germany
PAA, Germany
Fermentas, Germany
Fermentas, Germany

Fermentas, Germany
Sigma Aldrich, Germany
Sigma Aldrich, Germany
PAA, Germany

PAA, Germany

Sigma Aldrich, Germany
Roch, Germany

PAA, Germany

Sigma Aldrich, Germany

Fermentas, Germany

Carl Roth chemical, Germany

Sigma Aldrich, Germany
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Trypan blue stain (0.4%) Sigma Aldrich, Germany

Trypsin/EDTA Invitrogen, Germany

Tryptone Sigma Aldrich, Germany
Xylene cyanole Sigma Aldrich, Germany
Yeast extract Sigma Aldrich, Germany

2.5. Experiment Kits

First Strand cDNA synthesis kit Fermentas, Germany

3-gal staining kit Invitrogen, Germany
Nucleospin extract Il Machery-Nagel, Germany
DNeasy blood & tissue kit Qiagen, Germany
Plasmid midi kit Qiagen, Germany
RNeasy mini kit Qiagen, Germany

2.6. Reagents

Competent Cells
MAX Efficiency® DH50™ Competent Cells, Invitrogen, Germany

Luria-Bertani (LB) ampicillin liquid medium (store at 4°C):
Dissolve the following in 800 ml distilled J@

NaCl 10 g

Tryptone 10 g

Yeast extract 5 g

Adjust the pH to 7.0 with 1 M NaOH

Adjust the volume to 1000 ml

Sterilize by autoclaving

Add ampicillin 200 mg/ml stock to 1Q@y/ml final concentration

Transfer medium to plate

Cell culture medium:
RPMI 1640 PAA, Germany
10% Fetal bovine serum (FBS) Sigma, Germany

1% Penicillin/streptomycin PAA, Germany
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10 mM hydroquinone:
Hydroquinone 11 mg

Dissolve in 5 ml distilled water
Add up to 10 ml

40.5% or 3.9 M sodium bisulfite:
Sodium bisulfite 2.835 ¢

Dissolve in 4 ml distilled water
Adjust pH to 5.0 with 3 M NaOH
Add the volume to 7 ml

3 M NaOH:

NaOH 1.199 ¢

Dissolve in 5 ml distilled water
Add up to 10 ml

1x PBS:

Dissolve the following in 800 ml of distilled J@
NaCl 8 g

KCl 0.2 ¢

NaHPO, 1.44 ¢

KH,PO, 0.24 g

Adjust the pH to 7.4 with HCI and add,® to 1 liter

12% polyacrylamide solution:

30% Acrylamid stock solution 6 ml
Distilled water 5.9 mi

5x TBE 3 ml

10% Ammonium persulfite 0.1 ml
TEMED 10 pl

5x TBE buffer (store at room temperature):
Dissolve the following in 800 ml distilled J@
Tris 54 ¢
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Boric acid 27.5 ¢
0.5M EDTA 20 ml
Adjust the volume to 1000 ml

TE buffer:

1M Tris-HCI (pH7.5) 10 ml
0.5M 2 ml EDTA (pH8.0)
Add HO to 1 liter

2.7. Consumables
Cell culture flasks 25 cm

Distilled water

Nunclon™, Denmark

Millipore, Germany

1.5 ml Eppendorf centrifuge tube Eppendorf, Germany

Polypropylene tube

6-well flat bottom culture plate
10 pl white tips

200 pl yellow tips

1000 pl blue tips

2.8. Apparatus

37°C CQ incubator
Heating block

MyQ thermal cycler
Laminar flow cabinet
Elekta SL-25 linear accelerator
Pipettes

-20°C Refrigerator
-80°C Refrigerator
Shaking incubators
Table centrifuge

UV spectrophotometer
Water bath

FALCON®, NJ, USA
Nunclon™, Denmark
Roth, Germany
Roth, Germany
Roth, Germany

Heraeus, Germany
VWR, Germany
Bio-Rad, USA
Heraeus, Germany
Norcross, GA
Eppendorf, Germany
Bosch, Germany
Bosch, Germany
Heraeus, Germany
Heraeus, Germany
Bio-Rad, USA

Lauda, Germany
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3. Methods

3.1. Bacterial transformation and plasmid recovery

3.1.1. Bacterial transformation with plasmid DNA

Plasmid DNA was transformed into MAX Efficiency® BH™ Competent Cells
according to the manufacturer’s instructions (lregen, Germany). Briefly, 50l

of competent E. coli cells were added to each priked tubes. 5 ng of plasmid
DNA was added to the tubes. After incubation onfae30 min, the cells were
heat shocked for 45 s in a water bath at 42°C.tlibes were returned to ice for 2
min. After adding 45Ql of LB medium, the tubes were incubated for 1 B#C
with shaking (150 rpm). 10@l of each solution was spread onto LB plates
containing 100 pg/ml ampicillin (PAA, Germany). Tipdates were incubated
overnight at 37°C. Then a single colony was pickedn the above plate and
inoculated into a tube containing a starter cultolime of 5 ml of LB medium.
The tubes were incubated for 8 h at 37°C with vagsrshaking (300 rpm). 50 ul
of starter culture was diluted into the tubes cmimg 25 ml of LB ampicillin

medium. The tubes were incubated at 37°C for 16th wgorous shaking (300

rpm).

3.1.2. Plasmid DNA recovery

The bacterial cells were harvested by centrifuga(8000 rpm) for 15 min at 4°C.
The supernatant was discarded and the bacterlat pels resuspended in 4 ml of
buffer P1 from the Plasmid midi kits (Qiagen, Geny)a After adding 4 ml of
buffer P2 and mixing by vigorously inverting theaksl tube 4 times, the tube
was incubated at room temperature for 5 min. Faligwadding 4 ml of chilled
buffer P3 and mixing immediately by vigorously imtheg 4 times, the tube was
incubated on ice for 15 min. Centrifugation wasf@ened at 13000 rpm for 30
min at 4°C. The supernatant containing plasmid DMAs removed and
centrifuged again at 13000 rpm for 15 min at 47Ge supernatant was loaded
onto an equilibrated QIAGEN-column and allowedienter the resin by gravity
flow. The QIAGEN-column was washed twice with 10 afl buffer QC. The
plasmid DNA was eluted with 5 ml of buffer QF anek@pitated by adding 3.5

ml of isopropanol at room temperature. The mixiues centrifuged immediately
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at 13000 rpm for 30 min at 4°C. The supernatantaeasnted and the pellet was
washed with 2 ml of 70% ethanol. After centrifugatiat 13000 rpm for 10 min,
the supernatant was decanted. The purified DNA mgadissolved in 10Qul of
TE buffer (pH 8.0). The concentration and purity BNA were determined
spectrophotometrically, and required an A260/28® 1ef at least 1.8.

3.2. Cell culture

3.2.1. Thawing cultured cells

A549 cells stored in liquid nitrogen were thawedclly in a water bath (37°C).
The cells were transferred to a sterile 15ml tubetaining prewarmed RPMI
1640 medium supplemented with 10% FBS and 1% pgdimistreptomycin.
Following centrifugation at 1200 x g for 5 min, tkells were resuspended in
T-25 cnf flask containing 5 ml prewarmed RPMI 1640 medidine flasks were
incubated overnight at 37°C in a humidified 5% QQubator. After a few days,

cells grew into the gaps of the flasks, and reacledluence.

3.2.2. Subculturing cells

After trypsinizing the cells with trypsin solutiorthe floating cells were
transferred to a centrifuge tube. Following centgétion at 1200 x g for 7 min,
the cells were resuspended in fresh growth mediasaeded into a new flask. A

subcultivation ratio was 1:5. The medium was res@th2 to 3 times per week.

3.2.3. Treatment of cells with CoGl

A549 cells (5 x 18) were grown in a T-25 chflask at 37°C in a humidified 5%
CO; incubator After 24 h, the cells were replaced watewarmed RPMI 1640
medium with and without Cogl(100 uM) and cultured for 5 days to induce

hypoxia. The cells were collected for DNA-isolatiand methylation analysis.

3.3. Cell transfection

A549 cells (5 x 18) were grown in a T-25 chflask at 37°C in a humidified 5%
CO; incubator for 24 h until they are 70% confluentl dransfected with 53BP1

expression plasmids by using the Roti-fect pluadfection reagent. Briefly, the
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following solutions were prepared in polystyrenbest A) 4ug of plasmid DNA
(pPCMH6K-53BP1, pCMH6K-53BP1N, pCMH6K-53BP1C, pcDNA3 and
pcDNA3.1/His/lacZ, respectively) in 30Ql of serum-free medium without
antibiotics. B) 16ul of Roti-fect plus solution in 30Ql of serum-free medium
without antibiotics. Both solutions were mixed dgriiy pipetting several times
and combined together. After incubating at roompgerature for 15 min, the
nucleic acid-lipid complex was added to the cdllse flask was rocked gently in
order to evenly disperse the complex mixture. Thegliom was replaced 1 day
later and the cells were harvested 72 h post teatish. The experiments were

performed in triplicate.

3.3.1. Determination of transfection efficiency wi 3-gal staining

At 24 h after transfection, the cells were staitedletermine the transfection
efficiency using thg-gal staining Kit (Invitrogen, Germany). LacZ idacterial
gene often used as a reporter construct in eukary@nsfection experiments
because the gene produgtgal, is resistant to proteolysis in cellular esatnd
its activity is easily assayed. TlRegal enzyme catalyzes the hydrolysis of X-gal
(5-bromo-3-indoyIp-D-galactopyranoside). Following fixation and ibation
with the X-gal substrate, cells transfected witli3-gal-expressing plasmid will
appear blue. Briefly, the growth medium was remofreth the cells transfected
with plasmid pcDNAS3.1/His/lacZ. After rinsing th@a$k with 2.5 ml of PBS, the
cells were fixed using 1 x fixative solution for frin at room temperature. While
the flask was in the fixative solution, the stagisolution containing 25 pl of
solution A, 25 pl of solution B, 25 pl of soluti@® 125 pl of 20 mg/ml X-gal in
DMF, and 2.3 ml of PBS was prepared in a polyprepgltube according to the
manufacturer’'s protocol (Invitrogen, Germany). Bitag solution was added to
the flask after rinsing twice with 2.5 ml of PBShd cells were incubated at 37°C
overnight and observed under a microscope. For &l five visual fields were
chosen randomly under 20X magnification. Cellsrsdiblue were counted and
the transfection efficiency was calculated as thecgntage of the blue cells in

each field.
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3.4. IR of A549 cells following transfection
The cells were irradiated at 4, 6 and 10 Gy usirgy MV Elekta SL-25 linear
accelerator of 450 cGy/min at 24 h after transtecti

3.5. DNA isolation

The isolation of genomic DNA from cells was perfearby using DNeasy Blood
& Tissue Kit (Qiagen, Germany) according to the ofanturer’s protocol. The
cells grown in culture flasks were trypsinized, Jesmted and resuspended in 200
ul of PBS. After digestion with 2Qul of proteinase K, the cell pellet was
incubated with 20Qul of buffer AL at 56°C for 10 min. This was followeby
three times washing with 2Q0 of 100% ethanol, 500! of buffer AW1, and 500

ul of buffer AW2, respectively. The genomic DNA waiecipitated and eluted in
200 pl of buffer AE by centrifugation for 1 min at 1300pm. The quality and
concentration of isolated DNA were determined gsp@ttotometrically, and
required an A260/280 ratio of at least 1.8.

3.6. RNA isolation

Total RNA was isolated from each sample using Rjddmi kit (Qiagen,
Germany) according to the manufacturer’s instrurctla brief, the cell pellet was
disrupted by adding 3%0 of buffer RLT. The lysate was homogenized and
pipetted directly into a QIAshredder spin columagad in a 2 ml collection tube.
After centrifugation for 2 min at full speed, 1 uaie of 70% ethanol was added
to the homogenized lysates. 7@0of the sample was transferred to the RNeasy
spin column placed in a 2 ml collection tube. Aftamtrifugation for 15 s at
13000 rpm, the flow-through was discarded. This valewed by three times
washing with 70Qul of buffer RW1 and twice washing with 5@0of buffer RPE
for 15 s. The RNeasy spin column was replacedneva 1.5 ml collection tube.
The RNA was eluted in 50 of RNase-free water by centrifugation for 1 min a
13000 rpm. The quality and concentration of the RMa&re determined
spectrophotometrically, and required an A260/28m raf at least 1.8. All RNA
samples were subjected to DNase | (Fermentas, Ggjrdayestion for 30 min at

37°C in order to prevent genomic DNA contamination.
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3.7. cDNA synthesis
First strand cDNA was synthesized using cDNA sysithekit (Fermentas,

Germany). Briefly, one microgram of total RNA wased for synthesis reaction
containing 1 ul of oligo(dT)18 primer (0.5ug/ul) and then was added
DEPC-treated water to volume of 1l The reaction mixes were incubated at
70°C for 5 min and chilled on ice. After adding fleowing components in the
indicated order: 4l of 5 x reaction buffer, Jul of RiboLock™ ribonuclease
inhibitor (20 ULl), 2 ul of 20 mM dNTP mix, the reaction mixes were incigoh
at 37°C for 5 min. After adding @& of M-MuLV reverse transcriptase (20 \J),
the reaction mixes were incubated at 37°C for 6M.ndihe reaction was
inactivated by heating at 70°C for 10 min and ehillon ice. The synthesized
cDNA was diluted 6-fold prior to PCR amplification.

3.8. Reverse transcription-polymerase chain reactio(RT-PCR)

The primers used in PCR reactions were summarinedable 1. Briefly,
RT-PCR reaction mixture contained 5 pl of dilutddNA, 1.0 unit Tag-DNA
polymerase, 1.5 mM MgCI2, 0.2 mM of each dNTP, &rgmol of each primer.
PCR reaction conditions consisted of 30 s at 9805 at anneal temperature and
1 min at 72°C for 35 cycles post initial 30 s demation at 94°C, and a final
extension for 3 min at 72°C. The house keeping géyseraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as internal referéocstandardize the
amount of cDNA. The PCR products (20were resolved on 2% TBE agarose
gels at 60V/cm for 1 h together with a 100bp marked visualized after

ethidium bromide-staining under UV illumination.

3.9. Quantitative reattime PCR

Quantitative real time PCR was carried out usin@3BYGreen PCR Master Mix
(Abgene, UK) following manufacturer’s instructioBriefly, 5 pl of diluted
cDNA was added to a total volume of @b containing 12.5ul of 2 x SYBR
Green Master Mix and 0.amol/L of each primer. The primer sequences,
annealing temperatures, and expected PCR prodeetveere summarized in
Table 1. The PCR reaction was performed with 40esyof 30 s at 95°C, 30 s at
anneal temperature, and 1 min at 72°C, post amligienaturation of 15 min at
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95°C. Fluorescence data was recorded at the erehdf 72°C step using an
iCycler apparatus (Bio-Rad). After the final cychaglting curve analysis of all
samples was conducted within the range from 58-9Rlative quantification of
gene expression was performed by using GAPDH astannal control. The
threshold cycle and the™®2°' method were used for calculating the relative
amount of the target RNA (Saha et al., 2001). Gerpression was firstly
normalized relative to GAPDH within the same samplel then treatment group
expression was calculated by setting the contrslsl@%. The quantitative
real-time PCR was performed at least three timed alwvays included a
no-template sample as a negative control. For @xpetal comparisons, genes
showing at least a 2-fold change were identified.

3.10. Bisulfite modification of genomic DNA and métylation
analysis

3.10.1. Bisulfite modification of genomic DNA

Bisulfite treatment of DNA converts of unmethylategtosine into uracil while
methylcytosine remains unchanged. Bisulfite moditimn of genomic DNA was
performed as described (Herman et al 1996). Bri&flyg of genomic DNA was
resuspended in 66.5ul of distilled water and deedtwith 3.5 pul of 3 M NaOH
at 50°C for 10 min, followed by incubation with 5pu0of 3.9 M sodium bisulfite
(Sigma, Germany) and 30 pl of 10 mM hydroquinongr(fa, Germany) at 55°C
for 16 h in darkness. Afterward, modified DNA wagified using the Macherey
DNA purification resin (Machery-Nagel, Germany). iély, 2 volume of
NT-buffer was added to the bisulfite-modified DNAdathe mixture was pipetted
onto NucleoSpin Exact Il column. After centrifugatiat 9.7 rpm for 1 min, 610
ul of NT3 buffer was added to the column. Aftertcégation at 9700 rpm for 1
min, the genomic DNA was eluted in f0of TE buffer and stored at -20°C until
ready for use.

3.10.2. Combined bisulfite restriction analysis (CBRA) of C1S2
COBRA is a sensitive and quantitative DNA methylatassay that combinates
bisulfite treatment of DNA and PCR amplificationllfoved by restriction
digestion (Xiong et al., 1997). The methylationtssaof C1S2 elements in
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transfected cells was determined by COBRA as pusiodescribed (Xiong et al.,
1997). Briefly, 8ul of the bisulfite-modified DNA was added in %0 reaction
volume containing 2.5 mM Mggl 0.2 mM of each dNTP, 1 x PCR reaction
buffer, 5 pmol of each primer and 2.0 units of KHtar Tag-DNA polymerase
(Qiagen, Germany). The primer sequences for C188@ ursthis study are listed
in Table 1. PCR was carried out using the followiagcling conditions:
denaturation at 95°C for 15 min, 40 cycles (95°€ 306 s, 51°C for 30 s, and
72°C for 30 s), and a final extension of 72°C fOrrhin. The PCR product was
further digested with FastDigest™ Hinfl restrictioanzyme (Fermentas,
Germany), which recognizes only methylated CpG seges. Briefly, 1 ul of
FastDigest™ Hinfl and 5 pl of 10 x fast digest Bagéest™ buffer were added to
PCR products. The tube was incubated at 37°C fomi0Q The reaction was
inactivated at 65°C for 20 min. Digested PCR prasluwere separated by
electrophoresis on 8% polyacrylamide gels. The gele then stained with EB

and visualized under UV illumination.

3.10.3. Methylation specific PCR (MSP)
The MSP is a simple, sensitive, and specific PCRhatk for determining the

methylation status of virtually any CpG-rich regianith primers specific for
methylated versus unmethylated DNA (Herman et 1#96). The methylation
status of the RASSF1A promoter regions was detexthiny using MSP as
previously described (Herman et al., 1996). PCRRers that distinguish between
the methylated and unmethylated DNA sequence weed (iTable 1). Negative
controls without DNA were included for each set RCR. Briefly, 8 ul of
bisulfite-modified DNA was amplified in a final vaine of 25 pl containing 1 x
PCR reaction buffer (Qiagen, Germany), 1.5 mM MgQI2 mM of each dNTP,
5 pmol of each primer and 1.0 unit of Hot-Star TA4A polymerase (Qiagen,
Germany). PCR was carried out at 95°C for 15 mihgyicles of 95°C for 30 s,
the specific annealing temperature for 30 s an€C#af 30 s, followed by a final
extension of 72°C for 10 min. PCR products werelémhonto 8% polyacrylamide

gels and visualized after ethidium bromide-staininger UV illumination.
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4. Results

4.1. Establishment of cell lines with overexpressimoof 53BP1

To assess the biological relevance of 53BP1 om¢lige demethylation of DNA,
A549 cells were transiently transfected with th&#edent expression vectors of
53BP1 or control vector pcDNA3.1.. Because patteffidNA methylation were
regulated during chromatin remodeling and cell sioin (Meehan et al., 2001;
Stirzaker et al., 2004) and the double time of AZEIs was about 42 h
(www.atcc.org), we monitored transfection efficieascof A549 cells at 24 h after
transfection and analysed the effects of exogepapsession of 53BP1 on DNA
demethylation at 3 days after transfection as dssgtrpreviously (Tawa et al.,
1998). The transfection efficiencies at 24 h aftensfection assessky counting
of B-gal-stainedells were from 50 to 60%, approximately. One repn¢ative

example of the 3-gal staining was shown in Fig. 9.

Fig. 9. The expression of 3-gal in A549 cells trafected with the plasmid
pcDNA3.1/His/lacZ.The positive cells showed blue pattern after Xsgaining.
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We performed real time PCR to detect the trangongt level of 53BP1 in A549
cells at 3 days after transfection. In comparisoith veontrol, the induced
expressions of 53BP1 were 374-fold, 89-fold andf@8- in A549 cells
transfected with full-length, N- and C-terminal ®8BP1 analysed by real time
PCR, respectively. The expression 53BP1 and theifgpey of PCR products
were confirmed by RT-PCT (Figure 10).

M Ful N C Con

53BP1-N'

GAPDH

Fig. 10. Expression of 53BP1 in transfected A549 It The A549 cells were
transfected with different expression plasmids 3BB1 or control plasmid. The
amplified PCR products were visualized on a 2% @gmgel. GAPDH served as
endogenous control. 53BP1-N’, primers located orteminal; 53BP1-C’,
primers located on C-terminal. M, 100 bp markerll,Feells transfected with
full-length of 53BP1; N, cells transfected with &kninal of 53BP1; C, cells
transfected with C-terminal of 53BP1; Con, celensfected with control plasmid
pcDNA3.1.
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4.2. Establishment of COBRA method

Alteration in oxygenation status can induce DNA démglation (Panayiotidis et
al., 2004). CoGl has been widely to mimic hypoxia both in vivo andvitro
studies (Wang et al., 1993). To establish COBRAd®termination of the DNA
methylation status of C1S2 repeats, A549 cells warabated with CoGIl(100
KM) to induce hypoxia for 5 days as described (Weanhgl., 1993; Shahrzad et
al., 2007). As shown in Fig. 11A, the CpG dinudées in C1S2 were mainly
methylated in untreated A549 cells. In contrastClzdreatment for 5 days
resulted in an increase in the level of unmethda@®»G dinucleotides. In line
with previous study (Shahrzad et al., 2007), thdeta indicate that chemically
induced hypoxia can promote demethylation of répetielements. Meanwhile,
IR is also known to alter the DNA methylation irveiand in vitro (Kalinich et
al., 1989; Tawa et al., 1998; Koturbash et al.,2)08alinich et al. showed that
different doses of X-ray reduced 5-methylcytosieeels by about 50% within a
few days in cell lines (Kalinich et al., 1989). rmce irradiated with 4, 7 and 10
Gy of X-ray, the 5-methylcytosine levels were desed at 3 days (Tawa et al.,
1998). In line with previous reports, the DNA mddtion levels of C1S2 in
A549 cells (Fig. 11B) were downregulated at 3 dafysr IR with different doses
of X-ray (4, 6, and 10 Gy).

Fig. 11A. Hypoxia induces demethylation of C1S2 regtitive elements.

Bisulfite-modified genomic DNA was isolated from Clg-treated cells and
amplified by PCR following digestion with Hinfl, vith only cuts methylated
repetitive elements. +, CoCI2 treated; -, no Co@kated; u, unmethylated

products; m, methylated products. M, 100 bp marker.
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Fig. 11B. Dose-response of IR-induced reduction @NA methylation levels
in A549 cells. A549 cells were irradiated with 0, 4, 6 and 10 Gy ahe DNA
methylation level at 3 days after IR was determibgdCOBRA using specific

primers for amplification of C1S2.

4.3. Effect of 53BP1 on global DNA demethylation

To test the hypothesis that 53BP1 might be involwvethe induction of DNA
demethylation, we employed COBRA to analyze the DiNéthylation status of
C1S2 in A549 cells transfected with 53BP1. As shanwvkig. 12A, high level of
methylation was revealed in control A549 cells wHINA demethylation was
found in A549 cells with 53BP1-overexpression, esdly upon transfection
with full -length 53BP1. Therefore, 53BP1 is aldeiiduce DNA demethylation
of global DNA. Furthermore, IR can induce DNA demgation as described
previously Tawa et al., 1998; Koturbash et al., 2005) and realgance the
demethylating effect of 53BP1 in A549 cells (FigB).
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Fig. 12. 53BP1 promotes global demethylation.

COBRA analysis of C1S2 CpG dinucleotides in A549sc&ansfected with

indicated plasmids (A) and in irradiated cells (§) @t 24 h after transfection (B).
Genomic DNA was isolated 72 h later. Bisulfite-nfaai DNA was amplified

using COBRA with specific primers for C1S2. u, unhyated products; m,
methylated products. Full, cells transfected withi-tength of 53BP1; N, cells
transfected with N-terminal of 53BP1; C, cells sfatted with C-terminal of
53BP1; Con, cells transfected with control plasriMd 100 bp marker.

4.4. Effect of 53BP1 on DNA demethylation of speaifgene.

The RASSF1A has been reported to be inactivatetypermethylation in the

promoter in many types of cancer and cancer cedisliincluding A549 cells

(Dammann et al., 2002; Kuzmin et al., 2002; Mundlgt2005). The methylation
status of the promoter of RASSF1A in cells transféavith 53BP1 was analyzed
by MSP. Only the methylated sequence was detentedntrol A549 cells (Fig.

13A). In contrast, increasing demethylation prodweere revealed in A549 cells
transfected with 53BP1 after 3 days. Similar reswiere obtained from irradiated
cells (6 Gy) at 24 h after transfection (Fig. 13Bhese findings indicate that
53BP1 is able to induce DNA demethylation of speggne.
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Fig. 13. 53BP1 promotes gengpecific DNA demethylation.

MSP analysis of RASSF1A in A549 cells transfectetth wdicated plasmids (A)
and in irradiated cells (6 Gy) at 24 h after tracbn (B). Genomic DNA was
isolated 72 h later. Bisulfite-modified DNA was &mred using MSP. Full, cells
transfected with full-length of 53BP1; N, cells nsfected with N-terminal of
53BP1; C, cells transfected with C-terminal of 53BEon, cells transfected with
control plasmid. M, 100 bp marker; u, unmethylapgdducts; m, methylated
products.

4.5. Effect of 53BP1 on re-expression of specifieige

Consistent with the increase in unmethylated prtedwf its promoter, the
transcriptional expression of RASSF1A gene wasatigide in A549 cells after
transfection with 53BP1 by RT-PCR (Fig. 14). Thessults confirmed that loss
of RASSF1A transcription correlated with hyperméditipn of its CpG islands in
the promoter and indicated the effect of 53BP1 ddADdemethylation of

RASSF1A.
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Fig. 14. Effect of 53BP1 on reexpression of RASSF1AThe expression of
RASSF1A was analyzed in A549 cells transfected withcated plasmids after 3
days. GAPDH was used as an external control. Fdlls transfected with
full-length of 53BP1; N, cells transfected with &kmninal of 53BP1; C, cells
transfected with C-terminal of 53BP1; Con, celimsfected with control plasmid
M, 100 bp marker. Hela, Hela cells, that containmathylated RASSF1A gene,

was used as positive control for the expressidRASSF1A.

4.6. Transcriptional levels of relative genes in &P 1-transfected
A549 cells

To gain insight into the potential mechanism resgae for 53BP1-induced
demethylation, we addressed a number of DNA metlegland demethylases that
can serve as determinants of DNA methylation stathe effect of 53BP1 on the
transcriptional expression of human DNMT1, DNMTE\MT3b, MBD2 and
Gadd45a was investigated by real-time PCR. As shiowig. 15A, real-time
PCR revealed 3-fold, 13-fold, 13.9-fold up-reguwdatiin Gadd45a mRNA
expression level in A549 cells following transfectiwith N-terminal, C-terminal,
and full-length of 53BP1, respectively. FurthermofR induced a 26-fold
up-regulation of Gadd45a in control A549 cells an@6-fold up-regulation in
A549 cells transfected with full-length-53BP1. Teéefindings implicate a
potential role for Gadd45a regarding 53BP1-indugdeshethylation in A549 cells
response to DNA damage. The effect of 53BP1 orefpeession of MBD2 was
also determined. As shown in Fig. 15B, real-timeRPf&vealed a 5.1-fold,

6.5-fold up-regulation in MBD2 expression level #6549 cells following
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transfection with full-length and C-terminal of 5BB. In contrast, N-terminal of
53BP1 did not affect the expression level of MBR96-fold). Other critical
determinants of DNA methylation are DNMTs. RealdifRCR analysis revealed
a 0.5-fold, 0.6-fold and 0.7-fold decrease in tieNA level of DNMT1 in A549
cells following transfection with full-length, N+t@inal, and C-terminal of
53BP1, respectively (Fig. 15C). In addition, a folt, 0.06-fold, 0.06-fold
decrease in DNMT3a level was detected in A549 dell®wing transfection
with full-length, N-terminal, and C-terminal of 588, respectively (Fig. 15D).
These results indicated that 53BP1 could down egguthe expression of
DNMT1 and DNMT3a. In contrast, increased expressib®NMT3b (10-fold,
3-fold and 2-fold) was found in A549 cells follovgrransfection with full-length,
N-terminal, and C-terminal of 53BP1, respectiveBhig( 15E). These results
suggest that DNMTs and MBD2 might have functiomdévance in the pathway
of 53BP1-induced DNA demethylation.
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Fig. 15. The expression levels of A). Gadd45a in BB1-transfected and/or
irradiated A549 cells. A549 cells were exposed to 6 Gy IR at 24 h after
transfection. +, with IR;—, without IR.The expression levels oB). MBD2, C).
DNMT1, D). DNMT3a and E). DNMT3b in 53BP1-transfeced A549 cells.
Real time PCR was performed 72 h after transfecfiata represent mean + SE

derived from three independent experiments.
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5. Discussion

In this study, the functions of 53BP1 in DNA demg#tion and the expression
changes of DNMTs, Gadd45a, and MBD2 induced by 33®Bre examined in
A549 cells. To the author’'s best knowledge, we f®whe first evidence of

involvement of 53BP1 in DNA demethylation procassumor cells.

5.1. 53BP1 overexpression can promote global DNA

demethylation and reactivate specific methylationienced gene
53BP1 has been suggested as a sensor and/or medfigite DNA damage
checkpoint in response to IR (Schultz et al., 20R%ng et al., 2003; Wilson et al.,
2008). The latter, in turn, has been previously wshoto induce DNA
demethylation (Tawa et al., 1998; Koturbash et2005). In the present study,
we focused on the possible functions of 53BP1 wewl global DNA
demethylation as well as gene specific demethylatdmalyzing the methylation
of repetitive elements can serve as a surrogat&enéor global genomic DNA
methylation (Yang et al., 2004; Kim et al., 20QX¥n et al., 2007; Wilson et al.,
2007). Because the repetitive elements C1S2 isiémity hypermethylated in its
CpG dinucleotides in diverse cells, the effect 8BB1 on this marker in A549
cells was analyzed using COBRA in this study. kegéingly, the overexpression
of full-length cDNA as well as both N-terminal a@terminal of 53BP1 can
induce demethylation of the repetitive elements ZihSA549 cells.

Several recent studies have provided compellingdemde linking DNA
methylation to transcriptional suppression of sfiegenes (Di Croce et al., 2002;
Brenner et al.,, 2005; Esteve et al.,, 2005). RASSKk4Aa candidate tumor
suppressor gene that has recently been shownit@mbtvated by methylation in
many types of cancer and tumor cells including ABélis (Beaulieu et al., 2002;
Dammann et al., 2005a. b). In line with previougorts, the promoter region of
RASSF1A was methylated in A549 cells resulting nanscriptional silence in
this study. The overexpression of the full-lengtbN& as well as both
N-terminal and C-terminal of 53BP1 resulted in eifint intensities of DNA
demethylation and restored the expression of tleaced gene analyzed by MSP
and RT-PCR. Furthermore, we demonstrated that 53BRtexpression could
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enhance DNA demethylation after DNA damage indudsd irradiation,
suggesting that 53BP1 may contribute to both IRioedl DNA repair and DNA
demethylation.

5.2. 53BPilinduced DNA demethylation is associated with

DNMTs

Recent studies have demonstrated that the DNA nagitry mediated by DNMTs
Is associated with p53 signalling in maintainingn@®e stability. The
hypermethylation patterns in cancers have beenestgd to be associated with
altered changes in the DNA methylation enzymesef&éd\Vines of evidence have
suggested that 53BP1 mediated demethylation magvoédved in the regulation
of DNMTs activities: 1) p53 and DNMT1 cooperate rgpress survivin gene
expression (Esteve et al.,, 2005); 2) DNMT3a intesragith p53 and represses
p53-mediated gene expression (Wang et al., 2006)n 3/ivo reporter assay
demonstrates that 53BP1 can enhance p53-mediaadctiptional activation
(lwabuchi et al., 1998; Zhang et al., 2006; Huahgle 2007). In this study, the
expression of different DNMTs in response to ovpression of 53BP1 was
investigated. The overexpression of 53BP1 resuitagpbregulation of DNMT3b
MRNA level. In contrast, 53BP1 gain-of-function rsfgcantly downregulated
DNMT1 and DNMT3a transcriptional expressiont is surprising when
considering the fact that both enzymes are de nuoethyltransferases. It is
noteworthy to mention that mice embryos lackinghbotpies of DNMT3b die
before birth, whereas DNMT3a-null mice survive &mout 4 weeks (Okano et al.,
1999). DNMT3b has significant site selectivity that distinct from DNMTL1
(Beaulieu et al., 2002). A possible explanationtfa discrepancy in the present
results is that these enzymes may have distinttaetissue-specific function as
previously suggested (Bestor TH, 2000). In thigpees, further studies of the
interaction between 53BP1 and DNMTs are necessaciatify the mechanisms
of 53BP mediated DNA demethylation in differentegpof cells.
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5.3. 53BP1 induces the activation of Gadd45a

Gadd45 plays important role in different biologigatocessesncluding the
maintenance of genomic stability, cell growtwontrol, NER, chromatin
accessibilityand apoptosis (Smith et al., 1994; Smith et al002®ollander et al.,
2001; Smith et al., 2002; Zhan et al., 2005). Barret al have revealed that
Gadd4b5a is a key regulator of active DNA demetimgtaaind it acts by promoting
DNA repair, thus linking both processes (Barretalgt2007). The transcriptional
activation of GADD45a is regulated by BRCA1 and pa3lownstream target of
53BP1, in cellular DNA damage (Wang et al., 199B)is suggests possible
effects of 53BP1 in the transcriptional regulatmGadd45a. In this study, the
expression changes of Gadd45a induced by the gwession of 53BP1 were
analyzed. A remarkable increase in the transcnptidevel of Gadd45a was
found in cells expressing 53BP1. Furthermore, weehaund that 53BP1 can
enhance the up-regulation of Gadd45a in A549 @&{[sosed to IR. These data
presented here suggest that 53BP1l-induced DNA dwtation might be
mediated by activation of Gadd45a.

5.4. 53BP1 induces the activation of MBD2

MBD2 has been described as a DNA demethylase @ttaitya et al., 1999;
Detich et al.,, 2002, 2003). Szyf and his colleaghage reported that MBD2
purified from A549 cells is a demethylase that tansform a methyl cytosine in
DNA to cytosine (Ramchandani et al., 1999; Bhatagh et al., 1999). On the
other hand, MBD2 is part of the methylated geneesgion MeCP1 complex
(Stirzaker et al., 2004; David et al., 2004; Linaét 2003; Bakker et al., 2002,
Patra et al., 2008) and has functions as a typieghylated DNA binding protein
by recruitment of the chromatin remodeling comptexentaining HDACs to
methylated DNA (Ng et al., 1999; Wade et al., 1998) this study, we
demonstrated increased expression of MBD2 in respda overexpression of
53BP1 in A549 cells, suggesting a possible involeemof MBD2 in DNA
demethylation induced by 53BP1. Noteworthy, thereggion of N-terminal of
53BP1 could not regulate the transcriptional leeél MBD2, whereas the
expression of C-terminal and full-length cDNA ofB831 enhanced the mRNA
expression level analyzed by RT-PCR. This discrepasuggested that the
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C-terminal 700 amino acids of 53BP1 encode imporfanctional domains
(Jullien et al., 2002; Iwabuchi et al., 2003; Koot al., 1996) to regulate the
transcriptional level of MBD2. The genetic knock moice with truncated 53BP1,
lacking functional domains on C-terminal, has besported to show a 53BP1
knockout phenotype (Morales et al., 2003), higtligip the importance of these
domains on the C-terminal of 53BP1 and supportingdata in this study.

5.5. A suggested role of 53BP1 in DNA demethylation

Carcinogenesis can result from aberrations in gen®@NA methylation such as
hypermethylation or hypomethylation of the promotar the first exon in
tumor-related genes. Hypermethylation of CpG istamdsociated expression
silence of tumor suppressor genes has been proptsedontribute to
carcinogenesis (Baylin et al., 2000; Andrew et 2004; Esteller M, 2007; Jones
et al., 2007). The 53BP1 protein stands out asnagpmodel of a damage signal
sensor and/or mediator in DDR (Wang et al., 2008¢ of the cardinal processes
for maintaining cellular homeostasis and keeping tiell from taking the
neoplastic path (Phillips and McKinnon 2007; d'Adda Fagagna, 2008).
Furthermore, the DDR signifies a crossroads at whgsue development, ageing
and cancer converge. Our data in present study pw®B3BP1 function in DNA
demethylation. However, how 53BP1 regulates differaember of DNMT need
to be characterized. Further experiments of theiggemechanisms of 53BP1 in
DNA demethylation may clarify this association awi@velop therapeutic
alternatives designed to promote hypomethylatiod esractivation of tumor
suppressor genes. These results in present stwdalra novel function of
53BP1lin regulation of DNA demethylation. A model r fahe role of
53BP1-induced DNA demethylation is suggested.
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Fig. 18. A suggested model for the role of 53BP1 DNA demethylation.
The possible signalling pathways of 53BP1 in theulation of DNA
demethylation are depicted.
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6. Summary

DNA damage can be caused by various forms of g&mottress, including
endogenous (reactive oxygen species, abnormalcagipin intermediates) and
exogenous (UV, IR, and reactive chemicals) sourD®&A double-strand break
(DSB) is believed to be one of the most seriousihssto cells because it can
result in loss or rearrangement of genetic inforomatleading to cell death or
carcinogenesis. The DNA damage response (DDR) wegoimultiple signal
transduction pathways in that several different gonents act in concert to
activate the cellular checkpoint. These componeaissist of sensors that sense
DNA damage, signal transducers that generate armgifgnthe DNA damage
signal, and effectors that induce cell cycle delapgrammed cell death, and
DNA repair.

Even though several candidate proteins have beefhcated in DNA damage
response, an official checkpoint-specific damagesgeis still unknown. 53BP1
seems to be one of the key-sensors of DNA DSBstraga of ATM. The
function of 53BP1 is important for coupling ATM fiits downstream targets,
including p53 and Gadd45a. The activation of Gadd4S a stress protein
promotes epigenetic gemetivation by repair-mediated DNA demethylation, thus
linking both processes. DNA methylation is mediatgdMBD2 as well as a class
of DNMTs, which encompassing DNMT1, DNMT3a and DNBBI Recent
studies have demonstrated that the DNA methylat@mdiated by DNMTS is
associated with p53 signalling in maintaining geerastability. Since p53 is one
of the downstream targets of 53BP1, it will be pferest to investigate the
functions of 53BP1 in DNA demethylation and deterenithe possible link

between 53BP1 and these related genes.

The data presented here indicate that 53BP1 carcenBNA demethylation of
single copy gene as well as repetitive elementd549 cells. Meanwhile, the
transient expression of 53BP1 can enhance DNA dwefadion in combination

with IR. Furthermore, the tumor suppressor gene AR was re-expressed
following predominantly demethylation of CpG islanith the promoter analyzed

by MSP and RT-PCR. Moreover, overexpression of 33BRused a marked
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decrease in DNMT1 and DNMT3a mRNA expression ad a®la significant
increase in Gadd45a and MBD2 mRNA expression. Trobest knowledge, the
present study shows for the first time the involeainof 53BP1 in DNA
demethylation process. Understanding the 53BP l-atedinetwork will certainly
have an impact on numerous fields of medicine. Hanehow 53BP1 regulates
different member of DNMTs need to be characterifedther experiments of the
precise mechanisms of 53BP1 in DNA demethylatioy olarify this association
and develop therapeutic alternatives designed ¢onpte hypomethylation and

re-activation of tumor suppressor genes.
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6. Zusammenfassung

Der DNA-Schaden kann durch verschiedene Formengemotoxischem Stress,
inklusive endogenen (reaktive Sauerstoffrradikaleegulare Replikations-
produkte) sowie exogenen (UV- und ionisierende Hbirag, reaktive

Chemikalien) Faktoren verursacht werden. Ein DNAppaistrangbruch (DSB)
ist einer der schwerwiegendsten DNA-Schéaden in delte und kann zur

Veranderung genetischen Information, Auslésung reReparaturantwort oder
zum Zelltod bzw. Karzinogenese fiihren. Die Zellartvauf dem DNA-Schaden
involviert mehrere Signaltransduktionswege, in denehrere verschiedene
Komponenten zur Aktivierung der Zellkontrollpunkizisammen wirken. Die
Komponenten bestehen aus den Sensoren, den Sagsdiktoren, welche das
DNA-Schadenssignal erkennen und amplifizieren saleie Effektoren, die den
Zellzyklusarrest, den programmierten Zelltod unel INA-Reparatur induzieren.

Zwar sich an der Zellantwort des DNA-Schadens melKemdidatproteine
beteiligen, ist ein spezifischer Sensor fir dielw@&te Schadensantwort noch
unbekannt. Das funktionelle ,upstream” Protein VOoFM/ATR, 53BP1, hat sich
als einer der Sensoren fir DNA-DSB, herausgesteltt spielt eine wichtige
Rolle bei der Anbindung des ATM zu seinen abwaisgé&tproteinen inklusive
p53 und Gadd45. Die Aktivierung des Gadd45 Protéihst zur epigenetischen
Genaktivierung durch die Reparatur-vermittelte DRNAmethylierung und
verbindet beide Prozesse. Die DNA Methylierung wdtdch MBD2 sowie eine
Klasse von DNMTs, welche DNMT1, DNMT3a und DNMT3Inschlielen,
vermittelt. Neue Studien haben gezeigt, dass dieMDdvermittelte DNA
Methylierung assoziiert mit dem p53 Signaltransshgiveg zur Beibehaltung der
Genomstabilitat ist. Da p53 eines der abwarts geleg Targetgene vom 53BP1
ist, wird es von Interesse sein, um die FunktionBBBP1 in der
DNA-Demethylierung zu untersuchen und die mdoglicherbindung zwischen

53BP1 und diese zusammenhangenden Gene zu bestimmen

Die experimentiellen Daten der vorliegenden Arbedtben gezeigt, dass die

transiente Expression des 53BP1 in A549 ZellenDNA-Demethylierung von
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einzelnen Kopiegenen sowie repetitiven Elementerduzieren konnte.
Desweiteren konnte 53BP1 die DNA-Demethylierungctuonisierte Strahlung
erhéhen. mit Hilfe der MSP und RT-PCR konnte diem@thylierung dessen
Promoters und Reaktivierung des silenten Tumorsgsorgens RASSF1A
untersucht werden. Ausserdem fiihrte die Uberexipresgon 53BP1 zu einer
signifikant reduzierten Expression von DNMT1 und IdN3a sowie erhdrten
Expression von Gadd45a und MBD?2. Es ist das erstegdzeigt worden, dass
53BP1 in der DANN-Demethylierung beteiligt sein ke Weitere Experimente
werden durchgefuhrt werden missen, um die genaweshahismen des 53BP1
bei der DNA-Methylierung zu klaren und therapeuiescAlternativen zu
entwickeln, die die Demethylierung und Reaktiviggun von
Tumorsuppressorgenen férdern.
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8. Attachment

8.1. Abbreviation
ATC
ATM
ATR

Bp
CHK1
CDNA
CHK2
C1s2
DDR
DMSO
DNA
DNMTs
DSBs
dNTPs
EB
EDTA
FBS
Gadd gene
GAPDH
HAT
HDACs
IR
NER

Nt

oD
PBS
PCNA
PCR
Rmp
RNA
RT

American Type Culture Collection
kinase ataxia-telangeictasia-mutated
ataxia telangiectasia and rad3-related
base pair
Checkpoint Kinase 1
complementary DNA
Checkpoint Kinase 2
chromosome 1 satellite 2
DNA damage response
dimethyl sulfoxide
deoxyribonucleic acid
DNA methyltransferases
DNA double-strand breaks
deoxynucleotide triphosphates
ethidium bromide
ethylene diamine tetraacetic acid
fetal bovine serum

DNA damage-inducible gene
Glyseraldehyde-3-phosphate dehydrogenase
histone acetyl transferases
histone deacetylases
irradiation
nucleotide excision repair
nucleotide
optical density
phosphate-buffered saline
proliferating cell nuclear antigen
polymerase chain reaction
round per minute
ribonucleic acid

room temperature
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RT-PCR
SAM
SAH
TAF
TBE
TEMED
TFs

TR

Tris

uv

reverse transcription PCR
S-adenosylmethionine
S-adenosylhomocysteine
Trans-acting activating factors
Tris-boric acid, EDTA buffer
N,N,N’,N’-Tetraethylendiamin
transcription factors

trans-acting repressors

Tris (hydroxymethyl) aminomethane

ultraviolet radiation
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