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ABSTRACT

Genomic DNA can be covalently modified by methylatiarich is layered

on the primary genetic information and alters gene expression. There are two
patterns of DNA methylation. The first, stable methylation, seen in
imprinting, is inherited in a sespecific fashion and is invariant among
individuals and dé types. Unstable or metastable methylation is variable
among individuals and cell types and is associated with cancer and Bging.
primary cause of somatic DNA methylation is not knowere we showthat

DNA methylation islinked with transcription andepair. The effectors of
DNA methylation are DNA methyltransferases (DNMTs) that catalyze either
de novo or maintenance methylation of hemimethylated DNA during
replication. Demethylation of DNA has recently been linked to BER
enzymes, which remove mismohed or alkylated bases. CpG-methylation

is also associated with mC oxidation and marks transcription star(&iftes
2009 Chen and Riggs 2011) The aim of my studyis to analyze the
association between DNA methylatiamd Estrogemependent induction of
transcription The estrogens are hormones that bound to the receptors
penetrate into chromatdbNA and bind specific DNA sequence present in
several sites in the genome. The active receptors bound to DNA, trigger
oxidative demethylation of histones localiyd induce DNA(G) oxidation
(Perillo et al. 2008 Simultaneously, orthe same sites DNMT1, 3®NA
methyltransferase enzymes, are recruited and stimulate a wave of methylation
of CpGs. Methylated CpGs and oxikd Gs in the target sites during
transcription initiation accumulate and are processed by BER and NER
enzymes.



1. INTRODUCTION

1.1The Transcription Process

Transcription is a cyclic process that transfers the genetic information of the
DNA into RNA. It can be roughly divided into three major stéegsromoter

DNA binding and RNA chain initiation, processive RNA chain elongation,
and termination.

DNA-dependenRNA polymerase (RNA pol) is the principal enzyme of gene
expression in Eukaryota. RNA pol synthesizes the RNA chain
complementary to the DNA template strand from nucleoside triphosphate
(NTP) substrates. The first step of the cycle requires the presémce of

the promotesspecific subunits that together with the core forms the
holoenzymgBurgess and Anthony 200%ade et al. 2006

The holoenzyme involves 124 subunits (depending on the polymerase type
and organism and when active on DNA, they are also typically complexed
with other factors and catalyze the production of complementary RNA
(Borukhov and Nudler 2008

Three different types of RNA polymerase exist in eukaryotic cells, whereas
bacteria have only one. In eukaryotes, RNA pol | transcribes the genes that
encode most of the ribosomal RNAs (rRNAs), and RNA pol Il transcribes
the genes for one small rRNA, pltie transfer RNAs that play a key role in
the translation process, as well as other small regulatory RNA molecules.
Thus, it is RNA pol Il that transcribes the messenger RNAs, which serve as
the templates for production of protein molecy@mncy 2008)
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Figure 1: Visualizing Transcription

The process of transcription can be visualized by electron microscopy. In these early electron
micrographs, the DNA molecules appear as "trunks,” with many RNA "branches" extending out from
them.
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1.2 The three stages of DNA transcription

The first step of transcription is initiation, when the RNA polymerase Il
(RNA pol II) binds to the promoter sequence, melts the DNA duplex around
the transcriptional stasite to form the transcription bubble.
This process callettanscription initiation results in a stable open promoter
complex, which initiates RNA synthesis (Figuia.
Many eukaryotic genes possess enhancer sequences, which can be found at
considerable distances from the genes they affect. Enhancer sequences
control gene activation Ryinding with activator proteins and altering th®3
structure of the DNA to help "attract” RNA pol I, thus regulating
transcription. Since eukaryotic DNA is tightly packaged as chromatin,
transcription also requires a number of specialized proteindéf@mtmaking

the coding strand accessible.
In eukaryotes, the "core" promoter for a gene transcribed by RNA pol Il is

mo s t

of ten

f ound

i mmed i

at el

y

upstream

RNA pol Il genes have a TATA box (consensus sequence TATTAA) 25 to 35
bases upstream of the initiation site, which affects the transcription rate and
determines location of the start site. Eukaryotic RNA polymerases use a
number of essential cofactors (collectiwecalled general transcription
factors), and one of these, TFIID, recognizes the TATA box and ensures that
the correct start site is used. Another cofactor, TFIIB, recognizes a different
common consensus sequence, G/C G/C G/C G C C C, approximatelg238 to
bases upstream (Figure 2).
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Figure 2: The promoters of genes transcribed by RNA polymerase Il consist of a core promoter and a
regulatory promoter that contain consensus sequeht#sall the consensus sequences shown are

found in all pranoters.

Enhancer sequences act to enhance the rate at which genes are transcribed.
Enhancers can be thousands of nucleotides away from the promoters with
which they interact, but they are brought into proximity by the looping of
DNA. This looping is theesult of interactions between the proteins bound to

the enhancer and those bound to the promoter. The proteins that facilitate this
looping are called activators, while those that inhibit it are called repressors

(5



Once transcription is initiated and tRNA chain reachesi81 nucleotides

(nt), the transition to productivelongation usually takes place, adding
nucl eot i de s of the growihgechab gFigwen 3f{Borukhov and
Nudler 2008.

In eukaryotestermination of transcriptionoccurs by differentprocesses,
depending upon the exact polymerase utilized.

Transcription of RNA pol Il genes can continue for hundreds or even
thousands of nucleotides beyond the end of a coding sequence. The RNA
strand is then cleaved by a complex that appears to assauitht the
polymerase. Cleavage seems to be coupled with termination of transcription
and occurs & consensus sequence (Figurg(8dancy 2008).
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Figure 3: (A) The transcription process is initiated when the enzyme RNA polymbiade to a DNA

template at a promoter sequence. (B) During the elongation process, the DNA double helix unwinds.

RNA polymerase reads the template DNA strand and adds nucleotides to the thieene ( 36) end of
growing RNA transcript. (C) When RNA polynase reaches a termination sequence on the DNA

template strand, transcription is terminated and the mRNA transcript and RNA polymerase are released

from the compleX© 2013Nature Educatiodll rights reserved.)
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1.3Epigenetics

Epigenetics igonsidered aberitable changes in gene expression tlwatot
consist ofchanges in DNA sequence.

Epigenetic changes amvolved indevelopment and differentiaticand one
exampleis the X-chromosome inactivation in female mammals. However,
epigenetic states can becowéeredby environmental influences or during
ageingJeading tothe develomf cancer and other diseases

Examples of mechanisms that produce such changeBNwe methylation
and histone modificationeach of which alters how genes are expressed
without altering the underlyinDNA sequence

These epigenetic changes may last throcgjhdivisionsfor the duration of
the cell's life, and may also last for multiple generations even though they do
not involve changes in the underlyiliNA sequence of the organis{Bird
2007

1.3.1Histone modifications

Eukaryotic chromatin contains DNA and histones that are organized in the
nucleosome, which consists of a histone octamer (two H2A/H2B dimers and

an H3/H4 tetramer), around which ~146 bp of DNA is wrapped. Most

chromatin exists asranscriptionally ineffectuaheterochromatinin which

the nucleosomes are densely packaged to
Conversely, an d6éopen chromatin structure
competent euchromatin which has widely spced nucleosomes and is

accessible to the transcriptional machinery. Accordingly, euchromatic
chromatin is flexible to meet the requests for individual proteins under

particular cellular circumstances.

The terminal tails of these histones can be modifigdniethylation and

acetylation which are critical for the regulation of gene transcription.

Together, these modifications result in a complex series of molecular events

that cause renodelling of the chromatin configuration and render genes

either active osilent.

Histone acetylation

Chromosomal processes such as transcription are influenced by a variety of
posttranslational modifications to histones, including acetylation,
phosphorylation, methylation, and ubiquitination. Methylated CpG islands
attra¢ a group of repressive proteins, the-catled methyiCpG-binding
domain proteins, in a complex withistone deacetylasesvhich remove
acetyl groups from lysine residues in the histone tails.

Deacetylated lysinesre positively charged and react strongly with the
negatively charged DNA. This leads to dense condensation of the
nucleosomes at transcriptionally inactive promoters. Conversely, acetylation

10
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of the lysines neutralizes this charge, which generates the dpematin

structure at transcriptionally active promoters. Histone acetylation is mediated

by histone acetyl transferases, which fc
with transcription factors and eactivator proteins. Histone acetylation is

cataly2d byhistone acetyltransferasdslAT9 and histone deacetylation is

catalyzed byhistone deacetylase@enoted byHDs or HDACS. Several

different forms of HATs and HDs have been identifiedmong them,

CBP/p300is probably the most important, since it can interact with numerous
transcription regulators.

Lysine ?Hz
Co
|
NHY NH
| |
Cl:H2 Acetylation Cl:HE
?Hz by HATs ?Hz
—-
CH2 b CH2
éHz Deacetylation éHE
|, by HDs .,
“\E/E\g/ \E/E\%/

Figure 4. Acetylation and deacetylation of the lysine residue.

In addition to acetylation, a number of different covalent histone
modifications have been identified that mark the transcriptional status of
chromatin.

Histone methylation:

Histone lysines may be unmethylated, or mow@ or trimethylated {me1,-
me2,-me3). The level of methylation at particular residues is important for
the interaction with cofactors and is therefore essential for regulation of
transcriptional activity. Repressive marks include ahd trimethylation of
lysine 9 on histone H3 (H3K9mARe3), trimethylation of lysine 27 on
histone H3 (H3K27me3) and trimethylation of lysine 20 on histone H4
(H4K20me3). Conversely, activation is associated with histone Hardi
trimethylation of lysine 4 (H3K4me2/me3) and trimethylation of lysines 36
and79 (H3K36me3, H3K79me3). Methyl groups are provided to the histones
by SAM/Ado-Met and the methylation reaction is catalysed by histone lysine
methyltransferases. Methyl groups can also be removed from histone lysine
residues by the action of histone hysidemethylasg$sronbaek et al. 2008

It has been shown that transcriptional activation is linked to H3K4
methylation cycle andhe enzyme involved in this process is the lysine
specific demethylase.

11
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LSD1 is a flavin adenine dinucleotide (FADYntaining enzyme, which
demethylates dmnethyl lysine 4 (or lysine 9 under certain conditions) and
generates pD, during the demethylatioprocess(Anand and Marmorstein
2007 Gronbaek et al. 200&an et al. 2008 It has ben shown that transient
demethylation of histone H3 lysine 4 triggers Mgduced transcription
(Amente et al. 2010 Also, it has been found that Estrogeduced Gene
Expression is driven by H3K9me2 demethylat{erillo et al. 2008 In both
cases LSD1 is responsible for the oxidative process that results in the
formation of Hydrogen peroxide (H202) whose main DNA productas@
guanine (8x0-G). 8o0xo-G is removed by base excision repair (BER)
enzymes that seem to be an importsighal driving transcription initiation.
More specifically, 8oxo-G is recognized and removed by thex-guanine

DNA glycosylase 1 (OGG1) that leaves an apurinic site, further processed by
the nuclease Ape (Amente et al. 2010 Apel may be important dag the
initiation process, because it introduces nicks in the chromatin that can
dynamically dissipate transcriptionduced supercoilingBhakat KK et al.

2008; Chattopadhyay et al. 20P8

Because it has aldmeen shown that topoisomeraséecognizes and repairs a
singlestranded DNA break in doubltranded substrates, it has been
proposed that removal of the oxidized bases generates transient nicks that
function as entry points for the enzyme. In this wtgpoisomerase llb
relaxes the DNA strands and favors chromatin bending to accommodate the
transcription initiation complefPerillo et al. 2008

1.3.2 DNA Methylation and Demethylation in Mammals

DNA methylation occursalmost entiely within CpG dinucleotidesIn
general5mCis highlyfrequentin repetitive sequences and in gene bodies but
rare housekeeping promoters.

DNA methylation is also involved in genomic imprinting, X chromosome
inactivation, and suppressi®f retrotranspam elementsand is esseiat for
normal development

Although methylation patterns are largely maintained through somatic cell
divisions, changes in methylation patterns occur during mammalian
development and cell differentiati¢g@hen and Riggs 20)11

DNA Methylation Mechanism
The effectors of DNA methylation are DNA methyltransferad@sIMTSs)
that catalyze eithede novoor maintenance methylation of hemimethylated

DNA during replication.These enzymesatalyze the transfer of a methyl
group frons-adenosyl -metionine to cytosineDNMT1, probably with the

12



help of UHRF1, recognizes hémethylated sitesand copies pre-existing
methylation patterns to the newly synthesized strand.

DNMT3A and DNMT3B are de novo methyltransferasesactive on
unmethylatedDNA (Fig. 6). They areimportantduring early development
andalso contributdo the maintenance of DNA methylaticites missed by
DNMT1.

DNMT3L lacks critical methyltransferase motifs and is catalytically inactive,

butit can stimulate the activity of DNMT3A/3B.

Moreover,it has been reported thapecific histone modificationsuch as
H3K4 methylation may protect DNA frorde novo methylation(Chen and
Riggs 201}

N7 | DNMT jﬁ/c"’
A
O 4]
| I
Cylosre S iimtyteicare
B CHy
—J:G-——CG——-
0? GC
ChHy
[+ Y s r e we
i on retrylation
E {DNMTY)
Active CcG Ow nowo
oc oc nathy'afion ,
(by?) (CAITIAS
“asant

Figure 5. Mechanism®f DNA methylation and demethylation in mammats.DNMTs catalyze the
covalent addition of a methyl group teS0of cytosineB. There aréawo DNMT activities:de novoand
maintenance methylatiorDNMT3A and DNMT3B are de novomethyltransferaseshat establish
methylation patterns during early developmémn maintained through somatic cell divisions the
maintenance methyltransferase DNM{[hen and Riggs 20}1
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Regulatory Domain Catalytic Domain

PCNA Replication Cyg-rich Consarved
HDAC methyl tr ansfe rase moti fs
I
I IV WE VI X X
FWWP  Cys-righ Consarve d
HDAC mathyl tr ansfe rase moti fs
DNMT3a H BRI Il 102 «0a
I IV Vi X X
PWWPF  Cys-rich Conserved
HOAC methyl tr anste rase moti fs
DNMT3b I:. I I] I]] 98 kDa
| I i X X
Cyz-rich
HDAC
DNMT3L | 42 kDa

Figure 6. Schematic structure of human DNMTs and DNMiK& protein.

Conserved methyltransferase motifs in the catalytic domain are indicafdniian numeralsNLS
nuclear localization signaRFT, replication focitargeting domainBAH, bromeadjacent homology
domainPWWR a domain containing a conserved profingtophantryptophanproline motif, PHD, a
cysteinerich region containing an atypical plant homeodimaa, amino acids. DNMT3L lacks the
critical methyltransferase motifs and is catalytically inac{®een and Riggs 2@)}.

Mechanisms of Active DNA Demethylation

DNA demethylation can be achieved either passively, by sinmaly
methylating the new DNA strand after replication, actively, by a
replicationindependent process (Fi$B). However, the mechanism(s) of
active demethylation remain poorly understodélg. 7 proposesthree
possible mechanisms of active DNA DemethylatiGmly in plants is there
firm evidence for the direct removal tie 5mC basdy a 5mCspecific
glycosylase(DME/ROS1family (Zhu JK. 2009. This process is like base
excision repair (BER and together with otherevidence it has been
suggested a role for BER in active demethylatiomammalsbut, only weak
5mC glycosylasectivity has been reported for thymine DNA glycosylase
(TDG) andmethytCpG-binding domain protein 4 (MBDA4).

14



Otherwise, it has beeproposedthat BER enzymes arénvolved only after
modification of the5SmC base.An example of thisuggestednechanism is
deamination of 5mC to thymindpllowed by BER of the resulting -G
mismatch (Fig. 7). Activationinduced cytosine deaminase (AID) and
apolipoproteirB mRNA editing enzyme, catalytic polypeptid APOBEC1)
can deaminate 5m@he resultingT-G mismatches are then repaired and the
unmethylated C is restored.

Recently, it has beetiscoveredhat mouse and human TET family proteins
can catalyze conversion of 5mC to 5hmC, a new modified base found in
mammalian DNA. This observation wggeststhat 5hmC could bean
intermediate in active demethylatioand repaired by a BER process,
although, so far, no 5hmC DNA glycosylases have been iden{@ileen and
Riggs 201}

SenC
KHg

m%wk‘ﬁ
2. > EE

Figure 7. Modelsfor DNA demethylation mechanisms involving BEBhen and Riggs 2011
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1.4Estrogen induced transcription

Estrogen I7b-estradio) is the primary femalesex hormones Natural
estrogens arsteroid hormonesand readilydiffuse across theell membrane

Once inside the cell, they bind to and activastrogen receptonshich in

turn modulatethe expressiorof manygenegNussey and Whitehead 2001

Two classes of estrogen receptor ext$®, which is a member of theuclear
hormonefamily of intracellularreceptors, an@GPR30, which is a member of
therhodopsinlike family of G proteircoupled receptors

Once activated by estrogen, the ER is able to translodatéhe nucleus and

bind to DNA to regulate the activity of different genes (i.e. it is a BNA
bindingtranscription factor Estrogen receptdras two different formd) and

b, encoded by a separate geBSR1andESR2 respectively).

Upon binding to 1@-estradiol (E2), ERorms dimers ERU (U Yor ERb (b b
homodimers or ER KU b heterodimersand interacts with permutations of a
palindromicDNA sequence separated by -three no
GGTCANNNTGACG3 Nj, t he consensus estr(logen resp
et al. 2004

The E2ER-ERE complex subsequently recruits coactivators/regulators
promote local chromatin remodeling and the initiation of transcription. This
pathway is called ERBependent ER signaling.

Estrogen receptor alpha and beta show significant overall sequence
homology, and both are composed of fd@mnains(listed from the Nto G
terminus; amino acidsequence numbers refer to human ERF(Aomain)

AFL nh AF2 (ligend binding)
™ 2 —t— 2 i
—_——

3

8

Figure 8: The domain structures of ERand EP, including some of the known phosphorylation sites
involved in ligandindependent regulation.

The N-terminal A/B domain is able tdransactivateyene transcription in the
absence of bountigand (e.g., the estrogehormone) buthis activation is
weak and more selective compared to the activation provided by the E
domain. The C domain, also known as EA-binding domain binds o
estrogerresponse elemen{ERE)in DNA.

The D domain connects the C and E domains.
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The E domain contains the ligand binding cavity as well as binding sites for
coactivatorand corepressoproteins. In the presence of bound lighit is

able to activate gene transcription.

The C-terminal F domain function is not entirely clear and is variable in
length(Li et al. 2004.

1.5 PS2 gene

Trefoil factor 1is encoded in humans by thm&F1 gene(also calledPS2

geng.

The B52 gene product is a small, secreted polypeptide currently of unknown
function, but with structural features similar to some growth factarshe
human breast cancer cell linER stimulates B2 gene transcription by
interaging with an ERE in the §lanking region of that gendt containstwo
regions required for the transcriptiantivating function of the ERa DNA-
binding domain, which determines target gene specificity, and a hormone
binding domainStack et al. 1988

Figure 9: PS2gene structure. It contains 3 exons and an Estrogen Responsive Element-in the 5'
flanking region of that gene.
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2. AIM OF MY STUDY

The ultimate objective of this study is the analysis of the mechanism of
transcription induction by activated estrogen receptor.

| wish specifically to find the role and the function of DNA methylation at
the promoters of estrogemsducedgenesduring transcription initiation.

| have used a simplified system to bze E2induced transcription: $2
gene, which is induced by E2 and other factors and contairesteogen
responsiveelement (ERE) in the in the 5flanking region (Figure 9).

| have analyzed:

1. the histone H3 methylatiaode before and after E2 stimulation;

2. thetiming of DNMTs recruitment on $2 ERE elements associated with
the induction of transcription;

3. the different role of DNMT1 and 3a in transcription and replication
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3. MATERIAL AND METHODS

Cell culture and drugs

MCF-7 cell s wer e c u | -Madifiee-& a gitMedusD u |l be c c o 6
(DMEM) low glucose with 10% Fetal Bovine Serum. Cells were counted 1

million for plate and after 2 days hormone starved for other 3 days. To induce

entry into the cycle,ychronized GO arrested cells were treated withM

of E2 (SigmaAldrich) at the times indicated in the text.

To synchronize RNA transcriptiotFamanitin (SigmaAldrich) was used at
theconcentration of 2.5M, 2h before E2 treatment.

1 uM of aphidicolin (SigmaAldrich) for 16h was added to hormone starved

MCF 7 cells to block the replicative fork.

MRNA guantification by gPCR

cDNA was prepared from total RNA with Quantitect Reverse Transcription

Kit (Qiagen Mi | an, Italy) according to the me
sample was assayed in triplicate. The gPCR data were normalized to the
expression of the 18S gene, and after normalization, the data were presented

as fold change relative to the O point.

Transfections and silencing

To carry out transient transfection experiments in MCEells, we used
MicroPorator Digital Bio Technology, a pipettetype electroporation (Seoul,
Korea). After 24h of hormone starvation, specific plasmids or shRNA were
introduced into each 3x10”76 dissociated cells in 100 ml volume according to
the manufactureros instructions. Pul se
applied voltages: 1100V, 30 ms, 1 pulse. Electroporated cells were then
seeded into 16hm culture dishes contang 5ml of culture media. After 48

h, cells were treated with E2 (Sigmddrich) at the times and concentrations
indicated in the text.

ShRNA-DNMTL1i(3'UTR) from Addgene pcl1099: DMNT1 wt pcl078:
DNMT1 mutant (C1229Wjvere used dinal concentration of ug for each
transfection.
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Chromatin immunoprecipitation (qChIP)

MCF-7 cells were hormone starved for 3 days and treated Edtfor the
indicated times. After PBS wash, cells were crlagsed with a 1% formalde
hyde/PBS solution forlO min at room temperature. Crekisking was
stopped by adding glycinE25mM for 5 @nd samples were processed using
the chromatin immunoprecipitation (ChlP) assay kit (Upstate Biotechnology)
according t o t he manufactur erses pr ot oc
experiments were specific f@NMT1 and 3a (abcamRNA POL Il P-Ser5
(Covance), gamma2AX (cell signaling) Immunoprecipitated DNA was
analyzed by PCR using sets of primers agaPSR EREregions. PCR
products were analyzed by semiquantitative arehtitative Reallime PCR

as indicated in the text. Normal serum and input DNA values were used to
subtract/normalize the values from ChIP samples. All values represent the
average of at least three independent experiments.

AzadC trapping procedure

MCF-7 cells were hormone starved for 3 days and treated 2fitlof U-
amanitin before E2 induction at the indicated timesl 53®0 before E2
treatment cells had a pulse of pM of 5-aza2 -Ngoxycytidine After PBS
wash, cells wereollected andyenomeextraction was performedsing the

MB buffer as indicated in th@ublishedprotocol (Kiianitsa and Maizels
2013. The genane was then sonicated amdmunoprecipitaéd according
with the ChIP assayprocedure fronpstate BiotechnologyAntibodies used

in these experiments were specific fDNMT1 and DNMT3a (abcam).
Immunoprecipitated DNA was analyzed by PCR using sets of primers against
PS2 EREregions. PCR products were analyzed by semiquantitative and
guantitative Realime PCR as indicated in the text. Normal serum and input
DNA values were used to subtract/norinalthe values from ChIP samples.
All values represent the average of at least three independent experiments.
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4. RESULTS

EstrogeninducesPS2mRNA expression

To verify theestrogen induction of transcription,enhave first analyzeBS2
MRNA levels aftelE2 stimulation. MCF7 cells have been hormostarved

for 3 days and then treated wif2. Total RNA has been extracted and
reverse transcribed into cDNA and then amplified with specific primers for
PS2mRNA. The results shown in Figure lfdicate that ab0 6 &Rt er
activation, mRNA levels are significantly increased.

mRNA PS2
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Figure 10: PCR analysis oPS2mRNA levels in MCF7 hormonestarved cells ad 6 &rbd &2 t e r
activation.mRNA levels were normalized tb8S RNA levels. All values represent the average of at
leag three independent experimentifferences between treatments were tested for statistical

significance usi ng St wdeasdodmredmath tleeteachl untpeatédicoitrot t e st
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Transcriptional cycleinduced by Estrogen

Estrogen Receptdd (ERU) belongs to the nuclear receptor superfamily of
transcription factor{RobinsonRechavi et al. 20Q3and bnds to cognate
DNA sequences egtrogen responsiveleenents, ERE). The binding of
estradiol (E2) into a carboxgrminal hydrophobic pocket of BRinduces
threedimensional changes of surfaces that interact with cofactors
(Brzozowski et al. 1997 Studies using chromatin immunoprecipitation
(ChIP) demonstrated that, once recruited to target promotetspERl ER)
induced an orcered,cyclical recruitment of coactivataromplexes, some of
which contain HAT, HMT or ATRlependent remodelling activiti@sletivier

et al. 2003. To asses€RU and RNA pol Il occupancy on £ Promoter/
EREgenomic sites in a precise temporal frame affeaé&ivation, we carried
out qChIP analysis. The cellseve hormone starved for 3 days and then
treated with E2 atlifferenttimes (@ 153 30§ 45 605 .)Figurell shows that
ERUandRNA pol llar e r ec i6uliét)e do n( 1t5BREOPRS® mot er /
gene and accumulate progressivelhe transcriptional coactivators and
acetyltransferases p300 a@REB binding protein (CBP) are also recruited

t hese r e gi g rpgrespactively Comparhg the relative site
occupancy of ERRNA pol Il on PromotefERE elements, we suggest a
transcription cycle indui66d. byhd&2MBDth
containing proteins (MeCP2 and MBD2) appear late after E2 activation,
probably actig as structural proteins, which recruit a variety dfistone
deacetylas€dHDAC) complexes and¢hromatinremodelling factors, leading
to chromatin compaction and, consequently,transcriptionalrepression
(REF).
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Figure 11: Transcriptional cycle induced by Estrog@erillo et al. 2008
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Estrogeninduces H3K9 demethylation onERE chromatin.

The ERUis rapidly recruitedo the ERE chromatin of MCF7 cells at 36

600 of E2 addition (Figurell) and acetylated H3 accumulates on the same
sites (Figll). In this time frame (3@ 609 on the same promoteERE sites,
independently on the physical distance on linear DNA, total and active{Ser 5
phosphorylatedRNA Pol Il accumulate (Figur&l). To find specific histone
marks, linked to E2 induced transcription, we analyzed the hisktthe
methylation of lysine 4K or k 4) or 9 (K9) in MCF7 cells exposed to s
short periods of time. Wperformed ChIP experiments, using H3K9 and K4
antibodies and specific primers forSR ERE regions. We show thatE2
induces a cycle of H3K4 methylaticand HX9 demethylation of 15 3 0 6
(Figure 12c)

Conventionally, rethylation of lysine4 in histone H3(H3K4) marks
transcribed loci, wite the presence of dimethiysine 9 in the same histone
(H3K9me2) usually results into silencing.

The analysis of the methylation status of H3 K4 and K9 indicates that:

1. H3K4me2 disappears from tB®E chromatin (Figure.2by);

2. the 3methyl form of H3K4 significantly increag€sgure12b);

3. H3K9 both me2 and me3 levels are significantly redacethe chromatin
(Figurel23.

These data indicate thBR induces methylation of H3K4 and demethylation
of H3K9 on theERE chromatin

a) b)
PS2H3 K9 PS2 H3 K4
8 pS2 H3 4.5 pS2 H3
7 3NleK9 4 20 IeK4
6 — pS2 H3 3.5 —___pS2H3
- 5 2MeK9 3 3NeK4
=
=y 2.5
=
®3 1.5
2 1]
1 0.5 |
0 0 .
- 30 60 920 - 300 60 20
E2 E2
<)
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2mel9 o— —— o == S
ER L — — -  ——
Input =SS — e ——
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Figure 12 PS2H3 mek4 levels are analyzed by qChIP in hormaterved MCF7 cells and afteE2
activation at the indicated timéBerillo et al. 2008
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H3K4/K9 methylation-demethylation cycle corresponds to thedDNMTs
recruitment on PS2 EREChromatin.

It has been reported th&®INMTs-dependent variations of thmethylation
status of CpGs within thBS2gene promoter are integral components of the
6transcr i gMeiliviernea &l. 2@0B that kodtrols the progression
throughtranscriptioncycles.

We hypothesize that DA methylationand transcription are closely linked.
More specifically, DNA methylation changeat the transcription start sites
and ERE (estrogerresponsive element) &2-inducedgenes following short
term (minutes) induction by estrogersuggest that DN methylation is
essentaifor progression of transcription.

The effectors of DNA methylation are DNA methyltransferases (DNMTS)
that catalyze eithede novoor maintenance methylation of hemimethylated
DNA during replication.

We asked whether DNAmethylation during Ez2nduced transcriptiorwas
carried out by DNMT1 and 3anzymes.To this end, we performe@hiP
analysis using DNMT1 and DNMT3a antibodies and sfiecprimers for
PS2 ERE regions.

Fig. 13a showshe recruitment of DNMT1 and DNMT3an FS2 -ERE
Specifically, DNMT3aaccumulatesfter3 0 62 induction of transcription,
while DNMT1 decreasesnthesame region.

To confirm these data, we searched, on the same regulatory region, for the
presenceof Np95, (also known as UHRF1 or ICBP90), a protinat binds

and anchors DNMTX(Figl3b). As expected, Np95 decreases similarly to
DNMT1(Fig.16c).

DNA methylation seemsassociated to histone H3 methylation cycles
because t s t i ovenlaps witdd@&mthylationof histone H3 lysine 9
and methylation oflysine 4 occurring in the first round of transcription
induced by E2 (Fig 12)

To better investigate the specificity of DNMTs cyclic recruitment during E2
induction of transcription, we analyzed f{we@sence o0DNMTs onH19 gene
H19 encodes a 2-Bb noncoding mRNA which is strongly expressed during
embryogenesiand it is not E2 responsive
DNMT3a levels are stable and remain unmodified on H19 gene, indicating
that DNMTSs recruitment to the PS2 ERE is assietl to active transcription.
Wedo not know at present why DNMT1 disap
E2 (Fig 13b). We speculate that a@elaeplication origin close to H19 gene
promoter is induced by E2.
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Figure 13: DNMTs levelswereanalyzed by qChlIP in hormorstarved MCF7 cells after E2 activation
at the indicated timesl(5 6 ,). DRINOT& and DNMT3a showva differentrecruitment on PSERE

elements.
ChIP with antiNp95 antibodieson PS2ERE, (also known as UHRF1 or ICBP90), a protein that binds

and anchors DNMT1Hig16b. Differences between treatments were tested for statistical significance
usi ng St udeardtes: *ROH3as dorapdredpwith the each untreated control.



The block of RNA pol Il anticipatesDNMT3a recruitment

To better investigate the association between methylation and transcription,
MCF?7 cells were treated withamanitin(U-amg, aninhibitor of RNA pol II.
U-amais a cyclic peptideof eightamino acidghat interacts with the bridge
helix in RNA pol Il. The bridge helix has evolved to be flebe and its
movement is required for translocation of thelymerase along the DNA
backbone.The addition ofthis drug reduce the rate of RNA pol Il
translocating on DNAfig 14a).

After 2h of Uama treatment, weearched for the presence on BRE
chromatinof DNMT1 and DNMT3afollowing E2 induction at short times.
Figure 15c shows that DNMT3a was still recruited after E2 addition but it
accumulated earlier, becausdama synchronizes the first round of
transcription. DNMT1 recruitment in the
drug(Figl5sc).

To confirm these data we evaluated the DNMT1 partners, Np95, recruitment
under the same conditions. As expected, similady DNMT1, Uama
treatment did not modify Np95 binding on ERE (Figtja

a) e e I U b) e
72h Zh E2 15 300 45 60 7 E2 IS 300 45 60
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Figure 14: U-ama reducs the rate ofRNA pol Il translocationon DNA. a. Ser5P RNA pol Il is

responsibleof transcription initiation and itsecruitment has beemnalyzed by qChIP in hormone

starved MCF7 cells after2h U-ama and E2 activation at the indicated times 5 8 0456, b6 06 ) .

Ser5P RNA pol Il recruitrent by qChlP in hormonastarved MCF7 cells after EZreatmentat the

indicated times ¥ 5 8,0 & ,5 & ,0 6Differences between treatments were tested shatistical
significance usi ng St wdeasdodmredmdth tieeteactd untpeatéedicositrok t est @ * P
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Figure 15: DNMTSs cyclic recruitment to ERE chromatin aflgiamasynchronization of transcription.

DNMT1 and DNMT3a foll ow a simil ar DiKdrencegsbetween i n t he f i1
treat ments were tested for statisticalO05asgni ficance
compared with the ehauntreated control.

We suggest that the recruitment of DNM3a to the ERE, previously
observed (Fig 13a), reflects two different events that occur in the same
region, DNA transcription and DNA replication. Sind@NMT1, is a
important component of amultiprotein DNA replication complexits
recruitment can be linked to the action of DNA Polymerase. On the other
hand, DNMT3a accumulation at 5763 0 dwrresponds to the first round of
transcription. $nchronization of transcription, by-ama, confirms DMT3a

as the main actor in the Eihduction of transcription. However, the role of
DNMT1 in E2-dependent transcription remains still to be elucidated.
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A new procedure todetect DNMTSs presence on chromatin

To confirm DNMT3a estrogerdependent recruitment to ERE region, we
performed a new experimental procedure by exploiting the ability of DNMTs
enzyme to bind covalentlp-azacytidine

Azacitidine (5azacytidine) is a chemical analogue of the cytosine nucleoside
used h DNA and RNA 5-aza?2 -N¢oxycytidinetriphosphate is aubstrate for

the DNA replication machinery and¢an be incorporated into DNA
Azacytosineguanine dinucleotides are recognized by the DNA
methyltransferases as natural substrate and the enzymesnwdiei the
methylation reaction by a nucleophilic attack. This results in the
establishment of a covalent bond between the caBbaiom of the cytosine
ring and the enzyme and its DNA methyltransferase functigerisanently
blocked(Stresemann and Lyko 2008

Furthermore, ithas beemreported that E2nduce a burst oDNA oxidation

on the promoter andERE region of E2responsive geesthat is recognized

by BER enzymegenerating transient nicks at the@pairs before the final
substitution with new nucleotid€Berillo et al. 2008

Taking in mind this mechanism, we asked whetherraor t p ul3@®e of 156

min of 5-aza?2 -Nigoxycytidinewas enough to incorporate the drug stably into
the DNA at the ERE or promoter. In this case ¢bealent bond between the
azacytosine ring and thBNMTs allows the immunoprecipitation of the
enzyme without crossilinking witftormaldehyde.

Fig. 16 shows t heafteh 89INDRE2 finductiang which g o0
confirms the previous data obtained by ChIP (Fig. 15).

pS2 ERE
DMSO+ + + + 300 AZA
60 - 15 30° 60° 60° E2

INDUE e ——— ——

DNMT3A - - —
IgeG
Figure 16 DNMT s itrappingo technique. A new procedure t
regulatory regionsThi s assay confir ms DNMT3a occupancy on PS2

activation of transcriptiorDifferences between treatments were tested for statistical significance using
Student 6s mat c 0.@Gbds conpadred with the dach sirtteshconti@dl<
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DNA polymerase alpha inhibition by aphidicolin does not alter DNMT3a
Estrogen dependentcycle

We speculateghat DNMT1 accumulation on PS2 ERE is affected by DNA
replication, while DNMT3a is mainly involved in the induction of
transcription. To this end, we have specifically inhibi2dA Polymerase

A,D with aphidicolin in MCF7 and analyzed again the presence of DNMT3a
and DNMT1 on the same regions of PS2 gene at the same times of E2
treatment.

Fig. 17ab, shows that the DNMT3a, accumulates also in the presence of
aphidicolin with the ame kinetics illustrated above (Fig 15,16), suggesting
that the block of replication does not affect the recruitment of DNMT3a
during transcription. Furthermore, these results indicate that DNMTL1 is
cyclically recruited adntofeDNA reicatiomf E2 des
Probably, DNMT1 acts both in replication and transcription and the delayed
recruitment visible in presence of aphidicolin,dispendent on transcription
only, being replication completely blocked.

a) Aphidicalin Aphidicolin b) pS2 ERE
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=—DNMT3A I G
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Figure 17 DNMTs Estrogen dependent cycle in presence of DNA polymerase alpha inhibition,

aphidicolin. a. b. DNMTs levels by qChIP in hormorstarved MCF7 cells after 16h of aphidicolin

and E2 activation at the i ndi caiMT®@ashawmdaiffereitl 56 , 3060,
recruitment to the PS2 ERE elementDNMT1 and DNMT3a are unmodified in H19 gene which is

not E2 sensitiveDi f f er ences bet ween treatments were tested for
matched pairs t test: *@x05as @mpared with the each untreated control.
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Perturbation of DNA methylation waves, alters the Estrogerdependent
induction of Transcription.

Our previous results indicate that DNMT1 accumulation on Ps2 ERE is
dependent on DNA replication, but the importance of this enzyme in the
progression of transcription is reported in Fig.18, in which E2 induce
transcription was analyzed in DNMT1 depletasdls.
We knocked down DNMT1 levels with a speciSbRNADNMT1i(3'UTR)

in MCF7 cells induced withE2. Transcription oPS2 genewas significantly,
inhibited when DNMT1gene waslenced (Fig 18). Furthermore, expression

of the wild type DNMT1 gene restateE2 induction of transcription.
Transfection of the DNMT1 catalytic muta(@NMT1 mutant (C1229W)in
silenced cells, did not restore the E2 induction of transcription (Fig. 18). We
wish to note that overexpression of the wild type or mutant DNMTL1 in
nomal cells (without depletion of the endogenous enzyme) inhibits E2
induction of PS2 gene, suggesting that higher levels of the protein,
independently on its activity, alters transcription probably by inducing
of the).initiation
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Figure 18. E2 induction & PS2 gene expression and DNMTé&vels. Hormone starved MCF 7 cells
weretransfected with shRNNMTLi(3'UTR), wt anda catalytic mutan{See Methods)After 48h,
\E2. PSR expression waanalyzedby gPCR.mRNA levelswere
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Phosphorylated H2AX accumulates at the ERZlependent promoter is
dependent on DNA replication

Estrogentranscriptional activatiotriggersDNA methylation/demethylation
cycles (Fig. 13, 15 and DNA (dG) oxidation resulting in transient single
strand nickgPerillo et al. 208). It has been reported that also double strand
breaks can occur at the ERE sit&shnru et al. 2009. However, the
mechanism leading to these lesionsas known.

We hypothesize that DNA replication may favour DNA polymerase and RNA
polymerase collisions and generate local DSBke best method to identify
DSBs is the accumulation of H2AX phosphorylatéstH2AX) by the
checkpoint kinases ATM or ATR.

To this end we searched oisP EREchromatin for the presence afi2AX,

after short times of E2 induction, in presence or in absence of the DNA Pol
inhibitor, aphidicolin.

Fig. 19shows thabH2AX accumulates on the ERE chromatin at 15 min after
E2 induction 6 transcripton. Under the same conditionBl2AX levels do

not change on a reference promoter region of H19 gene, which we use as
control.

We do no know if the band seen in Figi9ight panel reflects a constitutive
presence of H2AX on this gene oiist specific of a late replicating origins,
due to hypermethylation of H19 gene.

Inhibition of replication by aphidicolin drésally reduces the amount of
oH2AX on ERE (Fig.19 a, b). It is worth noting that on the H19 gene there
was acomplete loss 0dH2AX , suggesting that the accumulation of DSBs is
dependent on active local teation. The lower levels aH2AX on the ERE
region at 15 min after E2 suggest a rapid repair of the DSB by active
transcription. We suggest that5after E2 exposure, the initiation complex is
fully formed, functional and able to repair local DNA lesions.
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Figure 19 ab.c. o0H2AX levels on PS2 EREby qChIPin hormonestarved MCF7 cells after E2

activation at the indicated time& 6 8 0 6 Q0 & presence and in absence of aphidicalinoH2AX

levels on H19Di f f er ences between treatments were tested for
matched piss t test: *P€.05as compared with the each untreated control.
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5. DISCUSSION

DNA Methylation cycles on promoters of estrogen induced genes

CpG methylation is not only a stable epigenetic mark but also an integral
component of transcriptiohe DNA of the ERET promoter region of PS2
gene is subjected to cycles of methylation during the earliest phases of
transcription induced by E2.

This has been noted earlier but so far it is not known the biological
significance(Metivier et al. 2008

The data reported indicate that DNMT1 and 3a are recruited to the ERE
promoter of TFF1 in a cyclical fashion (Fig.13, 15). Since both enzymes are
involved also in replication, the recruitment to the ERE chromatin does not
discriminate between DNA replication or transcription. However, inhibition
of replication by aphidicolin (Fig. 17) prevents and delays DNMT1 not
DNMT3a recruitment on the ERE chromatin, suggesting that DNMT3a is
indeed directly involved in Eihduced transription.

DNMT3a and active demethylation during E2induced transcription

The level and pattern offmeC are determined by both DNA methylation and
demethylationprocesses. Demethylation of DNA can be passive and/or
active.

PassiveDNA demethylatioroccurs when maintenance methyltransferases are
inactive during thecell cycle following DNA replication, which results in a
retention of the unmethylated statiethe newly synthesized strand.

Active DNA demethylation involves one or more enzynaesl canoccur
independently of DNA replication.

Evidence suggestthat active DNA demethylation in mammals is also
achieved, at least in part, by a base excision rgpdirway.

More specifically, it has beeproposed thatandidate deaminases include
AID and APOBECL1 can convert 5neC to T through deaminatiorthe
resulting T is then removed by a G/T mismatckebaxcision repapathway
(Zhu 2009.

Recently, a new class of enzymes that participates to the demethylation of
MCpG has been discovered. Tétif-eleven translocatior) enzymes oxidize
met hyl to 56hydroxyl met hyl cytosine,
eliminated through replication (passive demethylation) or actively removed
by base excision repair enzyme TDG (active demethylation).

Our data discriminate the role of DNMTand DNMT3a on transcription,
becausethe recruitment of DNMT3a to the ERE was indegent on
replication. Collectively, our data indicate that the DNMT3a on ERE
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chromatin participates actively to transcription. We suggest that DNMT3a
methylates CpGthat will be oxidized by Tet enzymes.

Histone H3 K9 methylation cycles on promoters of estrogen induced
genes

The DNA methylation cycles appears to be linked to the histone H3
methylatio demethylation cycles on the ERE. Methyld#&K9 marks the
promoter and the ERE chromatin in-E2lucible genes. Upon activation of
E2, H3K9 is rapidly and transiently demethylated by LSD1 (Figure 12).
LSD1 is a histone demethylase, which is recruited to the ERE sites and
actively demethylates H3Kand H3K9 (Perillo , 2008).

By interacting with diverse cofactors and catalyzing demethylation of mono
and dimethylated H3K4 or H3K9, LSD1 is capable of either repressing or
activating target genegMetzger and Schule 2007Shi 2003. The
demet hyl ation of H3K9 induced by E2
12). H3K9 demethylation cycles, as well as the recruitroéthe associated
factors and DNMTs enzymes, can be detected only under stringent
conditions, in which transcription initiation is synchronized.

Recruitment of DNA methyltransferase to the transcription initiation
complex

Transcriptional activationnvolves the initialrecognition of key regulatory
DNA elements at promoters lsequencepecific DNAbinding activators
and the core transcriptiamachinery, along with the recruitment of essential
cofactors(Lemon and Tjian 20Q(Naar et al. 2001Roeder 2005Fong et al.
2012.

Estrggendriven transcription triggersetnethylation by LSD1 of H3K9me2
inducing DNA (G) oxidation (Perillo et al. 2008 Simultaneously, orthe
same sites DNMT1, 3dDNA methyltransferase enzymes, are recruited and
stimulate a wave of methylation of CpGde propose thanethylated CpGs
and oxidized G the target sites during transcription initiation are proagéss
by BER and NER enzymaesstoring the correct G and the unmethylated C
Our data provide evidence that bdiNA methyltransferaseare essential
for E2-mediated transcription, since perturbing the levels of DNMTL1 (Fig.
18) and 3a (not showrthe expression dE2 targets, is inhibited

Furthermore, we know that in the first round of-@&pendent transcription
BER and oxidative enzymes are recruited with the same kinetics shown by
DNMT3a (Perillo et al.2008; Kim 2009; Amente et a2010), suggsting
that histone H3 demethylatiorgxidation DNA methylationand DNA repair
are linked.
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Furthermore, we haveecently reported thathe transcription machinery
removes de novo DNA methylation induced by DNA damage and
homologous repair (HDR, Homologs Dependent Repair) and that silencing

of DNMT3a decreases HDR induced methylation (Morano et al. 2013)

We do not know if these data can be extended to other nuclear receptors, but
recent results obtained by analyzing transcription induction by retaeit
suggest that histone demethylation and DNA oxidation are necessary for
looping of chromatin during transcriph initiation (Zwchegna et al.
submitted).
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6. CONCLUSIONS

The datapresented illustrate the association betwBP&®A methylationand
histone H3 methylation cycles.More specifically, v find that DNA
methylation cycles of 1&300 correspond to demethylation of histone H3
lysine 9 and methylatiorof lysine 4 occurring in the first round of
transcription.
Inhibition of DNA or histone H3nethyhtiondemethylatiorprocessesilters
the normal transcriptional evengsiggestinga mechanistic relation between
DNA and H3methylation and changes of chromatin leading to transcription
initiation.
The same modificationsf estrogerinduced genesccurin E boxes of Mye
induced genes (dmethylation of H3K4K9, accumulation of OGG1 and
OxodG and APEIAmente et al. 200Amente et al. 2011
We believe that in cancer cells, highly transcribed genes (such as E box Myc
or estrogefinduced genes), are extremely sensitive to disruption of
methylatioroxidation cycleand may accumulate mutations.
Furthermorethese studiesffer a new window to target highly transcribed
genes in canceFor example,by using drugs that target both repair and
oxidation enzymes, we may be able to seledgtivehibit highly transcribed
genes thERE by inducing apoptotic responses in tumors cells. Also,
inhibition of transcription in our system may be used to screen for drugs that
selectively kill cancer cells that are oxisatiadapted (Watson J2013).
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ABSTRACT

We report that homology-directed repair of a DNA
double-strand break within a single copy Green
Fluorescent Protein (GFP) gene in Hela cells alters
the methylation pattern at the site of recombination.
DNA methyl transferase (DNMT)1, DNMT3a and two
proteins that regulate methylation, Np95 and
GADD45A, are recruited to the site of repair and
are responsible for selective methylation of the
promoter-distal segment of the repaired DNA. The
initial methylation pattern of the locus is modified in
a transcription-dependent fashion during the 15-20
days following repair, at which time no further
changes in the methylation pattern occur. The vari-
ation in DNA modification generates stable clones
with wide ranges of GFP expression. Collectively,
our data indicate that somatic DNA methylation
follows homologous repair and is subjected to re-
modeling by local transcription in a discrete time
window during and after the damage. We propose
that DNA methylation of repaired genes represents
a DNA damage code and is source of variation of
gene expression.

INTRODUCTION

DNA methylation is a feature of higher eukaryote
genomes. It is thought to help organize large segments
of noncoding DNA in heterochromatin and to contribute
to genome stability (1). DNA methylation is critical
during development in plants and mammals. In somatic
cells, patterns of methylated CpGs are transmitted to
daughter cells with high fidelity (2,3). Aberrant methyla-
tion, both hyper- and hypo-methylation, has been found
in cancer cells (4).

There are two patterns of DNA methylation: (i) Stable
methylation, which is the basis of imprinting, is inherited
in a sex-specific fashion and is invariant among individuals
and cell types. Loss or modification of stable methylation
results in significant phenotypic and genetic alterations.
(ii) Unstable or metastable methylation, which is
variable among individuals and cell types.

Despite numerous analyses of the methylation profiles
of single chromosomes, the regulation of DNA methyla-
tion is largely unknown. Somatic DNA methylation is
associated with gene silencing and heterochromatin for-
mation and is neither sequence- nor cell-specific.

We are investigating the nature of somatic DNA methy-
lation and its link to gene silencing during neoplastic pro-
gression (5,0). Since formation of DNA double-strand
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breaks (DSBs) and activation of DNA damage
checkpoints may precede genomic instability (7) and
DNA methylation and gene instability appear to be
linked in cancer (8), we speculated that DINA methylation
was associated with DNA damage and repair.

We previously reported that homology-directed repair
(HDR) modifies the methylation pattern of the repaired
DNA (9). This was demonstrated using a system pion-
eered by Jasin (10,11), in which recombination between
partial  duplications of a chromosomal Green
Fluorescent Protein (GFP) gene is initiated by a specific
DSB in one copy. The unique DSB is generated by
cleavage with the meganuclease I-Scel, which does not
cleave the eukarvotic genome. The DSB is repeatedly
formed and repaired, until the I-Scel site is lost by hom-
ologous or nonhomologous repair or depletion of I-Scel
enzyme. Recombination products can be detected by
direct analysis of the DNA flanking the DSB or by the
appearance of functional GFP (9).

Two cell types are generated after recombination: clones
expressing high levels of GFP and clones expressing low
levels of GFP, referred to as H and L clones, respectively.
Relative to the parental gene, the repaired GFP is
hypomethylated in H clones and hypermethylated in
L clones. The altered methylation pattern is largely
restricted to a segment just 3’ to the DSB.
Hypermethylation of this tract significantly reduces tran-
scription, although it is 2000 bp distant from the strong
cytomegalovirus (CMV) promoter that drives GFP ex-
pression (9,12). The ratio between L and H clones is
~1-2 or 1-4, depending on the insertion site of the GFP
reporter. These experiments were performed in mouse em-
bryonic (ES) or human cancer (Hela) cells. HDR-induced
methylation was dependent on DNA methyl transferase 1
(DNMT1). Furthermore, methylation induced by HDR
was independent of the methylation status of the convert-
ing template (9). These data, taken together, argue for a
cause—effect relationship between DNA damage-repair
and DNA methylation.

The link between DNA damage, repair and de novo
methylation has been confirmed by other studies (13-15).
We also note that genome wide surveys show that imprinted
sites are historical recombination hot spots, reinforcing our
conclusion and that of other workers, that DNA methyla-
tion marks the site of DNA recombination (16,17).

We report here that methylation induced by HDR is
influenced by recruitment of Np95 and GADD45a to
the DSB and that DNMT3a is also active at the DSB.
We also show that methylation is reduced by transcription
of the repaired region.

MATERIALS AND METHODS
Cell culture, transfections and plasmids

HeLa cells lines were cultured at 37°C in 5% CO, in
RPMI medium supplemented with 10% fetal bovine
serum (Invitrogen), 1% penicillin-streptomycin, and
2mM glutamine.

HeLa-pDRGFP cells were obtained by transfection of
HeLa cells with the pDRGFP plasmid. Briefly: 5 x 10°

cells were seeded in a 100mm dish and transfected with
lipofectamine as recommended by the manufacturer
(Invitrogen) with 2 pug of linearized pDRGFP plasmid and
selected in the presence of puromycin (2micrograms/ml).
Four clones were isolated and expanded, the remaining
clones were screened for single pDRGFP insertion by
quantitative Polymerase Chain Reaction (qPCR) [support-
ing information in (9)] and pooled (~200 clones with a
pDRGFP copy number ranging from 0.8 to 1.2 copies/
genome). Clone 3 is the same clone 3 described in (9);
clone 4 is a subclone of the clone 2 assayed also by
Southern Blot (9). 10° puromycin-resistant cells were transi-
ent transfected by electroporation with 2.5 ng of plasmid
DNAs and/or small interfering RNA (siRNA) (200 nM) as
indicated in the Figures. After transfection cells were seeded
at 3 x 10° cells per 60 mm dish, 24 h post-transfection, cells
were treated and harvested as described in figures. Pools of
clones were generated in three independent transfections and
frozen in aliquots. Transient transfections with I-Scel were
carried at different times of culture after the primary trans-
fection. Transfection efficiency was measured by assaying
B-galactosidase activity of an included pSVPGal vector
(Promega). Normalization by fluorescent-activated cell
sorter (FACS) was performed using antibodies to B-gal or
pCMV-DsRed-Express (Clontech). pEGFP (Clontech) was
used as GFP control vector. The structure of the pDRGFP
and other plasmids are described in the supplementary data
(Suplementary Methods and Supplementary Figure S12).

Nucleic acid extraction and quantitative reverse
Transcription Polymerase Chain Reaction, gPCR and PCR

Total RNA was extracted wusing Triazol (Gibco/
Invitrogen). Genomic DNA extraction was performed as
described in (9). cDNA was synthesized in a 20 pl reaction
volume containing 2pg of total RNA, four units of
Omniscript Reverse Transcriptase (Qiagen), and [ pl
random hexamer (20ng/ul) (Invitrogen). mRNA was
reverse-transcribed for 1h at 37°C, and the reaction was
heat inactivated for 10min at 70°C. The products were
stored at —20°C until use. Amplifications were performed
in 20l reaction mixture containing 2 pl of synthesized
cDNA product or 0.1 pg of genomic DNA, 2l of 10X
PCR buffer, 1.5mM MgCl,, 0.5mM dNTP, 1.25 unit of
Taq polymerase (Roche), and 0.2 uM of each primer on a
TC3000G thermocycler (Bibby Scientific Italia). The
number of cycles was selected and validated by running
several control reactions and determining the linear range
of the reaction. 15 ul of the PCR products were applied to
a 1.2% agarose gel and visualized by ethidium bromide
staining. Densitometric analysis was performed using a
phosphoimager. Each point was determined in at least
three independent reactions. Quantitative reverse
Transcription Polymerase Chain Reaction (qRT-PCR)
and qPCR were performed three times in six replicates
on a 7500 Real Time-PCR on DNA template (RT-PCR)
System (Applied Biosystems) using the SYBR Green-de-
tection system (FS Universal SYBR Green MasterRox/
Roche Applied Science). The complete list of oligonucleo-
tides is reported in Supplementary Table SI.
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FACS analysis

HeLa-DRGFP cells were harvested and resuspended in
500 ul of phosphate buffered saline (PBS) at density of
10° cells/ml. Cell viability was assessed by propidium
iodide (PI) staining. Cytofluorimetric analysis was per-
formed on a 9600 Cyan System (Dako Cytometrix) or
FACScan Flow Cytometer (Becton Dickinson, Franklin
Lakes, NJ, USA). PI positive cells were excluded from the
analysis by gating the Pl-negative cells on a FSC-Linear
versus FL2H-Log plot. GFP" cells were identified by
using a gate (Rl in Supplementary Figure S3A) on a
FL1H-Log versus FI2ZH-Log plot after sample compensa-
tion for FL1 versus FL2 channels. L and H cells were
identified on FLIH Histogram of the R1-gated cells with
two range-gate, as shown in Figure 1. The same gate was
used for all cytofluorimetric determinations.

Cell cycle analysis was carried out by FACS: 1 x 10° cells
were resuspended in 1 ml of PBS and fixed 10 ml of ice-cold
70% ethanol. Afther 3 h, the cells were washed and stained
for 30min at room temperature with 0.1% Triton X100,
0.2mg/ml Dnase-free RnaseA, 20 pg/ml PI. Fluorescence
was evalued by FACS and analyzed by ModFit LT 2.0
(Verity Software House, Topsham, ME, USA).

Population comparison was performed using the
Population Comparison module of the FlowJo software
(Tree Star, Inc., Ashland, OR). Difference in fluorescence
intensity (mean) was determined using the matched pairs
Student’s 7 test.

Bisulfite DNA preparation, PCR and sequence analysis

Sodium bisulfite analysis was carried out on purified gen-
omic DNA and on ‘chromatinized” DNA. The full list of the
buffer formulation is reported in the Supplementary
Methods (Buffers Formulation). Chromatinized DNA was
obtained as follows: 107 cells were fixed at 4°C temperature
with 1% formaldehyde for 3 min. The reaction was stopped
with glycine to a final concentration of 125 mM. Nuclei were
isolated and permeabilized by incubating cells for 20 min in
Buffer A, 20min in Buffer B and then resuspended in Buffer
C (see Buffers Formulation in Supplementary Methods).
Nuclei or purified genomic DNA was heat denaturated
(96°C for 10min) incubated in a fresh solution containing
SM sodium bisulfite and 20mM hydroquinone and
incubated at 37°C for 18h. The cross-link was reversed,
and proteins were digested with proteinase K (50 pg/ml
at 55°C for 2h, and then at 65°C overnight). DNA was
purified using a Wizard genomic purification kit
(Promega), and then disulphonated by incubation for
I5min with NaOH to a final concentration of 0.3 M,
neutralized with ammonium acetate to a final concentration
of 3M., and purified by ethanol precipitation. DNA
was amplified by PCR using primers, listed in the
Supplementary Table S1, using Taq polymerase, which is
able to copy deoxyuridine, cloned in TOPO TA vector
(Invitrogen), and sequenced with the M13 reverse primers.

Chromatin Immunoprecipitation

Cells were transfected and/or treated as indicated in the
legends of the figures. The cells (~1 x 10%) were fixed by
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adding formaldehyde directly in the culture medium to a
final concentration of 1% for 10 min at room temperature
and washed twice using ice cold PBS containing Ix
protease inhibitor cocktail (Roche Applied Science) and
I mM Phenylmethylsulfonyl Fluoride (PMSF). Fixed cells
were harvested and the pellet was resuspended in 200 ul of
sodium dodecyl sulphate Lysis Buffer (ChIP Assay Kit/
Upstate). After 10 min incubation on ice, the lysates were
sonicated to shear DNA to 300-and 1000-bp fragments.
Sonicated samples were centrifuged and supernatants
duluted 10-fold in the ChIP Dilution Buffer (ChIP
Assay Kit/Upstate). An aliquot (1/50) of sheared chroma-
tin was further treated with proteinase K. phenol/chloro-
form extracted and precipitated to determine DNA
concentration and shearing efficiency (input DNA). The
chromatin immunoprecipitation (ChIP) reaction was set
up according to the manufacturer’s instructions. Briefly,
the sheared chromatin was precleard for 2h with 20 ul of
protein-A or protein-G agarose (Upstate) and 2pg of
nonimmune [gG (New England Biolabs). Precleared chro-
matin was divided in two aliquots and incubated at 4°C
for 16 h with 20 ul of protein-A/G agarose and 2 ug of the
specific antibody (Np95, generated and characterizated by
IM Bonapace; RNA Pol II from Upstate cat. # 05-623;
DNMTI1, DNMT3a and DNMT3b from Abcam, cat. #
ab-13537, ab-2850 and ab-2851, respectively) and nonim-
mune [gG respectively. Agarose beads were washed with
wash buffers according to the manufacturer’s instructions
and immunoprecipitated DNA was recovered and sub-
jected to qPCR using the primers indicated in the legend
of the specific figures and in Supplementary Table S1.

Methylated DNA immunoprecipitation

Cells were transfected and/or treated as indicated in the
legend of the figures. The cells (~3 x 10°) were harvested
and genomic DNA extracted as described above. Ten
micrograms of total genomic DNA were digested in
200 ul for 16 h with restriction endonuclease mix contain-
ing 30 U each of Eco RI, Bam HI, Hind III, Xbal, Sal I
(Roche Applied Science), phenol/chloroform extracted,
ethanol precipitated and resuspended in 50pl of Tris-
HCI/EDTA bufter (10mM Tris-HClI pH 7.8, 1mM
EDTA) (TE) buffer. An aliquot (1/10) of digested DNA
was used as input to determine the DNA concentration
and digestion efficiency. Methylated DNA immunopre-
cipitation (MEDIP) was performed essentially as
described (18) except that 2ug of antibody specific for
SmC (Abcam cat. # ab-124936) were used to precipitate
methylated DNA from 5pg of total genomic DNA. H19
and UE2B were used to control in each experiment the
efficiency of 5SmC immunoprecipitation; the CpG island
located to 5’ end of human beta-actin was used as undam-
aged transcribed DNA gene control.

Statistical analysis

All data are presented as mean =+ standard deviation in at
least three experiments in triplicate (n = 9). Statistical sig-
nificance between groups was determined using Student’s
t test (matched pairs test or unmatched test were used as
indicated in figure legends). Hierarchical clustering
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Figure 1. HDR generates high and low GFP-expressing clones. (A) Structure of the integrated tester DRGFP plasmid before and after repair. The
structure of the plasmid (10,11) has been verified by sequence analysis. The boxes and arrows with different grayscales represent the structural
elements of the integrated nonrecombinant (upper) and recombinant (lower) plasmid. The conversion of the I-Scel to Begl restriction site marks the
gene conversion event driven by the copy of GFP gene located at the 3 end of DRGFP (cassette II). (B) Generation and accumulation of high (H)
and low (L) expressor cells following homologous repair. Kinetics of L and H clones accumulation. Cells containing a single copy of DRGFP (clones
3 and 4, see ‘Matenals and Methods™ section) or pool of clones (shown here), characterized as described in “Materials and Methods™ section, were

transfected with I-Scel and subjected to FACS analysis at the times indicated. GFP positive (GFP')

cells were identified by the R1 gate

(continued)
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(Ward’s criterion) analysis was performed using the JMP
Statistical D.isn?averyr‘f software by SAS, Statistical
Analysis Software. Sequence analysis and alignments
were performed using MegAlign software (a module of
the Lasergene Software Suite for sequence analysis by
DNASTAR) for MacOSX.

RESULTS
Repair-induced methylation at the 3 end of a DSB

The system we use to study DNA methylation induced by
damage and repair relies on a single-copy integrated
plasmid (DRGFP), which contains two inactive versions
of GFP. Introduction of a DSB in one copy of the gene
(cassette I) by expressing the nuclease 1-Scel, generates a
functional GFP only in cells in which the second copy of
GFP (cassette II) provides the template to repair the DSB
(10,11) (Figure 1A). Homologous repair both in pools and
single clones generates cells expressing low (L clones) or
high levels (H clones) of GFP. These clones can be tracked
by FACS analysis, using bivariate plots and gating
strategies.

The integrated DRGFP undergoes several cycles of
cutting and resealing until the I-Scef site is lost by nonhom-
ologous end joining (NHEJ) or homology-dependent
repair (HDR). We defined the time window of HDR by
monitoring the appearance of recombinant GFP DNA in
the population of cells transiently expressing I-Scel. We
also measured the levels of I-Scel protein in transfected
cells to estimate the period of enzymatic cleavage.
Supplementary Figure S1A shows that the levels of recom-
binant GFP reached a plateau 3 days after transfection with
[-Scel. The enzyme accumulated between 12 and 24 h and
progressively disappeared 48-72h after transfection. The
estimated half-life of [-Scel protein was between 12 and
24 h (Supplementary Figure S1B).

Having established that the bulk of repair activity
occurred in 3 days, we monitored the appearance and sta-
bilization of L and H clones during and after HDR (9).
Figure 1B shows the accumulation of L and H cells after
exposure to I-Scel in a pool of Hela clones as well as in
single insertion clones carrying DRGFP inserts at differ-
ent loci (see the legend of Figure 1B). Three days after I-
Scel transfection, when HDR was almost complete, L and
H cells accumulated in a 1:1 ratio (Figure 1B). We have
used time-lapse microscopy to monitor GFP appearance
during 30h after I-Scel induction. The Supplementary
Movie shows the I and II/IIT cycles (relative to GFP
expression) during repair and the appearance of H and
L cells from single repair events. In the I cycle, H and L
cells are generated; in the II/11I cycle (H-H and L-L), the
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phenotypes are stably propagated. Eventually, the ratio L/
H cells changes as a function of time, until day 7 when the
L to H ratio stabilized at 1:4 (Figure 1B). No further
change was detected after numerous subsequent
passages, and no new GFP clones appeared (data not
shown). Note that this shift to high GFP-expressing cells
occured after DSB repair, and therefore represents an in-
herited epigenetic process.

The drift toward H clones is detailed in Figure 1C. This
figure also shows the levels of GFP mRNA as a function
of time after transfection with the [-Scel plasmid. The
changes in GFP mRNA concentrations correlate well
with the fluorescence measurements that reflect GFP
expression. We wondered if the time-dependent epigenetic
changes were related to transcription of the GFP gene.
This notion was tested by adding o-amanitin during
repair and following the appearance of L and H clones.
o-Amanitin inhibits translocation of elongating RNA
polymerase II (Pol II) and increases the concentration of
the polymerase on transcribed genes (19).

The pool of DRGFP clones, as well as one clone (Cl4),
was transfected with [-Scel, and after 24 h, exposed to
a-amanitin for 24 h. Five days later (day 7 after I-Scel
transfection), GFP expression was analyzed by
cytofluorimetry. Exposure of the cells to the drug did
not influence the rate of recombination (Supplementary
Figure S2A). As expected, it significantly enriched GFP
chromatin with Pol II molecules (Supplementary Figure
S2B). Figure 2A and Supplementary Figure S3 show that
a-amanitin treatment of pooled cells (or clone 4) shifted
the populations of L and H classes in opposite directions
(see arrows AMA): L and H cells displayed on the
average, lower or higher fluorescence intensity, respect-
ively. Exposure to g-amanitin 6 days before transfection
with I-Scel or 6 days after did not affect the distribution
of L and H clones (Figure 2A and Supplementary
Figure S3A). Statistical analysis of the data of 28 inde-
pendent experiments in which ¢-amanitin was added dur-
ing recombination to pools or single clones indicates that
the results are reproducible (Figure 2B and Supplementary
Figure S3B). Quantitative analysis of GFP fluorescence in
H and L cells exposed to a-amanitin during repair reveals
that the fraction of L cells increased and that the GFP
expression in these cells was markedly reduced.
Conversely, the H cell fraction decreased, but the intensity
of the fluorescent signal in these cells was enhanced
(Figure 2B). We hypothesize that transient stalling of
Pol II induced by s-amanitin during repair, increased
GFP methylation, yielding higher numbers of L clones
and reducing the fraction of H clones.

We therefore asked if a-amanitin altered the DNA methy-
lation profile of the repaired GFP gene. Clones 3 and 4 were

Figure 1. Continued

(see Supplementary Figure S3A) on a bivariate plot (FL1H versus FL2H) after I-Scel transfection. A representative experiment, displaying the L and
H cells is shown. Each panel shows (i) the days after [-Scel transfection; (i) total GFP positive cells (%); (iii) the range gates used to discriminate H
and L cells; (iv) the ratio L/H, which reached a plateau 7-14 days after [-Scel transfection. Panel (C): the number (percent of total GFP™ cells, left)
and the fluorescence intensity (mean, center) of H and L cells derived from clones (not shown here) or pool of clones, based on at least five
independent experiments. After 7-14 days, the L/H ratio and the intensity of L and H peaks stabilize. CMV-EGFP transfected cells, as control lines,
display a single fluorescence peak (9). The right panel shows the relative levels, normalized to 188 RNA, of nonrecombinant (UnRec) and recom-
binant (Rec) GFP mRNA after [-Scel transfection (see ‘Materials and Methods section).
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Figure 2. Synchronization of transcription by s-amanitin during repair amplifies and consolidates L and H clones. (A) Cytofluorimetric analysis.
Cells were exposed to a-amanitin before, during or after I-Scel transfection as indicated on the top of each panel. A pool of HeLa DRGFP cells or a
clone carrying a single insert were transfected with I-Scel expression vector, and 24h later, an aliquot was exposed for 24h to 2.5 M s-amanitin.
The cells were washed and cultured in normal medium for 5 days, when FACS analysis was carried out (day 7 after I-Scel transfection). The
fluorescence plots of GFP positive cells (overlay of the histograms of RI gates, see Supplementary Figure S3) are shown. L and H represent the range
gates to identify high and low expressors, respectively. The arrows, indicated by AMA, represent the shift of the mean fluorescence after a-amanitin
treatment. Differences between treatments were tested for statistical significance using Student’s matched pairs ¢ test: *P < 0.001, **P < 0.05. Under
these conditions, a-amanitin did not affect cell survival or growth rate. Five days after 24-h 2.5-pM o-amanitin treatment, transcription of several
housekeeping genes was similar to untreated controls. The changes of GFP expression following the short treatment(s) with the drug during repair
(24h after I-Scel transfection) were stable for up 3 months in culture. (B) Statistical analysis derived from 28 independent experiments, in which
DRGFP cells were exposed to o-amanitin during repair as indicated above. The panel shows the statistical significance of the means ( &+ SD).
Differences between treatments were tested for statistical significance using Student’s matched pairs ¢ test: *P < 0.001, **P <0.05.
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treated with o-amanitin (624 h), sorted 5 days later into H
and L clones and analyzed by MEDIP assay with specific
antibodies against 5-methylcytidine (anti-5mC) with primers
indicated in Figure 3A. Figure 3B shows that anti-5mC rec-
ognizes the region 3’ to the I-Scel site in the repaired GFP.
As predicted, the frequency of SmC was higher in L clones
than in H clones. Consistent with GFP expression profiles
shown in Figure 2, a-amanitin increased the levels of SmC in
the L clones. The changes in SmC levels were specific to the
recombinant GFP segment, since the methylation status of
the B-actin 5 CpG island did not change (data not shown).
Additionally, the methylation status of HI9-DMR
(Differentially Methylated Region), or UBE2B gene
(NC _000005.9), used as positive and negative controls of
MEDIP immunoprecipitation, did not change after o-
amanitin (Figure 3C). To visualize directly the methylation
status of the repaired segment of GFP in s-amanitin-
exposed cells, we performed bisulfite analysis of the GFP
gene in treated cells (Supplementary Figure S4). The
repaired GFP gene just 3’ to the DSB was selectively
hypermethylated or hypomethylated in L and H cells, re-
spectively. Treatment with o-amanitin for 6 or 24h
accentuated these alterations of methvlation: L clones
became more methylated and H clones less methylated
than untreated cells. Longer exposure (48 h) to x-amanitin
did not significantly alter the methylation pattern seen at 6
or 24 h (see the legend of Supplementary Figure S4).

To explore further the local chromatin changes induced
by methylation and the effects of x-amanitin on this
process, we analyzed sites on the GFP gene that were pro-
tected from bisulfite conversion. Briefly, chromatin of L
and H cells was fixed with formaldehyde, heat denatured
and exposed to bisulfite. By probing GFP DNA, we can
detect specific DNA segments protected, most likely by
bound proteins, that block C to T conversion by bisulfite
or by structures preventing single-strand formation
(Figure 3D). The protected segment of GFP corresponds
to the region containing the methylated sites at the 3’ end
of I-Scel, as shown in Supplementary Figure S4. We
found no protected areas in the H clones, whether or
not they were treated with o-amanitin. Exposure to
¥-amanitin enhanced protection against bisulfite in most
of the regions found to have increased DNA methylation
after repair (compare Figures 3 and Supplementary
Figure S4).

We propose that stalled RNA polymerase during repair
favors the recruitment of enzymes that methylate the
repaired DNA, consolidating the methylation of L clones.
This event occurs only during repair because stalling Pol I1
before or after DSB repair does not modify GFP methyla-
tion and expression.

Transcription modifies methylation of the repaired gene

The a-amanitin experiments suggest that the transcription
machinery plays a major role in repair-induced methyla-
tion. We chose to inhibit transcription in a different
fashion, by treating the cells with actinomycin-D (Act-D)
for 6h after repair. In contrast to a-amanitin, Act-D
depletes RNA polymerase Il from chromatin (20).
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We were unable to use Act-D during repair, owing to
inhibition of HR by the drug (data not shown). After
repair, 6 h exposure to Act-D did not alter DNA
replication or HDR (legend of Figure 4). Under these
conditions, the treatment with Act-D prevented the accu-
mulation of H clones at 2 and 4 days later (5 and 7 days
after I-Scel transfection), although the number of GFP*
cells was similar in all samples (~9.5%), and the recom-
bination frequency was unaltered (Figure 4B and data not
shown). This finding suggests that the conversion of L to
H cells after repair requires transcription (Figure 4B). To
confirm the effectiveness of Act-D and to explore the
mechanism of inhibition of H cell formation, we
measured mRNA levels of several genes. Specifically, we
analyzed the accumulation of stable and unstable RNAs:
(i) recombinant ( Rec) and nonrecombinant (UnRec) GFP;
(ii) c-Myec (0.5-1 h half-life) (21); (iii) p-actin (812 h half-
life; data not shown) (22); and (iv) 18 S ribosomal RNA,
10 and 96 h after Act-D treatment. Figure 4C (left panel)
shows the expected reduction in c-Myc, unRec and Rec
mRNA levels 10h after Act-D treatment (day 3). Rec
mRNA was more stable than unRec mRNA. However,
96 h after Act-D exposure (day 7), UnRec and c-Myc
mRNA concentrations returned to control values,
whereas Rec mRNA levels remained lower than controls
(Figure 4C, middle panel). Depletion of Pol II after Act-D
exposure and the restauration of GFP-bound Pol 11 were
confirmed by ChIP analysis of Un-Rec and Rec DNA
(Figure 4C, rightmost panel). After 12-15 days, the
increase of methylation and the inhibition of transcription
of the GFP gene, induced by Act-D, progressively dis-
appeared. Resumption of transcription promoted methy-
lation loss during this period and accumulation of H cells
from L cells (Figure 4B). These changes occurred only
2-3 weeks after the repair and were specific to repaired
DNA because Act-D did not change the expression of un-
damaged GFP and, when administered 27-30 days after
repair, did not modify GFP methylation (Supplementary
Figure S5). We note that the time window of Act-D
responsiveness (3—15 days after exposure to [-Scel) corres-
ponds to the time required to stabilize the L/H cell ratio
(Figure 1), suggesting that stabilization of the DNA—chro-
matin domain induced by HDR occurs in this interval.
Collectively, these data indicate that after repair transcrip-
tion converts a fraction of L to H cells by favoring loss of
methylation.

Hierarchical clustering analysis of GFP methylation in
repaired clones links discrete methylation states to gene
expression variation

The data shown above indicate that the original methyla-
tion profiles induced by HDR are remodeled in a tran-
scription-dependent fashion during the first 15 days after
repair. The pattern eventually stabilizes, locking the epi-
genetic status of the repaired DNA in each cell (see
Supplementary Movie, cycles I and II/I1I). By using hier-
archical clustering analysis of bisulfite-treated GFP mol-
ecules before and after HDR, we were able to track and
identify the original methylation profiles (epialleles)
induced by HDR and modified during transcription. We
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Figure 3. DNA methylation and chromatin modifications of the DSB region in cells exposed to s-amanitin during repair. (A) Location of Beg, Recl
and Rec2 primers, which recognize selectively recombinant GFP. Cassette 1 and II refer to Figure 1. (B) MEDIP with anti-5mC antibodies of
recombinant GFP gene. Clones 3 and 4 were treated with g-amanitin for 24 h as described in Figure 2 and sorted 5 days after I-Scel as described in
‘Materials and Methods™ section. Content of 5mC is higher in L cells compared with H cells, a-amanitin also increases the levels of SmC in L cells
and lowers them in H cells. The results are similar for both amplicons (REC1 and REC2). All data derive from three independent experiments
performed in triplicate (mean + SD; n = 9). Differences between treatments were tested for statistical significance using Student’s matched pairs
t test: *P < 0.01 as compared with the each control (s-amanitin treated versus untreated cells). Differences between cells (H versus L) were tested for
statistical significance using Student’s 7 test: P < 0.01. (C) MEDIP analysis of the methylated H19 DMR (differentially methylated region) and the
hypomethylated UBE2B genes in clone 3 and 4, treated with o-amanitin, as indicated in B. Longer exposure (48 h) to a-amanitin did not significantly
alter the methylation pattern seen at 6 or 24h assayed by bisulfite analysis (Supplementary Figure S4). (D) Bisulfite protection of GFP chromatin in
L and H cells. Clone 4 cells were treated with a-amanitin for 6 or 24 h after transfection and sorted as indicated in ‘Materials and Methods™ section.
Chromatin was purified as described in ‘Materials and Methods” section, denatured and treated with sodium bisulfite. DNA was extracted, amplified,
cloned in TOPO TA vector and sequenced. The amplified segment corresponds to the Recl region and primers were designed for the bisulfite-
converted (+) strand. The boxes represent stretches of nonconverted dCs present in the GFP sequence. At least 15 independent GFP molecules were
analyzed for each treatment, including cells not exposed to I-Scel (C). The numbers with the grayscale boxes represent the percentage of the
molecules protected from bisulfite conversion in the regions indicated by boxes. The scale shows the coordinates of the GFP sequence relative to
the DSB (indicated as 0 or [-Scel/Begl site).
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also were able to link the methylation states of epialleles to
GFP expression levels, since the bisulfite analysis was
carried out on fluorescent-sorted cells. Clones expressing
intermediate levels of GFP (L2 and H2) contain a set of
GFP epialleles originating from a common GFP precursor
segregating in the L fraction. This epiallele precursor in
L cells generates many similar epialleles as a result of
losing methyl groups (Supplementary Figures S6 and
S7). These sites are shared by L2 and H2 clones and are
located in 2 symmetric domains downstream of the DSB,
spanning the length of a nucleosome (150bp)
(Supplementary Figure S7C and D). The sites are
demethylated by 5-AzadC and methylated by Act-D treat-
ments (Supplementary Figure S7C and D or data not
shown). These data definitely link gene expression to
specific methylation states and explain the stochastic ex-
pression of GFP after HDR (see Supplementary Movie).

DNMT3a is transiently recruited to repaired GFP and
stimulates DNA methylation

We previously reported that the hypermethylated L cell
population was not found in a mutant lacking the main-
tenance DNMTI1. In contrast, hypermethylation of the
repaired gene was seen in both DNMT3a /'~ and
DNMT3b™'~ mutants (9). However, loss of methylation
induced by repair in stable DNMT1 mutant cells may be
the indirect consequence of lack of propagation of methy-
lation in daughter cells by DNMT]1. Since large stretches
of DNA are resynthesized during homologous recombin-
ation and are devoid of methylation marks, it is possible
that de novo DNMTs such as DNMT3a and 3b have a
role during or early after repair, and that DNMTI may
propagate the methylation marks set by DNMT3a and/or
3b during replication. To investigate this possibility, we
analyzed the recruitment of DNMT3a and 3b to the
I-Scel-cleaved chromatin. Figure 5A and B show that
both DNMT3a and DNMT3b were recruited to the
I-Scel site 24h after the onset of DSB formation and
rapidly disappeared (48 h). We then selectively silenced
DNMT3a and 3b during repair and analyzed the

distribution of L and H cells. Figure 5C shows that the
yield of L cells was significantly reduced and both the
number and GFP fluorescence intensity of H cells
increased when DNMT3a expression was silenced. In
contrast, depletion of DNMT3b did not alter the ratio
of L and H cells (Figure 5C). Expression of wild-type
enzyme in DNMT3a-silenced cells prevented the loss of
L cells. The changes of GFP expression levels were caused
by DNA methylation, since the rescue of L cells by
DNMT3a was prevented by treatment with 5azadC
(Figure 5C).

In conclusion, we propose that DNMT3a helps the for-
mation of hypermethylated clones and DNMT]1 propa-
gates these methylation patterns through at least several
generations. This finding reinforces the notion that main-
tenance and de novo methyl transferases cooperate (23).

Np9Y5 is recruited to repaired GFP and stimulates
DNA methylation

We reported that DNMTI1 was required for hyper-
methylation of repaired GFP. We now ask if proteins
that modify DNMT1 activity influence DNA methylation
at the repaired DSB. We probed for Np95 (also known as
UHRF1 or ICBP90), a protein that binds to DNMTI,
DNMT3a, DNMT3b and PCNA and stimulates methyla-
tion of hemi-methylated DNA (24-26). ChIP analysis of
GFP chromatin from clones 3 and 4 showed that Np95
preferentially accumulated on the repaired chromatin of
the L clones. Treatment with o-amanitin during repair
significantly amplified or decreased Np95 recruitment to
GFP chromatin in L or H cells, respectively (Figure 6A).
Note that the binding of Np95 to H19, UEB2B or B-actin
CpG island chromatin was unaffected by o«-amanitin
(Figure 6B and data not shown). Thus, the association
of Np95 with the DSB of GFP DNA appears to be
linked to hypermethylation and reduced GFP expression
in the L cell population.

To test whether Np95 recruitment to recombinant chro-
matin was relevant to repair-induced methylation, we se-
lectively silenced Np95 expression during recombination.

Figure 4. Continued

(B) FACS analysis (a representative of five independent experiments) was performed as described in Figure | at 5, 7 and 12 days after I-Scel
transfection (2, 4 and 9 days after Act-D treatment, respectively). Panel (C) Left. GFP mRNA accumulation assayed by gPCR after Act-D treatment
(3 days after I-Scel transfection and 10h after Act-D, or 7 days after I-Scel and 96 h after Act-D) normalized to 18S RNA. Recombinant (Rec) and
nonrecombinant (UnRec) mRNA levels are expressed as percent of untreated levels + SD because the absolute mRNA levels cannot be compared
because of the differences of the efficiency of the primers. The same results were obtained normalizing GFP RNA to GAPDH mRNA. Differences
between treatments were tested for statistical significance using Student’s matched pairs ¢ test: *P <0.01 as compared with the each untreated control.
Right. RNA polymerase Il recruitment on recombinant and nonrecombinant GFP chromatin after Act-D treatment. ChIP with anti-Pol II large
fragment antibodies of chromatin extracted from Act-D-treated cells 3 days after I-Scel transfection (10h after Act-D) or 7 days after I-Scel (96h
after Act-D). *P <0.01 compared with the each untreated control; **P <0.01, 3 days compared to 7 days time point; the average of immunopre-
cipitated DNA with a control lg is reported on the bar graph. (D) GFP mRNA levels and MEDIP assay at day 8 on sorted GFP" cells. Left:
Recombinant (Rec) and nonrecombinant (UnRec) primers were used to quantify GFP mRNA by qPCR and to measure the contamination of
nonrecombinant GFP negative cells. The values were normalized to GAPDH (white columns) or 188 (black columns) RNAs. Rec mRNA levels are
shown as percent of the levels found in control cells (I-Scel transfected/Act-D untreated cells); UnRec mRNA levels are expressed as percent of
control (untransfected DRGFP cells) (mean of three experiments in triplicate + SD). *P < (0.01 as compared with untreated control. Right: 5mC
content was carried out on sorted GFP* cells (H and L) as indicated in panel A. Specifically, we analyzed the 5mC content of (i) a segment of the
GFP promoter, 1kb upstream the DSB (oligo b and c, see Supplementary Table S1); (i) the region ¥ to the DSB, which was methylated by HDR;
and (ii) H19 and UE2B genes, as controls of hypermethylated and undermethylated genes, respectively, and to monitor the efficiency of MEDIP
assays. The SmC levels in these regions, except the segment 3’ to the DSB, were not modified by 6h Act-D treatment (data not shown). SmC levels
are expressed as percentage of input (mean + SD of three experiments in triplicate); the average of immunoprecipitated DNA with a control Ig is
reported on the bar graph. *P <0.01 as compared with the each untreated control. Act-D, administered 27, 30 and 35 days after I-Scel for 6h,
transiently inhibited transcription, but did not change GFP gene methylation.
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Figure 5. DNMT3a and 3b are recruited to the DSB early during repair, but only DNMT3a is necessary for generation of L cells (A and B)
Recruitment of DNMT3a, DNMT?3b to the [-Scel chromatin. Cells were transfected with I-Scel and 24h, 48h or 7 days later, were fixed, collected,
chromatin-extracted and subjected to ChIP analysis with specific anti-DNMT3a and DNMT3b antibodies. The specific primers used to amplify the
GFP cassette I are indicated in (A). Data represent the fraction of immunoprecipitated DNA relative to the input chromatin-DNA present in the
reactions (% of input; mean + SD; n=9); the average of immunoprecipitated DNA with a control Ig is reported on each bar graph. *P <0.01,
paired ¢ test. (C) Silencing the expression of DNMT3a reduces L cells. Cells were electroporated with the siRNA targeting DNMT3a and DNMT3b
(see ‘Materials and Methods” section and protocol S1) and analyzed 7 days later, when L and H cells were clearly separated. On the bottom left

(continued)
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