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SUMMARY

Eukaryotic genomes are compartmentalized in diffestructural domains that can
affect positively or negatively gene expression.edén regions of euchromatin and
heterochromatin are characterized by distinct hessomarks which can facilitate or repress
gene transcription. The chromatin environment rggmés thus one of the main problems to
control gene expression in biotechnological aptibbees or gene therapy, since its expression
is affected by the chromatin neighboring lissus of insertion. Some chromatin regions like
telomeres are composed of constitutive heterochtioméoich leads to the telomeric position
effect (TPE) that silences genes adjacent to floenexre. TPE is known to spread by the self-
recruitment of the SIR histone deacetylase comfslax the telomere is.cerevisiag, but the
histone marks that are associated to telomericneatio in mammalian cells remain mostly
unknown.

The transcription factor CTF1 has shown antisileggroperties in mammalian cells
and also a boundary activity against TPE in yeallt avhen fused to the yeast Gal4 DNA
binding domain. In the work presented here, we ril@s@ dual-reporter system to assess the
boundary activity of proteins such as CTF1 at huteomeres. When located between the
two reporter genes, CTF1 shields the telomere |dggae from TPE, while the telomere-
proximal gene remains silenced by telomeric hetexwuatin. The boundary activity of CTF1
is shown to act regardless its function of trammnal activator, by opposition to the
transcriptional activator VP16 which activates ffatiently both transgenes. Moreover, this
study shows that CTF1 boundary activity is linkedits H3 binding function, as expected
from a chromatin remodeler.

ChIP experiments showed that histone deacetylagidhe main histone modification
involved in gene silencing at mammalian cell teloese Distinctly to yeast cells, the histone
deacetylation signal in human cells extented ovanat range along the chromosome. CTF1
may help to block this propagation and thereforedstore histones acetylation level on
telomere protectedocus. Surprisingly, other histone marks such as triylettBK9 or
trimethyl-H4K20 were found on telomere protecteclus, while in another clone, unsilencing
of telomere distal transgene was associated wittuitenent of the histone variant H2A.Z.

Thus, | conclude that CTF1 displays a chromatin noewy function which is
independent of its transcriptional activity andréfere exhibit features required for use as

chromatin insulator in biotechnological applicagon



RESUME

Les génomes eucaryotes sont compartementalisésneairtes structurels qui peuvent
affecter positivement ou négativement I'expresgies genes avoisinants. Ces régions dites
d’euchromatine ou d’hétérochromatine sont carss#éd par des modifications post-
traductionnelles des histones qui peuvent facibieau contraire inhiber la transcription des
genes qui s’y trouvent. Ainsi, isoler un gene de eonvironnement chromatinien est probleme
frequent lorsqu’il s’agit de contrGler son expressidans le cadre d’applications en
biotechnologie ou encore en thérapie génique. Degaégions de chromatine telles que les
télomeres sont composées d’hétérochromatine cotmgtitqui mene au silencage des genes
avoisinants. Cet effet de position télomérique (JB& connu dans la levufkcerevisiae
comme se propageant par auto-recrutement du compkexléacétylation d’histone SIR, alors
gue peu de modifications de chromatine ont pu é&ssocieées a ce phénomene dans les
cellules de mammifeéres.

Le facteur de transcription CTF1 a montré des [pétgs d'anti-silencage dans les
cellules de mammiféres, ainsi qu’'une activité leaericontre le silencage télomérique dans les
cellules de levures lorsqu’il est fusionné au doreaie liaison a 'ADN de la protéine de
levure Gal4. Dans le travail présenté ci-aprégiéstit un systéme a deux genes rapporteurs
permettant de mesurer 'activité barriére de prasgitelles que CTF1 aux télomeéeres humains,
et les modifications de chromatine qui y sont agssc Lorsque CTF1 est placé entre les
deux genes rapporteurs, le gene distant du télomstreorotégé du silencage qui lui est
associe, alors que le géne proche du télomére ssmimis a ce silencage induit par
I'hétérochromatine télomeérique. L’activité barriede CTF1 est montrée ici comme agissant
indépendamment de son activité transcriptionnelpgr opposition a [I'activateur
transcriptionnel VP16 qui active indifferemment sux transgenes. En outre, cette étude
appuie I'hypothése stipulant que CTF1 agisse coman®deleur chromatinien puisqu’elle
démontre que son activité barriére est directerdépendante de son activité de liaison avec
I'histone H3.

De plus, des expériences d’immuno-precipitatiodadehromatine démontrent que la
déacétylation des histones est le majeur phénoimérgenant dans le silencage télomérique.
Par opposition a la levure, ce signal de déacéylate se propage dans les cellules humaines
gue sur une courte distance le long du chromosdi€:1 agit ainsi en bloquant cette
propagation et en restaurant le niveau d’acétylates histones sur lecus protégé du

télomere. De maniére surprenante et inattenduetrd® modifications d’histones telles que



les H3K9 et H4K20 triméthylées sont aussi obsengesglocus, tandis le recrutement du
variant H2A.Z peut aussi étre suffisant a restalegpression du géne distant du télomere.
En terme de cette analyse, CTF1 exhibe ainsi unetito;r de barriére chromatinienne
qui exclue une activité transcriptionnelle non d#si- propriété qui est requise dans
I'établissement des isolateurs visant a permetdredntréle d’'un transgéne dans le cadre

d’applications en biotechnologies.



Table of contents

Acknowledgments
SUMMARY
RESUME

Table of contents
Abbreviations

l. Introduction

I.1 Chromatin structure and consequences on ggmession.
[.1.1 Chromatin structure in higher eukaryotes.
[.1.1.1. The fundamental nucleosome unit.
[.1.1.2. Non nucleosomal proteins.
1.1.2 Chromatin modifications influencing gene esgsion.
[.1.2.1 Chromatin remodeling complexes.
[.1.2.2 Histone acetylation and deacetylation.
[.1.2.3 Histone methylation.
[.1.2.4 DNA methylation.
[.1.2.5 Other modifications.
1.1.3 Breaking the histone code.
1.2 Particular chromosomal structures and assatigteomatin environments.
1.2.1 Structure of the centromere.
1.2.2 The inactive X chromosome.
1.2.3 The telomere.
[.2.3.1 Structure and elongation of telomeres.
1.2.3.2 Telomeric position effect.
.3 Chromatin domain delimiters.
1.3.1 Scaffold/Matrix attachment regions.
1.3.2 Insulators.
1.3.3 Chomatin boundaries.
1.3.4 The transcription factor CTF1.
[.3.4.1 Structure of CTF1.
1.3.4.2 Transcription activation and chromatin relelong activity induced
by CTF1.
1.4 Aim of this work.

Il. Development of new tools for the study of boandproteins.

39
41

43

[I.1 Introduction
[1.2 Material and methods.
[1.2.1 Cell culture.
[1.2.2 Vector constructions
[1.2.3 Transfections and selection of stable clones

44
45
45
45
46



[1.2.3.1 Transfections of pBX-R and pBX-NR in Heaad CHO cells. 46

[1.2.3.2 Transfections of two reporters plasmids. 46
I1.2.4 Luciferase assay 47
[1.2.5 Southern blotting 47

[1.2.5.1 Extraction of genomic DNA. 74

[1.2.5.2 DNA electrophoresis and transfert. a7

[1.2.5.3 Generation of the probe. 48

[1.2.5.4 Hybridization and revelation. 48
I1.2.6 Flow cytometry. 48

I1.3. Results. 49
[1.3.1 Silencing of telomere proximal genes in maafian cells. 49

[1.3.1.1 Comparison of transgene expressions atmmedian telomeres 49
[1.3.1.2 Telomeric position effect in HeLa and CHdéll lines. 49

[1.3.2 Construction of two reporters system for stedy of boundary proteins. 52

[1.3.2.1 Plasmid constructions designed for thelytf boundary proteins. 52
[1.3.2.2 Assessment of the most appropriate plasoistruct for the study 54
of boundary proteins.

[I.4. Conclusions. 60
lll. Transcription factor CTF1 acts as a chromakiimain boundary that shields
human telomeric genes from silencing. 62
[1l.1 Abstract. 63
[1l.2 Introduction. 64
[11.3 Material and methods. 67
[11.3.1. Plasmid vectors. 67
[11.3.2. Cells culture, transfection aialsitu hybridization. 67
[11.3.3 Chromatin immuno-precipitation. 68
[11.3.4. Quantitative PCR. 68
[1l.4. Results. 69
l11.4.1. Design of a quantitative assay of teloragene silencing. 69
[11.4.2. CTF1 protects telomeric transgenes fronETP 71
[11.4.3. Chromatin landscape at mammalian telomiexdc 75
[11.4.4. CTF1 fusion protein delimits distinct cmnatin domains at
telomeric boundaries. 78
[11.5. Discussion. 80
l1l.6. Supplemental material. 83
IV. Conclusions and outlooks. 88
References. 94



Abbreviations

a.a amino acid

ACF ATP-dependant chromatin assembly and remagl&ictor
ALT alternative lengthening of telomeres

ATM ataxia telangiectasia mutated

ATP adenosine triphosphate

ARP actin related protein
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BFP blue fluorescent protein

CAF1 chromatin assembly factor 1

CENP-A centromere protein A

ChiP chromatin immuno-precipitation

CHO chinese hamster ovary

CMV cytomegalo-virus

CTCF CCCTC binding factor

CTD carboxy-terminal domain

CTF CCAAT-box-binding transcription factor
DBD DNA binding domain

DMEM Dulbecco’s eagle medium

DNA deoxyribonucleic acid

DNMT DNA methyl transferase

DSB double strand breaks

DsRed Discosoma sp. redfluorescent protein
DTT dithiothreitol

EDTA ethylene diamine tetra-acetate

EGFP enhanced green fluorescent protein
FACS fluorescence associating cell sorting
FISH fluorescenin situ hybridization

FRAP Fluorescence recovery after photobleaching
H2Abdb Variant of histone H2A (Barr body deficient)
HAT histone acetyl transferase

HDAC histones deacetylase

HML/HMR heterothallic mating typéocus left/right



HMT histone methyl transferase

HelLa Henrietta Lacks’ cell line

Hepes N-2-hydroxyethyl piperazine-N’-2 ethanesulacid
HMT histones methyl transferase

HP1 heterochromatin associated protein 1
HS4 DNasel hypersensitive site 4
LSD1 lysine specific demethylase 1

LTR long terminal repeat

ISWI imitation switch

MAT mating type

MBD methyl binding domain

MRN Mrell/Rad50/Nbs1

NAD nicotinamide adenine dinucleotide
NF1 nuclear factor 1

NHEJ non-homologous end joining
NURF nucleosome remodeling factor
PCAF p300/CBP associated factor

PBS phosphate buffered saline salt solution
PCR polymerase chain reaction

POT1 protection of telomere 1

PMSF phenyl methyl sulfonyl fluoride
PRMT protein arginine methyl transferase
RAP1 repressor activator protein 1
REST RE-1 silencing transcription factor
RNA ribonucleic acid

S/MAR scaffold/matrix attachement region
SAGA Spt-Ada-Gcen5 acetyl-transferase
scs/scs’ specialized chromatin sequence
SDS sodium dodecyl sulfate

SIR silent information regulator

SNF sucrose non fermenting

STAR sub-telomeric anti-silencing region
SV40 simian virus 40

SWi switching mating type

TERT telomerase reverse transcriptase



TGFB
TPE
TRD
Tris
TRF1/2
USF1
VP16
WRN

transforming growth fact@
telomere position effect

TGF{ responsive domain
tris-hydroxymethyl-aminomethane
telomeric repeats binding factor %2
upstream stimulatory factor 1
herpes simplex virus protein 16
Werner’'s syndrome protein
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.1 Chromatin structure and conseguences on gegres{on.

In eukaryotic organisms, genes are transcribedabws levels. Mechanisms that lead to
the control of gene expression depend partly onctirematin structure and its regulation
through complex and diverse pathway. Chromatinctire governs how DNA is packed
inside thenucleus and is consequently the foreground step thatenftes the next levels of

gene expression regulation.
[.1.1 Chromatin structure in higher eukaryotes.
1.1.1.1. The fundamental nucleosome unit.

In eukaryotic cells, DNA is compacted in a complexomatin structure whose
fundamental unit is the nucleosome. Each nucleossmweapped by 1.75 turns of DNA helix
that represent 147bp (Luger et al., 1997; Noll,t#Shaw et al., 1976). The organization in
nucleosome units results in a DNA compaction tlaat each up to 10-fold as compared to
native DNA (Kornberg, 1974). Then, one face of DNwlical is hidden and sequence
recognition is consequently more difficult, but DNa&ccessibility is however allowed by
destabilization of the nucleo-proteic complex aithye over-twisting of the DNA helical or by
formation of DNA loop that would spread on nucleosgosurface (Langst and Becker, 2004).
The nucleosome complex is composed of two H2A/H2Betodimers and one (H3/H4)2
tetramer (Fig.1). Histone H1 stays independenthef iistone core and is positioned at the
entry and the exit of DNA from histone octamer &alsDNA to the nucleosome patrticle.
Histones proteins have been reported to be higbhserved and only a few variants are
described. These variants are generally assocuwitddimportant functional modifications
and concern principally H2A and H3, whereas thedowumber of H2B variant and the
absence of H4 isoforms is assumed to be imposdtidyecessity of interactions between
H2B and H4 to associate H2A/H2B and H3/H4 tetranfiengier et al., 1997).

Among all histones proteins, H2A shows the mosedig variant which display important
roles in chromatin organization. Some of H2A vatsaare disposed within the genome in a
very localized manner, particularly MacroH2A whgesesence is predominant on the inactive
X chromosome. The involvement of MacroH2A in hetdm@matinization of inactive X

chromosome is not clearly demonstrated but MacroH#As probably by making the
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Figure 1. The nucleosome core patrticle.

Front (A) and side (B) views of the nucleosome core particliltee nucleosome core is composed of two H2A/H3B dimers ar on
(H3/H4)2 tetramer. DNA (blue/violet double helix) turnsand the nucleosome core on 147bp. H2A and H2B histones spectvely
represented in night and light blue, while H3 and H4 are retdpaly represented in yellow and violet. Wrapping of DNAoand
nucleosomes allows a 10-fold compaction of DNA. (Adaptedrfi_ugeret al., 1997).

12



nucleosome more stable. By opposition to MacroH2écleosomes containing the H2Abdb
variant associates predominantly with active X aotbsomal chromosomes. Its presence in
euchromatin regions is actually explained by slostepping of DNA around H2Abdb that
represents only 118bp instead of the current 14Bao et al., 2004), as its shortened C-
terminal tail may confer a weaker nucleosome stinectOther H2A variants have widespread
chromosomal localization. H2A.X or H2A.Z are congat in many organisms from yeast to
mammals and can represent each up to 10% of t@Al listones. H2A.X is involved in
double strand breaks (DSB) repair and is prefeatipgphosphorylated by the ATM complex
present at sites flanking DSB (Rogakou et al., J9B9en if it does not directly mediate DSB
repair, phosphorylated H2A.X may facilitate non-ladagous end joining process (NHEJ) by
destabilizing local chromatin (Redon et al., 20022A.Z is also an important H2A variant
whose deletion leads to genome instability (Carralet 1994; Rangasamy et al., 2003).
Despite a presence in all the genome, H2A.Z isepestially distributed at centromeric and
pericentromeric chromatin, suggesting an implication chromosome segregation
(Rangasamy et al., 2003; Rangasamy et al., 200¥)h©other hand, H2A.Z is also present at
intergenic regions, and it is associated with bdhscriptional activation and repression (van
Daal et al., 1988). Indeed, H2A.Z has firstly bebown to be present at heterochromébdan

in Drosophila and to interact with HRiL at inactive promoters in mammalian cells (Fanl.et a
2004). Secondly, H2A.Z has been shown to block ®HRlated silencing and to active silent
promoters in yeast (Meneghini et al., 2003; Zhangl.e 2005), although it is more correlated
with active promoters in human cells (Barski et &007). Then H2A.Z appears as an
ambivalent histone variant that might be relevdrdhoomatin boundaries (Barski et al., 2007,
Li et al., 2005).

Among histone H3 variants, CENP-A and H3.3 are riwst abundant isoforms in
mammals. CENP-A manages a crucial role in centrenfi@mation and it is required for
accurate chromosome segregation (Kamakaka andrBigg005). Its depletion i8.elegans
leads to kinetochore null pheotype where most ofekichore-associated proteins are
mislocalized (Oegema et al., 2001). The varianBH&n represent up to 25% of total H3 in
Drosophila cell line and is deposited onto the DNA indeperigentf the cell cycle and DNA
replication, unlike H3.1 and H3.2 variants (McKittle et al., 2004). The role H3.3 in gene
expression is not completely known but it is assted with gene activation iBrosophila

and it may be essential for gene regulation. Ssudmve also shown a possible
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role of H3.3 in chromatin boundaries establishm@ntpositioning at histones replacement
loci (Mito et al., 2007).

Variants of H1 histone are relatively rare and geltye associated with gene
repression. The most known of these variants areddtl H5, which are respectively sperm
and testis specific variants (Wagner et al., 19[fgrestingly, H1 variants may have evolved
to a cell type specific chromatin organization, dgposition to the H2A and H3 variants,
which are generally expressed in most of cells.

[.1.1.2. Non nucleosomal proteins.

Non-histone proteins act also to organize chromatiructure, particularly the
chromodomain-containing proteins and the Sirtumifa members. The chromodomain was
initially defined as a 50 amino-acids region of lwogy in HP1- and Polycomb-likes proteins
in Drosophila, and it has been extended to SUV39 histone méthykferases, CHD, and
Retinoblastoma binding protein 1 families (Jonesalet 2000). HP1 family constitutes an
important class of structural chromatin proteinosdloss of chromodomain function causes
cell death in mammals (Filesi et al., 2002). idPdnd HPPB have been associated with
constitutive heterochromatin in mammals whereas YHR1 excluded from constitutive
heterochromatin but distributed as heterochrome-complexes within euchromatin
regions. Although HP1 proteins are involved in testablishment of heterochromatin
formation, their presence does not inhibit dire¢clg accessibility of transcription factors to
DNA (Cheutin et al.,, 2003), but it acts to allowtaractions with other proteins, bridging
cellular signals to chromatin structure modificago For instance, HR1 chromodomain
interacts with HPd itself as well as histone H3 methylated on Lyse8idue (H3K9),
stabilizing thus the heterochromatin by linking thécleosomes between each other (Perrini
et al., 2004; Zhao et al., 2000). Piacendtral. (2003) has even described HP1-mediated gene
activation on Hsp7docus in Drosophila, confirming a multi-functional role of HP1 in

chromatin structure (Piacentini et al., 2003).

Sirtuin proteins have been particularly well studie Scerevisiae in which they form a
complex that acts to structure and propagate hg#tesmatin (Hoppe et al., 2002). This
propagation of heterochromatin is facilitated by thistone deacetylase activity of Sir2
(Kristjuhan et al., 2003; Smith et al., 2000; Xuagt 2007). Even if the SirT1 to SirT7 human

homologues share the same catalytic domain as tBaf,are not yet described as chromatin
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components in higher eukaryotes and they displageraarious activities and localizations.
For instance, SirT2 is known to deacetylate tubulinhe cytoplasm whereas SirT3, SirT4
and SirT5 are only located in mitochondria (Michtalket al., 2005). Only the three isoforms
SirT1, SirT6 and SirT7 are present in thigcleus where they exhibit an important role in
chromatin organization through histones deacetytatSirT1 and SirT6 knockouts exhibit
marked phenotypes as SirT6 deficiency leads to menastability and premature cellular
senescence that may result from its involvemenDMA repair and telomeres integrity
(Lombard et al., 2008; Michishita et al., 2008)T3i promotes the formation of facultative
heterochromatin through histones deacetylation iardkacetylates also other non histone

proteins such as tumor suppressor p53 (Vaziri.e2@01),
[.1.2 Chromatin modifications influencing gene esgsion.

Nucleosomes compaction is thought to reflect stedatfopen” or “closed” states of
chromatin. Generally, genes located in an openncatin region are considered as more
accessible to transcription factors and to the Ibaascription machinery, whereas those
located in a closed chromatin context are lesssadale and easily silenced. Nucleosomes
compaction can be modified either by a direct AHpehdent mechanism, such as that of
nucleosome remodeling complexes, or by an indipathway involving post-translational
histones modifications. The latter pathway is mommplex because of the numerous
modifications leading to the creation or abolitioh binding sites for other structural and
chromatin modifying proteins, whereas the combaoretiof modifications and interactions it

involves is commonly called the histone code.
[.1.2.1 Chromatin remodeling complexes.

Chromatin remodeling complexes are able to modifsomatin by moving or ejecting
nucleosomes, which may facilitate the accessibititythe transcription machinery to the
DNA. Other chromatin remodeling complexes are adleemove H2A-H2B dimers from the

nucleosome to permit their replacement by dimergatning the H2A variant (Table 1).

Chromatin remodeling complexes share the catadglunit of the SF2 ATP-dependent
translocases but they lack a helicase activity. Thest studied family of chromatin
remodeling complexes is the SWI/SNF family thatcenserved from yeast to Human.
SWI/SNF complexes are known to remodel chromatinfdyoring random nucleosome

positioning and nucleosome ejection for proper gacigvation, although their presence is
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Table 1. ATP-dependant remodeling complexes (adafjppm Vaquero et al. 2003).

Complex Organism Subunits Function references
CHRAC D.melanogaster  Acf-1, ISWI, CHRAC16, Shares ACF activities. (VargVeisz et al., 1997)
H.sapiens
RSF H.sapiens Rsf-1 (p325) hSNF2H Allows formation of competemanscription (LeRoy et al., 1998; Loyola et al., 2001)
initiation complexes in vitro. Assembles
chromatin in vitro. Binds to H3/H4.
NCoRC H.sapiens Tip5 Induces nucleosome sliding, Tip5 interacts w{trohner et al., 2001)
hSNF2H the RNA Polymerase | terminator factor TTF-I.
ACF D.melanogaster  Acf-1, ISWI Assembles chromatin in vitro in the presence(lvd et al., 1997; Ito et al., 1999)
H.sapiens (hSNF2H in the histone chaperone NAP-1. Slides
human) nucleosomes and activates  chromatin
transcription.
SWI/SNF Scerevisiae Brgl/Brm about 10 Alters nucleosome structure. Contains adflave et al., 2002)
D.melanogaster  subunits related SWI2/ proteins.
H.sapiens
INO INO80  Scerevisiae 12-polypeptide complex Chromatin remodeling, featiés transcription (Shen et al., 2000)
in vitro, contains 3’ to 5’ DNA helicase activity.
CHD1 Scerevisiae CHD1 Interacts with the human FACT subunit SSREelley et al., 1999; Tran et al., 2000)
H.sapiens Chromatin remodeling activity.
NuRD D.melanogaster CHDA4 (Mi2) MTAZ2, Histone deacetylase and chromatin remodelifWade et al., 1999; Zhang et al., 1998)
H.sapiens MBD3, HDAC1/2, activity. Interacts with methylated DNA through

RbAp48/46

interaction with MBD2.




rarely required to activate gene transcriptioneast (Becker and Horz, 2002). In mouse and
Human, only two SWI/SNF complexes are describe@ Ailman BAF and PBAF complexes
contain 11 subunits, whose respective BRG1 and hBRNases share 75% of homology
and whose Actin-Related Proteins (ARPs) suggestsobable link to the nuclear matrix
(Olave et al., 2002; Peterson et al., 1998). Naetets, the number of subunits in SWI/SNF
complexes and the possible interactions with nuonseaher proteins imply varied roles in
gene activation, which may depend on distinct sibuin mammals, several classes of
transcription factors are able to recruit SWI/SNImplexes to the DNA, as exemplified by
the MyoD activated genes in fibroblasts (de la &azhal., 2001a; de la Serna et al., 2001b).
Krebs et al. (2000) showed that SWI/SNF complex is in turn atderecruit a histone
acetyltransferase to the promoter of a large ptapoof the genes expressed in the late G2/M

phase of the cell cycle (Krebs et al., 2000).

The ISWI family is characterized by a nucleosomsifmmning action that results in equal
DNA distances between nucleosomesDhosophila, null mutations of ISWI are lethal and
the absence of colocalization of ISWI with the RM#Apbulks suggests that the main role of

ISWI complexes is not transcriptional regulatiore(fing et al., 2000).

In opposition to SWI/SNF family, NURD complexes asish a repressive chromatin
environment, such as the repression of homeotiegdry the polycomb system during
Drosophila early development (Kehle et al., 1998). NURD attivelies on subunits that are
able to reposition nucleosomes and also on othmirrsts, like HDAC1 or HDAC2, involved
in histone deacetylation. Moreover, the role of NJRomplexes in heterochromatin
establishment and propagation is confirmed by thesgnce of the MBD2 and MBD3
subunits that interact preferentially with DNA mgtied on CpG residues (Zhang et al.,
1999). Interestingly, such complexes are unusu#ianthey lead to histone deacetylation by

an active ATP-dependent mechanism.

Finally, other chromatin remodeling complexes amerspecialized, like SWR1 and INOS8O,
which are respectively able to replace H2A-H2B dsnley H2AZ-H2B and to reverse this
reaction in yeast (Wu et al.,, 2005). Then, chromaimodeling complexes appear to be
targeted chromatin modifiers whereas nucleosomegassive, and their range of action is

often restricted in time or space, and dependeaha@dequate recruitment at spedific.
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1.1.2.2 Histone acetylation and deacetylation.

In chromatin organization, histone acetylation esents a major factor of regulation, and
histone acetylation is correlated with active chatm regions, whereas histone
hypoacetylation corresponds to a less accessible@amsequently more silent chromatin. The
reason of increased DNA accessibility when histaresacetylated may be the consequence
of the neutralization of positive charges on lysiesidues, so that interactions between
histones tails and DNA would be reduced, and comacof chromatin in 30nm fiber
avoided (Felsenfeld and McGhee, 1986).

Newly synthesized histones are acetylated on lysasglues at their N-terminal tail, and
they are rapidly deacetylated after deposition dheo DNA (Annunziato and Seale, 1983).
Lysine residues are acetylated by histone aceiyisterases (HAT) (Table 2). Six families of
HATs have been described in mammals, among whicATGN'AF250 (a TFIID subunit)
and CBP/p300 families contain a bromodomain th&racts with acetylated H4 peptide.
Most HATSs are incorporated in multi-subunits conxele whose other components permit to
modulate their specificity. For example, Gen5 alamable to acetyl H3K14 only, while its
integration in SAGA or ADA complexes leads to theetglation of H3K9,14,18,23 and
H3K9,14,18, respectively (Grant et al., 1999)tHa MYST family, Esal and Ip60 acetylate
only free H2A, H3 and H4, but they can acetylateleosomal H2A and H4 when integrated
in their native complexes (Allard et al., 1999; d&kwet al., 2000). The GNAT and MYST
families are the most studied in mammalian cellsabse of their frequent association with
transcription factors such as SAGA which is knownbe recruited by the c-myc and E2F
families of transcription activators (Lang et &Q01; McMahon et al., 2000). Both GNAT
and MYST families have been shown to act also irADBpair (Brand et al., 2001; Utley et
al., 1998).

Acetyl-residues are removed from acetyl-lysinesHistones Deacetylases (HDAC) that
belong to four major categories: the histones dgkses class I, Il and IV that are
characterized by a zinc-containing catalytic sied the histones deacetylases class lll that
belongs to the family of NAD-dependent Sirtuin degtases (Table 3). HDAC class |

(HDAC1, 2, 3 and 8) are limited to tmeicleus, where they are needed for cell survival and
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Table 2. Histones acetyl-transferases complexes

Complex Organism Catalytic subunit Function refees
PCAF H.sapiens PCAF (HAT+ BrD) transcriptional activation (Carrazet al., 2003; Kornberg and Lorch, 1999)
STAGA H.sapiens hGcen5L (HAT+ BrD) transcriptional activation (Carma et al., 2003; Kornberg and Lorch, 1999)
TFTC H.sapiens hGcen5L (HAT+ BrD) transcriptional activation (Carma et al., 2003; Kornberg and Lorch, 1999)
Tip60 H.sapiens Tip60 (HAT + CHD) transcriptional activation / DNeepair (Carrozza et al., 2003; Kornberg and Loi&99)
MSL Mammals /fly MOF (HAT + CHD) Dosage compensatio (Carrozza et al., 2003; Kornberg and Lorch, 1999)
p300/CBP Mammals p300/CBP transcriptional activatio (Kimura et al., 2005; Kornberg and Lorch, 1999)
TAFIID Mammals /fly TAFI1250 (TAF1) RNA pol Il trascription (Kimura et al., 2005; Kornberg and LortB99)
TFIIC Mammals hTFIIIC110 RNA pol Il transcription (Kimura et al., 2005; Kaberg and Lorch, 1999)
hTFIIC90
ATF-2 Mammals ATF-2 transcriptional activation (Kima et al., 2005; Kornberg and Lorch, 1999)

Table 3. Histones deacetylases complexes

Complex Organism Catalytic subunit Function refess

mSin3 H.sapiens HDAC1, HDAC2 Transcriptional repression (Kornberg and Lorch,%9%herty et al., 1997)

NURD H.sapiens HDAC1, HDAC2 Transcriptional repression, nucleosome (Bowen et al., 2004; Kornberg and Lorch, 1999)
remodeling

N-CoR/ H.sapiens HDAC3 Transcriptional repression (Jonas and Priwal2004; Kornberg and Lorch,

SMRT 1999; Tomita et al., 2004)

Hdal-like H.sapiens HDAC3/4/5 Transcriptional repression (Kornberg &wodch, 1999)

SirTl Mammals SirTl Role in mammalian developmet a (Cheng et al., 2003; Luo et al., 2001; Vaziri et al

differentiation, involved in cell survival  2001)
through p53 regulation

SirTé Mammals SirTé Maintenance of telomeric heteromatin, (Lombard et al., 2008; Michishita et al., 2008)
involved in DNA repair




proliferation. For example, HDAC1 and HDAC3 are wmoto enhance hypoxia inducible
factor o via direct interaction with this transcription fact@amd HDAC?2 is involved in the
modulation of transcription by regulating p53 bmgliactivity (Dokmanovic et al., 2007).
Histones deacetylases class Il (HDACA4,5,6,7 andshQjtle betweenucleus and cytoplasm,
and they display a cell type specificity, as illastd by HDAC4 which is involved in
chondrocyte differentiation in mouse (Vega et2004) and HDAC7 whose knockout causes
defects in vascular integrity (Chang et al., 200®)e Sirtuin class of histones deacetylases is
characteristized by their NAD-dependent activity.nhammals, only SirT1, SirT6 and SirT7
are located in thaucleus (Michishita et al., 2005). SirT1 is consideredtlas main nuclear
NAD dependent deacetylase and it targets mainly 261 Ki3K9 and H4K16 in human cells
(Michishita et al., 2005; Vaquero et al., 2004) veas SirT6 is located in heterochromatin
regions, facilitating heterochromatin formation ediating H3 deacetylation. Moreover,
SirT1 show a preferential affinity for acetylatedkL6 which is crucial for heterochromatin
establishment and it regulates Suv39hl to medi8t€9Hmethylation (Vaquero et al., 2007;
Vaquero et al., 2004).

[.1.2.3 Histone methylation.

Histones are frequently methylated on lysine amghare residues, so that lysine residues
can be either acetylated or methylated. Moreowesiné residues can be mono-, di- or tri-
methylated, while arginines can be di-methylated symmetric or asymmetric configuration,
which increases the complexity of the histone cadtdike acetylation, methylation does not
affect lysine charges and it may thus have distocsequences with regard to the chromatin
folding. This likely explain why histone methylaticcannot be associated to transcriptional
active or silent chromatin, and consequently thethemethylation rather serves to mark

histones to address further modifications to tleallehromatin.

Lysine methylation is carried out by the histonesthgltransferases (HMT) that act to
modify specific target residues, and which aresifeesl accordingly (Table 4). For instance,
Suv39h1/2 and G9a catalyze respectively tri- andanethylation of H3K9 while Dotl
methylates only H3K79 (Ng et al., 2002; Rice et 2003; Tachibana et al., 2005). On the
other hand, arginine methylases are distinguishetyge | or Il depending on whether they
methylate arginines with an asymmetrical or symioaitrconfiguration, and they target
distinct substrates as other HMT, although thetalgic mechanism and specificity remain

partially unknown. For instance, methyl transferd3@MT1 (Protein arginine Methyl-
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Table 4. Histones methyl-transferases

Enzyme Organism Substrate Function references

CARM1 H.sapiens H3R2 (n vitro) Transcriptional activation (Chen et al., 1999; Stdruet al., 2001)
M.musculus H3R17

SET7/ H.sapiens H3K4 Transcriptional activation (Nishioka et &Q02; Wang et al., 2001a)

Set9

Suv39h1/2 M.musculus H3K9 Pericentric heterochromatin (Lachner etZ2001; Peters et al., 2001)

GY9a M.musculus H3K9 Imprinting, transcriptional repression (Tachibatal., 2001; Tachibana et al., 2002)

H3K27

Dotl/ H.sapiens H3K79 Telomeric silencing, pachytene checkpoint cfiste et al., 2002; van Leeuwen et al., 2002)

DOTI1L Scerevisiae

PRMT1 H.sapiens H4R3 Transcriptional activation (Strahl et al.p20Wang et al., 2001b)

Pr-SET7/ H.sapiens H4K20 Transcriptional silencing mitotic condeneati (Fang et al., 2002; Nishioka et al., 2002)

Set8 D.melanogaster

Ashl D.melanogaster H4K20 Trithorax activation (in concert with H3-K4 (Beisel et al., 2002)

and H3-K9 methylation)




transferase) may recognize repeats of Arg-Gly-Glguences, and they may be able to

methylate some but not all arginine residues (Nagbat al., 1993).

Only few histone demethylases have been identgedar and histone methylation has
been considered as a long term or permanent chirommaidification, partly because of its
presence at heterochromatin of the inactive X clasmme, or at the centromeric regions.
Histones demethylases are less residue-specifictkiegr respective methylases. For instance,
the transcriptional repressor REST links SMCX tihaethylates H3K4Me3 to genes implied
in X-linked mental retardation (Tahiliani et alQ@7), but Lysine Demethylase 1 (LSD1) is
able to demethylate mono and di-methyl H3K4, andlesser extent, mono- and di-methyl
H3K9. Thus, LSD1 homologs have been associated Wwith active and repressed
transcription in yeast (Chosed and Dent, 2007).dired role of LSD1 in gene transcription is
moreover confirmed by its regulation of heterochatimeuchromatin boundaries (Chosed
and Dent, 2007; Lan et al., 2007). Similarly, JM3D&emethylates both H3K9Me3 and
H3K36Me3, although its overexpression has been shovabrogate HP1 recruitment, which

rather suggests a role in transcription activafi€iose et al., 2006).
1.1.2.4 DNA methylation.

DNA methylation occurs in many organisms, and ituws only on cytosine of CpG
dinucleotides in mammals. How DNA methylation is@sgated with long term gene silencing
is not fully understood but such silencing effe@ynbe necessary for chromatin organization.
Indeed, manytoci are known to be methylated like transposable eisneaepeated DNA
sequences including centromeric region, inactivehomosome or even gene-containing
regions (Bird, 2002; Goll and Bestor, 2005; Rabimmavet al., 2003).

DNA is methylated by DNA methyl-transferases (DNMigoforms comprising
Dnmtl, Dnmt2 and Dnmt3. Some like Dnmt3a and Dnnd8b only able to methylatde
novo DNA, except in mouse embryo in which they alsotaamnaintain methylation (Chen et
al., 2003). Dnmtl is able to maintain DNA methyatiand to carryde novo methylation,
while Dnmt2 is less characterized and knockoutserfoc this enzyme do not show noticeable
effects on DNA methylation (Okano et al., 1998).

Several proteins interact with methylated DNA othathe DNA methyl-transferases
to mediate further modifications that lead to tls¢ablishment of heterochromatin. Indeed,

proteins containing methyl-CpG binding domain (MBDjeract directly with methylated
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DNA (Bird, 2002). Suv39h1/2 methyl-transferases lemewn to interact with Dnmt3a and
Dnmt3b in mouse (Fuks et al., 2003; Lehnertz et 2003) and G9a methyl-transferase
associate with Dnmtl insuring a direct positivedfesck of H3K9 methylation and DNA
methylation on each other (Esteve et al., 2006tofdingly, studies in Neurospora suggest
that DNA methylation may occur as a consequendd¢36f9 methylation (Tamaru and Selker,
2001).

[.1.2.5 Other modifications.

Other modifications of chromatin components haveenbalescribed, like histone
ubiquitination or phosphorylation. These modifioas are less frequent, although they
display also crucial roles in chromatin organizati6or instance, phosphorylation on H3S10
is involved in both gene transcription at c-fos amplin loci and cell division, even if it
requires opposite effects on chromatin compactiMah@devan et al., 1991; Schmitt et al.,
2002). Histone phosphorylation has also been wedkcdbed in the context of DNA double
strand breaks in mouse, in which H2A.X is maximahosphorylated on Ser139 within 10
min during the DSB repair by NHEJ process (Rogadtoai., 1998).

Ubiquitin is a 76 amino acids protein involved mofgasome recognition and degradation.
Histones affected by ubiquitination are mainly HaAd H2B, and effects leading to both
transcription activation and repression have beeserwed. How ubiquitin is involved in
transcriptional regulation remains partially unkmolaut its opposing effects suggest it acts to
induce other histones modifications or to recrtiteo proteins rather than to mediate directly
chromatin folding (Zhang, 2003). Histone ubiquitina effects are considered to depend on

the genomic position.
[.1.3 Breaking the histone code.

Histone acetylation concerns only a few lysinedess and it is largely associated with a
permissive chromatin environment, but other histamadifications are more diverse, and
most of their effects on gene expression are nbt tunderstood. Although recent techniques
such as ChlP-sequencing have enlightened the ddoeatization of several histones marks
within the human genome, particularly concerningtdnie methylation, interactions of such

histones marks with the various chromatin modifrersain mostly unclear.
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Firstly, single histones marks have been associatttpreferential genomic functions.
For instance, gene expression has been correlatadpvesence of trimethylated H3K36,
H4K20Mel and methylated H3K4, but with differentcdtization with regard to the
transcription start site (TSS) (Fig.2). Indeed, 38Kle3 and H3K20Mel are present a few
hundreds of base pairs downstream of the TSS ofeagenes, and it further spreads for
several thousands of base pairs on the coding segquesuggesting that it might help
transcription elongation, although H4K20Mel is mawdespread than H3K36Me3 (Barski et
al., 2007). Moreover, methylated H3K4 localizesseloto the TSS, and this varies depending
of the number of methyl residues. For instance, H@K3 is most abundant in a range of
~300p around the TSS of active genes, while H3K4Me@ H3K4Mel are bordering each
side of H3K4Me3 localization, suggesting that m&tted H3K4 may be directly involved in
RNApolll recruitment. Histones marks present inehethromatin regions are mainly di- and
tri-methylated H3K9 and H3K27 since their presercenore frequent in lowly expressed
coding regions (Barski et al., 2007). Interestindiigtones marks H3K4Me3 and H3K27Me3
are colocalized in mouse embryonic stem cells wihigr differentiated embryonic fibroblast
and neural progenitor cells counterparts show elt8K4Me3 or H3K27Me3 histones marks
on expressed or silenced genes, respectively (Nskkeet al., 2007). Moreover, mouse
embryonic fibroblasts display also the presencél®36Me3 on the transcribed region, as
well as H3K4Me3 at the TSS.

Nevertheless, the studies of isolated histones sndokes not allow full understanding of
the numerous interactions that occur between thednvath chromatin modifying protein,
yielding more complex combinations of chromatintgats. For instance, HP1 recognizes
specifically H3K9Me3via its methyl-lysine binding domain, but it localicat does not
always correlate with H3K9Me3 (Cowell et al., 20@2rrini et al., 2004). This does not
exclude an active maintenance of heterochromatuctsire by HP1 as observed in FRAP
assays ibrosophila (Cheutin et al., 2003), while being consistentvabservations showing
that HP1 binding may be regulated by many distmethanisms, like HDAC inhibition that
decreases the levels of some HP1 isoforms andasesein turns thoses of dimethylated
H3K4 and acetylated H3K9 in human cells (Bartovalget2005). Moreover, numerous other
proteins are also able to bind methylated lysines &is Tudor- and MBT domains-containing
regulators (Kim et al., 2006), yielding quite diserchromatin modifying pathways making

from just one histone modification.
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Figure 2. Involvement of main histone marks with regard to g@e expression.

ChIP sequencing data representing the occurrence of RMAgmobther histone marks on genes that are
highly transcribed (left, STAT1 and STAT4) or not expresgedght, MYO1B). Trimethylated H3K4 is
correlated with RNApolll location, while di- and mono-mgtated H3K4 are less specific of the
transcription start site. In opposition, trimethylatedd38% and monomethylated H4K20 are absent before
transcription initiation and increase just after TSS, altiph H4K20Mel level is hot maintained over a long
distance after transcription initiation when compared 8KB6Me3. H3K9 and H3K27 are more present on
the active part of chromatin when mono-methylated, whetkeg di- and tri-methylated forms are more
present on the heterochromatin side. (adapted from Betrski(2007).
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|.2 Particular chromosomal structures and assatiateromatin

environments.

I.2.1 Structure of the centromere.

The centromere is the structure responsible ofrohtim cohesion and their separation
during mitosis. Before mitosis, sister chromatids @tached by cohesins and their separation
is allowed by the kinetochore function that bindde tentromere to microtubules. The DNA
sequence of centromeres is composed of large agidyhiepetitive DNA sequences and
heterochromatin formation at centromere is requioegbroper chromatid separation (Allshire
et al., 1995; Kellum and Alberts, 1995; Peterd.e2Q01).

Chromatin structure at the centromeres vicinityolies several histone variants that are
not localized uniformly, and of which H2A.Z playscantral role (Greaves et al., 2007)
(Fig.3). In mouse, centromeric chromatin is comgpos¢ blocks of H2A.Z/H3K4Me2-
containing nucleosomes that extend up to 20Kbyredteng with blocks of H2A/CENP-A-
containing nucleosomes that package up to 40Kb NA @Greaves et al., 2007)n vitro,
H2A.Z has been shown to generate more condenséelosomal arrays as compared to H2A,
and such compaction is considerably strengthém&o/o by the binding of HPd to H2A.Z-
containing nucleosomes (Greaves et al., 2006). ,Tthesrole of H2A.Z-mediated chromatin
compaction for proper centromere function seemsequnportant, since H2A.Z depletion
leads also to the loss of H#&lbinding and to defects in chromosomes segregation
(Rangasamy et al., 2004). Nevertheless, the orgaoiz of CENP-A and other histones
marks can vary in a chromosome dependent manielingto various centromere structures.
Such differences are observed on chromosomes riagioar in pericentric chromatin, which

may affect the composition of centromeric chroméBrneaves et al., 2007).

In contrast, CENP-A-containing chromosomes arepiesent at pericentric chromatin,
and blocks of H2A.Z/H3K9Me3 nucleosomes alternai¢h viblocks of H2A/H3K9Me3.
Pericentric regions have been frequently assocmitd heterochromatin assembly. Indeed,
H3K9Me3 marks are largely associated with hetemciatin, and H3K9 deacetylation as
well as DNA methylation is required for proper H3K®ethylation in pericentric regions.
Moreover, the DNA methyl-transferase DNMT1- and HD&ontaining complexes have

been shown to be recruited to pericentric regiomh tanbe necessary for H3K9 deacetylation
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Figure 3. Structure of the centromere and associated heteatromatin.

(A) Schematic representation of the discontinuous linestridution of H2A.Z at centromeric and
pericentric regions. Centromeric chromatin is composedctlo$ters of H2A.Z/H3K4Me2 nucleosomes
alternated clusters H2A/CENP-A nucleosomes, while petiie chromatin alternates H2A.Z/H3K9Me3
nucleosomes clusters with H2A/H3K9Me3 clusters. (B) Mddelthe folding of centromeric chromatin in
the organization of human inactive X centromere. CENP-Aomie variant allows the special function of
centromere by linking to the kinetochore. Spatial H2A.Zifios is crucial for maintaining the particular 3D
organization of the centromere and for proper chromatidesion. (Adapted from Greavesal., 2007).
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and methylation (Xin et al., 2004). Neverthelestheo modifications are involved in
heterochromatin formation at pericentric heteroohabn in addition to H3K9, since
heterochromatin also contains HP1 (Xin et al., 20@4rthermore, and DNMT3a and
DNMT3b are also recruited throughout the cell cymyetheir proline-tryptophan-tryptophan-
proline motif leading to the methylation of majaatallite repeats, suggesting that DNA
methylation plays also an important role in hetbBromatin establishment in pericentric
regions (Chen et al., 2004; Xin et al., 2004). neséingly, demethylation of H3K9Me3 by the
JMJID2b demethylase has been described at pericehttomatin, where it could participate
to the position-effect variegation frequently obvset for the expression of genes located at

pericentric regions (Fodor et al., 2006).
[.2.2 The inactive X chromosome.

In many organisms including Human, female cellstaiontwo X chromosomes instead of
one in male cells and need consequently a dosageestsation by inactivating one of X
chromosomes. Dosage compensation involves X chrom@€ounting and consequently that
one X chromosome remains active while the othenastly converted to heterochromatin. X
inactivation is regulated ikis by the X inactivation center (Xic) that containgot RNA
encoding genes Xist and Tsix that are transcribeani opposite direction (Lee et al., 1999;
Morey et al., 2001) (Fig.4). Studies in human aramuse cells have shown that deleting a X
chromosome from a 65Kb deletion downstream of Xjshe leads to its permanent
inactivation, showing that Xist gene expressionrasponsible of the X inactivation. In
opposition, Tsix expression would promote its aion. How just one chromosome is
activated is attributed to CTCF binding sites leda8’ to the Xist gene that would block the
effects of an enhancer/silencer located downstrézaming Tsix expressed (Chao et al., 2002;

Percec and Bartolomei, 2002).

The epigenetic status of the inactive X chromos@meot completely identified, but it is
strongly correlated with the deposition of MacroHB&tone variant (Costanzi and Pehrson,
1998). The role of MacroH2A in the establishmenteterochromatin likely results from its
non-histone macro-domain. Indeed, MacroH2A-mediafeidactivation has been shown to
be dependent on Xist RNA expression, suggestingMiaaroH2A macro-domain might have
a role in RNA-mediated silencing (Csankovszki ef 4099). In addition, the inactive X is
poor in histone modification associated with euamtn such as H3K4 methylation and
H3K9 acetylation, whilst it is enriched in hypoadated H4 and other histones marks as
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Figure 4. Model of inactivation of chromosome X in mammaliancells.

In mammals, additional X chromosomes of female genomesareted and heterochromatinized through a
mechanism initiated at the X inactivation center (Xic). Ak is alocus of 50Kb composed of two RNA-
encoding genes disposed in an opposite orientation (X#tTaix). CpG islands and close CTCF binding
sites are located at the beginning of Tsix gene. (B) Curremtlehdisplaying how one chromosome X is
activated (Xa) whereby CTCF blocks the activation of Xist bot Tsix by a still unidentified enhancer
located upstream of Tsix. Binding of CTCF avoids also thehyiation of CpG islands, facilitating the
expression of Tsix. (C) Alternatively, the inactivated Xi)6 not bound by CTCF so that Xist is activated
by the enhancer and methylated CpG islands inhibit trgptsmn of Tsix.
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H3K27Me3, H3K9Me2 and H4K20Me3, all associated wititerochromatin (Heard and
Disteche, 2006).

1.2.3 The telomere.

In eukaryotic organisms, linear chromosomes haveedrotected against end to end
fusion or degradation. This function is insuredtbg telosome, composed of telomeric DNA

and associated proteins.
1.2.3.1 Structure and elongation of telomeres.

In vertebrates, the telomeric DNA is composed GFAGGG) sequences repeated for 2-
100Kb, but only up to 20Kb in normal human celleBel and Wellinger, 2005). These
repeats are preceded by a subtelomeric sequententhabe also involved in telomere-
associated proteins recruitment. In many speciel a8 Human or Trypanosome, telomere
stability is insured by the formation of T-loop amdloop structures that hide telomeric
repeats and DNA end (de Lange, 2004; de Lange,;208Bel and Wellinger, 2005). In
Human, this two-loops structure is maintained by 8helterin nucleo-proteic complex that
binds to other telomere-associated proteins lilkke WWRN helicase and the MRN complex
(Fig.5). TRF1 and TRF2 bind to double stranded Dtifough a Myb-like domain, POT1
binds only to single stranded DNA, while the otheembers of Shelterin (RAP1, TIN2 and
TPP1) stabilize the complex to seal the telosomgctstre. Interactions between TRF1 and
POT1 (Loayza and De Lange, 2003), as well as idtierass between TRF2 and other
telomere-associated proteins such as RAP1 (O'Cariradr, 2004), have been associated with
the modulation of telomeres extension. Thus, b&kT and TRF2 may participate in a stop-
elongation signal that could prevent telomeres fionreasing their length above an ideal

length.

The number of the ;AG; repeats is variable according to the cell typecigse
Maintenance of the length of telomeric region iwes at least two mechanisms. The most
prevalent one involves the telomeric reverse tnapisse (TERT) that elongates telomeric
DNA using a sequence of complementary RNA as tet@mplehis mechanism insures a stable
telomeric size and confers a high stability to chosomal ends. For example, many
cancerous cell lines overexpress TERT and studés lshown that the expression of
telomerase before apoptosis is sufficient to selts out of crisis (Halvorsen et al., 1999). The

second mechanism that maintains telomeres length Ilmsed on a
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Figure 5. Structure of the nucleo-proteic complex of mammaan telosome.

(A) Structure of human telomeres. Chromosome ends are csadpof 2-20Kb of TTAGGG repeats and
hidden in a two-loops structure. The T-loop and D-loop (dispment loop) are maintained by the Shelterin
complex. Double stranded repeats are bound by TRF1 and TR single stranded repeats composing
the D-loop are protected by POT1. (B) Shelterin includes TRFRF2 and other proteins especially
recruited at the telomere such as RAP1 or POT1. The TRF2 ioimgacomplex (left) is involved in the
protection of chromosome ends, while the TRF1 containirg (©ight) acts in regulation of telomere length.
Interactions between TRF1 and TRF2 containing complexaddmee responsible of the maintaining of the
two loops structure, but other configurations remain gmss{Adapted from De Lange, 2004)
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recombination process that can be different acogrth the organism studied. For example,
in K.lactis, the 3’ end is elongated using an extrachromosamallar DNA template, while
telomerase independent telomeres extension in r@pteinsects is insured by
retrotransposition. In Human, such mechanism igedectly understood but it probably uses
a rolling circle replication and/or it may invole replication using another telomere as
template. This mechanism would be activated byrsiscsignal” elicited by a shorter length
of telomeres (Liu et al., 2004; Loayza and De Larf#3). Consequently, the cells using
only this pathway instead of telomerase based athte maintain their telomeres have
frequently very short telomeres, and their genasrtus more exposed to genetic aberrations.
In addition, studies have shown that telomeraseictnhibits the recombination pathway,
rendering the latter pathway as a stand-by mechafisrd et al., 2001). Recently, Azzaén

al. (2007) has shown that RNA transcribed from telomespeats may be also involved in
maintenance of telomere integrity (Azzalin et &007), although this mechanism is not

completely understood.
1.2.3.2 Telomeric position effect.

The telomeric position effect has been well studiedS.cerevisiae, where genes
inserted near a telomere are silenced. This silgnid also dependent on the length of the
telomere and on its distance to the gene (Kyrioal.et1993; Renauld et al., 1993). At yeast
telomeres and also at other localizations sucht &VIR loci, the SIR protein complex is a
major constituent of heterochromatin and it is ocesible for the spread of the telomere-
associated silencing. Firstly, Sir4 binds yeasirwdres through its interaction with Rapl, and
it then recruits Sir3 and Sir2. Sir2 is known tadetylate proximal nucleosomes, particularly
on H4K16, whose deacetylation is crucial for thenfation of heterochromatin, and also
H3K56 which is located at the entry-exit point b&tnucleosome and may be also required
for the establishment of nucleosomal compaction (&u al., 2007). This proximal
deacetylation results in the binding of these ndi® &omplexes, and consequently in the
spread of further heterochromatic and hypoacetylateictures, depending on the availability

of the Sir proteins.

In vertebrates, telomeric gene silencing was tbsterved in Hela cells by Baeiral.
(2001). Despite a controversial study showing tis&bly expressed transgenes are
preferentially inserted at telomeres in CHO ceflsr( and Lee, 1999), the recent observation

of TPE in mouse and chicken cells implies thatatyroccur in most higher eukaryotes, and it
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further suggests that the highly expressed traesgamre probably inserted at subtelomeric
regions instead of a telomere environment. In huoels, the role of the telomeric length in
silencing has also been confirmed, and other studigee shown that this silencing effect is
reversible, like in yeast (Baur et al., 2004; Batual., 2001). Nevertheless, the distance up to
which telomeres may exhibit a TPE remains unknowrmammalian cells. Unlike yeast
where the telomere proximity is associated witlorgger silencing, no mechanism allowing
the spread of a heterochromatin complex from tetentes been observed in mammalian

cells as yet.

In any case, the presence of heterochromatin-agsdcmodifications at mammalian
telomeres suggests the possibility of a similaeagrof heterochromatin from chromosomal
ends. Indeed, several studies have shown thatpemfis histones modifications H3K9Me3
and H4K20Me3 are present at mammalian telomereksthet H3K9Me3 associates with HP1
to form a heterochromatic complex (Benetti et 2007b; Cowell et al., 2002; Perrini et al.,
2004; Schotta et al., 2004). On the other hand, H&slalso been reported to play a role in
telomere capping, to prevent telomeres fusioBnosophila (Fanti et al., 1998; Perrini et al.,
2004), and to interact with Ku70 that associateiin with TRF2 at human telomeres (Song
et al., 2001). Thus, considering that the H3K9Mefstitutes also a binding site to the HMT
enzymes and also to HP1, a spread of this telorheterochromatin in mammalian cells may
occur as in yeast. Alternatively, heterochromaéatdéires present at telomeres could simply
insure chromosome end protection by the establishmea compact chromatin structure,
since telomerase deficiency, which results in srwtl telomeres, is also associated with
decreased levels of H3K9Me3 and H4K20Me3 at moeiseneres (Benetti et al., 2007a).

In mammals, none of the Sir proteins has been ilmhlat telomeres (Michishita et
al., 2005), but evidence has provided that sev@iraiin proteins are involved in telomeric
heterochromatin formation and in telomere integrityleed, SirT1 has been firstly shown as
facilitating the formation of heterochromatin bystane deacetylation and regulation of
histone methylation (Vaquero et al., 2007; Vaquetral., 2004), and SirT6 defect leads to
severe diseases that remember those of the delgtitalomere-associated proteins such as
WRN - whose lack leads to shorter telomeres artiddNerner aging syndrome (Lieber and
Karanjawala, 2004; Machwe et al., 2004). Moreo\&r,T6 has recently been shown to
deacteylate H3K9 at human telomeres, confirming itwolvement in telomeric

heterochromatin formation (Michishita et al., 2008)
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1.3 Chromatin domain delimiters.

[.3.1 Scaffold/Matrix attachment regions.

The Scaffold/Matrix attachment regions (S/MARs) &emitially described as
sequences binding to the nuclear matrix or to massociated proteins, dividing the genome
in distinct structural domains by the formation 5§-200Kb structural loops. S/IMARs are
composed of AT rich sequences and their lengthveay between 300pb and 3000 Kb. They
are exclusively present in higher eukaryotes (Ak¢ml., 2000; Bode et al., 1995) and could
represent up to 100.000 sequences in mammals (Bo@k, 2000). Although MARs are
underrepresented inside genes (Rudd et al.,, 2@B4y, may be involved in chromatin
compartmentalization (Boulikas, 1995) since they mesult in the permanent attachment of

the chromatin to a solid substrate, the nuclearim@@apelson and Corces, 2004).

The presence of MARs in the vicinity of a gene icellan important increase of its
expression. For instance, in CHO cells, MARs hasenbshown to increase both the level of
expression of a transgene and the number of cefieessing it, as opposed to silent cells
(Girod et al., 2007). According to Boda al. (1995), these regions are different from
enhancers on the basis of their lack of activityramsient expression. The model that implies
the action of MARs by the formation of distinctwugttural domains could also account for a

possible negative regulation by MARs (Schubelel et1996).

How MARSs increase gene expression is not fully usid®d and their rolen vivo is
difficult to establish because of the lack of asgmsus sequence. Nevertheless, their richness
in AT sequences makes a region of weaker DNA siracthat could facilitate transcription
initiation and DNA helix disruption. Such AT seques can also interact with the Swil
subunit of the SWI/SNF complex that contains an Adh interaction domain (ARID)
allowing nucleosome remodeling at MARxi (Kortschak et al., 2000). On the other hand,
several studies have reported the presence of MA&rg proteins at the nuclear periphery,
like MFP1 (Gindullis and Meier, 1999), SAF-A (Lobe¥ al., 2000), or SAT-B1 (Liu et al.,
1997) confirming their proposed role to anchor DikAthe nuclear matrix. Other proteins
interacting with MARs could also suggest a possible in chromatin remodeling. Indeed,
MARs have been shown to interact with proteins ihgva high impact on chromatin
organization like and topoisomerase IlI, but alsthwiigh mobility group protein-I/Y or

MATH20 that slides along AT repeats to displaceaeaépt proteins that compact the
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chromatin, leaving a more accessible DNA (Hart aaémmli, 1998). However, whether

MARs may delimit distinct chromatin domains remaimglear.
1.3.2 Insulators.

Transcriptional activators are able to activateenegover long range extent, resulting
in a possible activation of other neighboring gemdghough this may lead to position effect
variegation, enhancer/silencer blocking elementae Haeen described in most of eukaryotic
organisms. How these insulators are able to sepaiatinct chromatin environment is not
clear but two models have been discussed. In tlssiy@ model, insulators act only as
regulatory domain delimiters, insulating a generifrihe effects of neighboring enhancers or
silencers (Fig.6A). In this model, insulators magvé only a physical role, acting as a
constraint or a topological barrier to the actiwvatimechanism of enhancers. In the active
model, insulators recruit chromatin modifying piote like HAT to modify locally the
chromatin environment. In this model, the role mdulators is to direct modifications of the
chromatin state and to prevent signal propagat@urel et al., 2004). These two models are
consistent with current studies and are not mutuadclusive. The effect of insulators is
crucial for proper gene expression control in tiveleus, and many insulators have been
described, particularly drosophila scs and scdoci that bind Zw5 and BEAF insulators
proteins (Gaszner et al., 1999; Zhao et al., 1988restingly, some insulators can be
modulated, such as the Su(Hw) insulatorDrosophila whose efficiency is increased by
linking with the Mod protein that inhibits the fuian of enhancers located on both sides of
the Su(Hw) binding site (Gerasimova et al., 1995).

Despite the fact that insulators are generally peaelent of their orientation, some of them
show a polarity in enhancer blocking. For instartbe, murine Igf2/H19 insulator has been
shown to function more efficiently in its originatientation than when reversed (Hark et al.,
2000). On the other hand, between DBr@sophila iab7 and iab&is-regulatory domains of
parasegmental identity, the combined insulator-eobia element Fab8 blocks its own
enhancer effect on the proximal gene, whereasddé¢o increased expression when reversed
(Barges et al., 2000). In mouse, the insulator tetdetween Hoxd12 and Hoxd13 show
surprising polar features (Kmita et al., 2000).ded, in its original orientation, it blocks
effects from the downstream Hernia enhancer, buthaa of the upstream Digit enhancer. In

opposition, when reversed, this insulator blockgitDeffects but not those of Hernia.
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Figure 6. Genome partitioning by insulators and boundary eéments.

(A) Insulators are considered as enhancer blocking elesmiinat protect a gene from activation (resp.
inactivation) by distal enhancer (resp. silencer). (B) B¢ tchicken3-globin locus, B-globin genes are
insulated from the enhancer and from the CpG islands pregestteam the folate receptor gene by the HS4
insulator. (C) Boundary elements are described as blodkiagpread of heterochromatin, for instance from
telomeric regions, which protect distal genes from silegciD) In Scerevisiae, HML and HMR loci are
maintained silenced through SIR recruitment by the E andensérs (respective triangles). Silencing
spreading is constrained by tRNMPand CHA1 genes acting here as boundaries, and leaving adjacgons
such as MATlocus in a permissive chromatin state.
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1.3.3 Chromatin boundaries.

Boundaries are defined as partitioning the genomelistinct functional domains by
blocking the spread of distal heterochromatin @@). Like insulators, boundaries are
frequently discovered for their capacity to inselat gene from its chromatin environment,
and a gene flanked with boundary elements may Ibsecpently protected from position

effects and long term silencing (Bell et al., 2001)

For instance, in haploi&.cerevisiae, mating type is defined by the genes presenteat th
MAT locus that can be MATa and MAX according to their respective mating type a or
a (Fig.6D). While the MATIocus is transcriptionaly active, both HMR and HMaci that
contain copies of MATa and MAT genes are transcriptionaly repressed (Haber, 1993
silenced state is maintained by the flanking of HeiiRl HML loci by the E and | silencers
that recruit the SIR complex to insure the correpression of thedeci, whose derepression
would lead to a & non-mating cells. Nevertheless, the silencing MRH4and HML loci is
respectively constrained by tRNAand CHA1l genes acting here as boundary elements,
because their expression blocks SIR-mediated sigr(®onze and Kamakaka, 2001). Other
boundary element, named Sub-Telomeric Anti-silegpéRegions (STAR) have been initially
described as elements that block the spread ah@lo silencing at yeast telomeres. These
elements are located between X and Y’ repeats laddonsist in the repetition of Thfl and
Rebl binding sites. The role of these proteindiganti-silencing activity of STARs has been
confirmed since their attachment by the heterolsg@al4 DNA binding domain exhibits a
strong boundary activity. In CHO cells, STAR elensemwere described as blocking the
spread of HP1-mediated silencing when located tweéP1 binding sites and a reporter
gene (Otte et al., 2007).

Boundary proteins have also been described in y@wadtmammals. For example, the
acidic or proline-rich activation domains of mamartscription factors such as CTF1 or
BRCAL have been shown to act as boundary proteyeast without directly activating the
transcription (Fourel et al., 2001). In additiohetCsel or Los1l nucleoporins also show a
boundary activity that prevents the spread of yeattrochromatin when tethered to the Gal4
DNA binding domain, and that protects the downstregene from telomeric silencing (Ishii
et al., 2002).
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Interestingly, some elements like the CTCF-binditfgd insulator have been reported to
display the features of both insulators and bouedamaking unclear the frontier between
them. For example, the HS4 sequence has been doomrntect the chickef-globin locus
from the effects of upstream folate receptor genbamcer or those of the condensed
chromatin that separates them (Bell and Felseni€l@9; Chung et al., 1993) (Fig.6B). The
insulating sequence between Igf2 and HA® has also been shown to contain four CTCF
binding sites in mouse and seven in Human (Szabal. e2000). On the other hand, the
possible ability to form functional DNA loop domaiy tethering to the nucleolar protein
nucleophosmin (Yusufzai and Felsenfeld, 2004), elé & its involvement to prevent chicken
telomeric position effect are consistent with boamydactivity (Rincon-Arano et al., 2007).
Finally, CTCF has been also associated with regmesd transcription (Arnold et al., 2000),
like at the Sin3Alocus in NIH3T3 cells by involving histone deacetylagkestz et al., 2000).
Thus, the effects of this protein remain diffictdt classify, and they may depend on the

genomic context or on the presence of other prstein
1.3.4 The transcription factor CTF1.

The transcription factor CTF1 (also named NF1-Cdlphgs to the family of CTF/NF1
transcription factors that contains four sub claseeluding NF1-A, NF1-B, NF1-C and NF1-
X (Kruse et al., 1991; Rupp et al., 1990). Mosthase genes have been described in many
vertebrate species frorenopus to Human (Gronostajski, 2000). CTF/NF1 transooipti
factors were firstly described as activating vpebmoters such as the herpes virus thymidine
kinase promoter, and DNA replication by recruititftge viral DNA polymerase at the
adenovirus and SV40 origins of replication (Armeatet al., 1994; Muller and Mermod,
2000). Moreover, CTF1 was also described to aaicailular promoters like the muron
and B-globin promoters (Cohen et al., 1986; Jones et 1885), and to mediate TGF-
B-regulated transcriptional activation in NIH3T3 eel(Alevizopoulos et al., 1995;

Alevizopoulos and Mermod, 1996).
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[.3.4.1 Structure of CTF1.

The NF1C gene encodes seven CTF isoforms by alieenaplicing. The CTF1
transcription factor has a bipartite structure cosgal of 499 amino-acids in length (Fig.7).
The CTF1 DNA binding domain (a.a. 1-120) permits@®F1 to bind as a dimer onto
TTGGC(N5)GCCAA and related sequences (HennighaasenFleckenstein, 1986; Nagata
et al.,, 1983; Santoro et al., 1988), although ityraéso bind as monomer to TTGGC or
GCCAA sequences with a lower affinity (Meistereresal., 1988). Its transactivation domain
(a.a. 399-499) called Pro for its richness in p®lresidues contains two sites of interaction
with the histone H3 (Muller and Mermod, 2000) : tim@in H3 interaction domain (TRD),
which spreads from a.a. 486 to 499 and binds meflly the histone variant H3.3 (Ferrari
et al., 2004), while the secondary H3 interactiomdin is positioned between a.a. 399 and
438 (Alevizopoulos et al., 1995). The TRD domaior TGF{3 responding domain) is also
involved in gene transcription activation inducedGF{3 in fibroblasts (Alevizopoulos et
al., 1995).

1.3.4.2 Transcription activation and chromatin rel@ang activity induced by CTF1.

CTF1 Pro domains is involved in transactivation csinits deletion abolishes
transactivation irDrosophila, mammalian and yeast cells (Chaudhry et al., 189; and
Roeder, 1993; Mermod et al., 1989), and Pro wawsto interact with both TFIIB and TBP
in vitro (Kim and Roeder, 1994). Moreover, the prese in Pro of a single heptapeptide
repeat (PTSPSYS) similar to that of CTD repeatsemein the C-terminal domain of RNA-
polymerase Il has suggested an interaction withtrdm@scription machinery (Meisterernst et
al., 1989; Xiao et al., 1994). A second mechanisap@sed for CTF1-mediated transcription
activation involves its interaction with nucleos@n&tudies have suggested that histone H1
was able to bind to the consensus CTF1 bindings,sé@d that transcription might be
activated by direct displacement of histones by Rtembers at such sites (Gao et al., 1998;
Ristiniemi and Oikarinen, 1989). Two-hybrid assaiiewed that Pro binds histones H3 and
H4 in NIH3T3 cells andn vitro (Alevizopoulos et al., 1995), and another studywad that
CTF1 is involved in guiding the BRG1 histone remode complex to the CSF1 promoter
(Liu et al., 2001), leading to chromatin remodeglin
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Figure 7. CTF/NF1C isoforms and their functional domains.

Seven isoforms resulting from alternative splicing of ONFLC gene have been described. In a general
manner, CTF isoforms have a bipartite structure includihg positively charged DNA binding and
dimerization domain, and a second domain involved in getigadimn and/or histone binding. DNA binding
activity is carried by the region located between a.a 18022@] but the region absent in CTF3 (a.a 170-
203, left grey) is dispensable for high affinity binding. ET is the isoform displaying the complete proline
rich transactivation domain (right grey) composed of adrist H3 interaction domain (a.a 399-438) and a
TGF{ responding domain (a.a 486-499) binding also to histoneTH8.sequence PTSPSYS (a.a 460-467)
similar to CTD repeats is shown in red. In comparison, otls&forms depicted here possess only a
shortened transactivation domain that includes only tis# fiistone H3 interacting domain and exhibit a
weaker transcription activation.
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The histone remodeling activity of CTF1 has beeso atudied in the context of gene
expression regulation. Indeed, chromosomal positdfect is a current problem for
transgenesis since many integrated transgenes kesitenced over time. Thus, insulating a
transgene from its environment would avoid silegciny the spread of neighboring
heterochromatin. When fused to the yeast Gal4 DN#libg domain (DBD), CTF1 Pro
domain shows a high unsilencing activity in mamaraland yeast cells (Ferrari et al., 2004;
Fourel et al., 2001; Pankiewicz et al., 2005). Tumisilencing activity has been attributed to
its main H3 binding domain, as it is required foistactivity (Pankiewicz et al., 2005).
Moreover, experiments in yeast indicate that thé&Ra fusion can protect a gene against
telomeric silencing, and that this activity reqaitbe ability to interact with H3 histones. This
effect was shown to restore histone acetylationthoa locus protected from telomeric
silencing (Ferrari et al., 2004), indicating thaal{®ro acts as a strong artificial boundary
protein inScerevisiae. Nevertheless, whether Gal-Pro or the entire Cpftein may also

exhibit unsilencing activity at mammalian telomeigsaot known.

1.4. Aim of this work.

The control of transgene expression is a commobl@noin biotechnological applications
such as in gene therapy, since lbaus of transgene integration is often subject to sileq
and chromosomal position effect. Nonetheless, ollimg transgene expression should not
lead to modification of the expression of neighbgrigenes, and therefore avoiding the
recourse to strong transcriptional activators dragcers may be advantageous. As described
above, CTF1 displays both an unsilencing activitynammals and a boundary effect against
telomeric silencing in yeast that seem to be inddpet of its transcriptional activity.
However, little is known about the potential alyilitf CTF1 to remodel chromatin domains in
mammals, nor about the modifications that may bdiated by CTF1 on a silent chromatin

environment in human cells.

Telomeric environment is a well characterized sysie which heterochromatin may
spread from a defined direction, although mammatelomeric heterochromatin features
remain mostly unknown. In order to assess thetglufiCTF1 to separate chromatin domains
in human cells, the first step of this work corsisin the development of a two-reporter

41



system located at human telomere that would pdomieasure the boundary activity of Gal-
fusion proteins against telomeric position effent,a quantitative fashion, and that would
allow the study of potential chromatin modificattoassociated with a boundary activity.
Such system would allow to assess whether CTFLsiori derivatives mediate a protection
against heterochromatin, when positioned betwe¢glcemere distal reporter gene and the
telomere, whereas another telomere-unprotectedgear@ on the telomere side would remain

silenced by telomeric position effect.

Telomeric silencing is mediated by propagation Bt-8ependant histone deacetylation in
yeast cells, but no such spread has been demaustimtmammalian cells as yet. The
presence of Sirtuin proteins at mammalian telomsuggests that histone deacetylation may
occur in TPE, but the presence of other histonesksnauggests that several chromatin
modifications might be involved in TPE. Howeverwhthis histones marks lead to TPE in
such cells remains mostly unknown. Then, the twmreer system described here may be
used to compare histones marks present at telorobrammatinwith those at an internal
position in the chromosome in order to determinactvhistones marks are involved in
telomeric heterochromatin. On the other hand, tmeparison of the histones marks present at
a locus unprotected from telomere influency with thosespré at docus insulated from the
telomere, within the same clonal population, woalldw to understand how transgenes can
be protected from the silencing mediated by a ctmswestitutive heterochromatin, and which

histones marks may be involved in the establishrabatchromatin boundary.
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. DEVELOPMENT OF NEW TOOLS FOR THE
STUDY OF BOUNDARY PROTEINS.
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[1.1 Introduction

The study of boundary proteins has involved thegrdtion of one or several reporter
genes at a position close to the telomere. In yapstes inserted near the telomere by
homologous recombination were prone to a strongmtefic silencing. Unfortunately,
homologous recombination remains difficult in mantiara cells and chromosomal
recombination that occurs frequently in canceroels lmes makes it difficult to target a
specificlocus of integration. This problem has been mainly resolby the use of plasmids
containing telomeric repeats that allow transgentegration at human telomeres as shown in
the study of Bauet al. (2001). Although this study showed that transgenssrted near
HeLa cells telomeres were prone to telomeric siten¢Baur et al., 2001), that of Kiwet al.
(1999) suggested that telomeres atecas of high and stable gene expression in CHO cells
(Kim and Lee, 1999), leaving a doubt about the gmmes of heterochromatin at mammalian
telomeres. Consequently, comparing telomeric sitenm several mammalian cell lines may
be a first step before to study the effects of lolawy proteins. Moreover, the widespread use
of CHO cells in biotechnologies makes the detertronaof elements controlling gene
expression in this cell type particularly useful.the work presented here, this step was firstly
realized by comparison of transgene expression IHeha telomeres with that of transgenes

inserted at CHO telomeres, to identify the mostasle cell type for further experiments.

The two-reporter system described by Fereqal. (2004) in yeast was composed of
the URA3 and TRP genes which are necessary tosaelival. Boundary activities were
measured in function of cell survival, positivelyfluenced by URA3 silencing and TRP
expression when Gal-fusion proteins bind between rdporter genes. Nevertheless, such
genetic gene selection systems often mediate cyoasfects, which may in addition affect
chromatin modifications observed after binding dbaundary protein between the reporter
genes. Thus, such system is not optimal to extepotesults to a normal chromatin
regulation, and these reporter genes are not saif@buse in mammalian cells. Nevertheless,
the use of two reporter genes system remains &rchrategy to detect boundary activities,
and no equivalent reporter system has yet beegmsifor use in mammalian cells. Indeed,
few studies have analyzed telomeric position effacelements protecting from telomeric
silencing in mammalian cells using only one repodene, which was not sufficient to

compare the telomere-protected side with silencesl roor to address potential variations in
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cellular silencing effects (Baur et al., 2001; Kiogret al., 2002; Rincon-Arano et al., 2007).
Consequently, instead of using reporter genesatetndispensable for cell survival, gene
encoding fluorescent proteins were used to obséwendary activities and associated
chromatin modifications in living cells without ofbxic effects, which may be closer to a

normal chromatin mediated regulation.

Nevertheless, the use of fluorescent proteins tenoprone to the cross detection of
their fluorescent spectra at high fluorescencel$ewshich involves to choose judisciouly
each fluorescent protein in function of its wavefgnand to optimize their detection to
analyze distinct wavelength ranges. On the othadhthe analysis of telomeric boundaries
requires that telomeric transgenes should be serfly expressed to be easily detected, while
a use of regulatory elements such as enhancerswagy silencing effects from the telomere.
Moreover, both reporter genes must display sinfiileorescence levels. Thus, several plasmid
constructions conciliating telomeric integrationdathe two-reporter systems had to be

constructed and assessed for their suitabilithenstudy of boundary proteins.

[1.2 Material and methods.

11.2.1 Cell culture.

The E.coli strain DH® was cultivated at 37°c on LB agar plates or in lidgid
medium with agitation. Transformed bacteria wertivated with addition of ampicillin at
the concentration of 100ug/mL. HelLa Tet-off celSlogntech) and CHO Tet-off cells
(Clontech) were cultivated at 37°c and 5% CO2 in ENUF12 (Gibco) with 10% foetal
bovine serum (Gibco).

I1.2.2 Vector constructions

The pBX-R and pBX-NR plasmid vectors were kindlypyided by J. Baur (Baur et
al., 2001). For luciferase analysis, the plasmatsained identical to that used in the study of
Bauret al.

The pGE plasmids and derivatives were obtainedldyirtg telomeric repeats from
pBX-R in a pBS2-SKP plasmid. Puromycin resistaneeeg including its CAG promoter was
inserted in the previous plasmid giving the pBS-REPuro plasmid. Reporter genes DsRed
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and EGFP under the control of the complete CMV mimwere subcloned in a pBS2-SKP
plasmid and further inserted in pPBSR-CAGPuro plasmgiving the pGE plasmid. Plasmids
carrying DsRed and EGFP under the control of mihi@®&V promoter (pGEmin and

pGE2min) were obtained by PCR amplification of mo genes, excluding the CMV

enhancer and were inserted in pBSR-CAGPuro.

The Gal4 binding sites were obtained by annealifigeach oligonucleotides
(gatccgggtcggagtactgtcctccgactge and gatcgcagtgggagtactccgacccg) generating BamHl
cohesive extremities, phosphorylated and multineeriby ligation. The cassette of four
GAL4 binding sites were inserted in the unique Barmite in pGE or through Ascl and Avr2
binding sites in plasmids deleted from CMV enhanagving respectively pGE-Gal4,
pGEmin-Gal4 and pGE2min-Gal4. Integrity of Gal4 ding sites and PCR amplified

transgenes was confirmed by sequencing.

All control plasmids without telomeric repeats weobtained by cleaving the

repetitions of the previous plasmid with Xbal anatiNfilling-in and religating.
[1.2.3 Transfections and selection of stable clones
[1.2.3.1 Transfections of pBX-R and pBX-NR in Heaad CHO cells.

HelLa and CHO cells grown in 6-wells plates and weaasfected with 2ug of DNA
and 6uL of Fugene 6 reagent (Roche Diagnostics)wadr according to the commercial
protocol. Before transfection, pBX-R and pBX-NR$tads were respectively linearised with
Pvul and Notl or Pvul alone. Selection by puromywias performed for three weeks at the
concentration of 2ug/mL for Hela cells and 5ug/mithwCHO cells. Stable clones were
isolated by limiting dilution and puromycin selextiwas stopped at least two weeks before
analysis.

I1.2.3.2 Transfections of two reporters plasmids.

Transient transfections with pGE-Gal4, pGEmin-Gat4pGE2min-Gal4 with Gal-
VP16 or Gal-DBD encoding plasmids were performedgisircular plasmid, with the same
protocol as described above, using a ratio repptéamid and GalvVP16 of 10:1.

Stable transfections were processed using Fugermménercial protocol and pGE-
Gal4, pGEmin-Gal4 or pGE2min-Gal4 plasmids lineadisvith Notl and ApaLl, or with
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ApalLl only for their respective controls withoutidmeric repeats, and selected for three
weeks at the concentration of 2ug/mL of puromydiransfections of Gal-fusion proteins
expression plasmids and the BFP expression plagraré performed 48h before analysis
using 4ug of circular DNA and 6uL Fugene 6 reagmrtwell according to the commercial

protocol.
[1.2.4 Luciferase assay

Cells grown on 6-weels plates until a confluence©@¥% and were washed with PBS.
Cells were lysed with 200 pL per well of lysis karff(3.03g/L Tris, 0.695g/L CDTA, 10%
glycerol, 1%t triton, 2mM DTT, pH=7.8) for 20 mirag. Lysate was centrifuged at 12000
rpm for 10 minutes and 20uL of supernatant wereeddd 100uL of luciferase assay reagent
(20mM tricine, 0.1mM EDTA, 1.07mM (MgCO3)4Mg(OH)H20, 2.67mM MgSO4,
33.3mM DTT, 270 uM Coenzyme A, 470 uM luciferin,0p@VI ATP). Luciferase activity

was immediately measured in Microlumat Plus lumieten (EG&G Berthold).

The relative quantity of protein in each sampledusenormalize the luciferase activity
was measured by addition of 5uL of the same lygat&95uL of Bradford reagent (40uL
Biorad protein assay, 155uL H20). After 10 minudésncubation at room temperature, the

luminescence was measured at 595nm.
[1.2.5 Southern blotting.
11.2.5.1 Extraction of genomic DNA.

Cells grown on 6-weels plates until a confluenc®@¥ and were washed with PBS. In
each well 300uL of lysis buffer (0.5% SDS, 0.1M Na&OmM Tris, 5mM EDTA, 0.1
mg/mL proteinase K) was added and incubated fohdi§s. The lysate was precipitated by
addition of 300 pL of isopropanol and centrifuged14000 rpm at 4°c for 30 minutes.
Precipitated DNA was resuspended in 100uL of TisFE buffer. The concentration was
determined by O.D (260nm).

11.2.5.2 DNA electrophoresis and transfert.

The DNA (10ug) was digested by Stul (100 unitsBatc over night in a volume of
100pL containing the commercial buffer and 10% @&AB Restriction fragments were

separated by electrophoresis on agarose gel (TlA&% agarose). After migration, DNA was
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depurined by immersion in HCI 0.25N for 10 minutasd washed with distilled water. Then,
DNA was transferred on a Hybond-N+ nylon membrakadrsham) by capillarity during the
16 hours using a solution of NaOH 0.4M. The meméramas washed with 2xSSC, and
prehybridized in CHURCH (NaH2PO41 10mM, Na2HPO4 .838W, SDS 7%) 1h at 65°c
with denatured salmon sperm DNA (100 pg/mL).

11.2.5.3 Generation of the probe.

The DNA used to generate the probe was the lusigefilmgment isolated from the pBX
plasmid after digestion with Xbal and EcoRI. Theiferase fragment was purified and used
as matrix for the High prime kit (Roche) accorditogthe commercial protocol. The High
prime polymerase generates single stranded DNAgusindom primers, and incorporates
3p_dCTP. Then the radioactive probe was purified Miorospin-G50 sephadex column

(Amersham) before a next use.
11.2.5.4 Hybridization and revelation.

After denaturation for 5 minutes at 95°c, the radiove probe was added in the
prehybridation buffer. Hybridation was performedepbwight at 65°c. Then, the membrane
was washed with 2xSSC-1% SDS for 10 minutes at,6&1d 0.2x SSC-0.1% SDS for 20
minutes at 65°c in order to increase the stringefitye membrane was exposed during two
days to the storage phosphor screen (Kodak) andigmal was read on Storm analyser
(Amersham Pharmacia Biotech).

[1.2.6 Flow cytometry.

Fluorescence analysis was performed on either &@S-Calibur (Dickinson-Becton)
with settings of 520V on the SSC channel, 380V &iP@edicated laser and 550V on DsRed
dedicated laser, or on the FACS Cyan (Dakocytomatath the settings of 550V on the
SSC channel, 530V on the GFP and DsRed dedicased and 650V on the BFP channel.
Cells expressing high levels of BFP were considstading with 16 AFU.
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11.3. Results.

[1.3.1 Silencing of telomere proximal genes in maafian cells.
11.3.1.1 Comparison of transgene expressions atmmran telomeres

While Kim et al. (1999) did not insure the targeting of transgen€HO telomeres,
Baur et al. (2001) used either a linearized plasmid contairtimgy luciferase reporter gene
adjacent to 1.6Kb of telomeric repeats (pBX-R)aaontrol plasmid containing the luciferase
reporter without telomeric repeats (pBX-NR). Afteuromycin selection and isolation of
clones with stably integrated transgenes, telomaogition can be verified by Southern blot
and/or Fluorescenin situ Hybridization (FISH). Generally, clones transfecteith the
plasmid without telomeric repeats display intermiiromosomal insertions while those
transfected with the repeats will integrate theférase reporter at a telomeric position. This
is supposed to be the consequence of single cgpeser integrations that lead generally to
cell death when telomeric repeats are not in therpid vector, whereas their presence would
allow cell survival by creating a new telomere wesing the construct containing the
telomeric repeats. However, the targeting of thmrer construct at a preexisting telomeric
region cannot be excluded (Baur et al., 2001; Kibet al., 2001). Stable clones transfected
with the telomeric repeats-containing plasmid digplhigh frequencies of telomeric
insertions, unlike those transfected without telomeepeats, which are used as internally
inserted control transgenes. In telomeric clonles,teélomeric position effect can result in a
10-fold lower luciferase expression as comparddaimsgene insertion at an interhadus.

11.3.1.2 Telomeric position effect in HeLa and Cld€ll lines.

To compare telomeric position effect of human celith that of CHO cells, the HeLa
cell type was used for its documented frequent oatielomeric integrations (Kilburn et al.,
2001). Both cell types were transfected as desgtyeBauret al. (2001), antibiotic-resistant
cells having stably integrated transgenes werectggle and monoclonal populations were
isolated and expanded. Finally, telomeric insediavere verified by Southern blotting.
Internal insertions were differentiated from telomeinsertions by the size of the band
observed. Indeed, by digestion of genomic DNA waittestriction enzyme cutting in a single
site inside the pBX-R and pBX-NR plasmids, a bamdetected whose size depends on the

position of a second restriction site in the chreome, but the fragment size remains constant
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for cells of a given clone. In contrast, when lacifse is adjacent to the telomere whose size
can vary from cell to cell, DNA fragments with hetgeneous sizes appear as a smear (Baur
et al., 2001). Although internal bands were eaiedetect than telomeric smears, Southern
blotting assayed in 18 HelLa clones confirmed aueagy of internal insertions of 77% for
the clones transfected without repeats, but onkp 2@ those transfected with the telomeric
repeats-containing plasmid (data not shown). Mageonternal insertions were frequently
associated with higher reporter expression in¢hikline (Fig.8). However, for the 42 CHO
clones analyzed, frequency of internal integratiwas similar for clones transfected with the
plasmid containing telomeric repeats as comparedhtise transfected without them.

Moreover, internal integrations did not correlatellwvith high luciferase activities.

Luciferase activities were measured in 22 HelLa etoand 36 CHO clones. In Hela cells,
clones transfected with the telomeric repeats-coimig plasmid displayed a significant lower
luciferase activity mean despite the presenceafead inserted at an interatus within this
category (Fig.8 A, B). Taken together, these clotisplay a 5-fold lower mean luciferase
activity (P<0.05; Student's-test) than clones transfected without telomeripeeds, as
expected from a putative telomeric position effébreover, this ratio increases up to 8-fold
(P<0.05; Student'stest) if potential telomeric clones among thosesfected with telomeric
repeats are compared with internal integrated sl@meong those transfected without repeats.
In CHO cells, clones transfected with the telomegjeats-containing plasmid displayed only
a 1.5-fold lower mean luciferase activity as conepato clones transfected without repeats
(Fig.8 C, D), and the similar frequency of interiategrations in both categories of clones
make difficult to consider that telomeric integosts occur among the clones transfected with

telomeric repeats.

Figure 8. Evidence for the telomeric silencing in ldLa and CHO stable clones.

Luciferase assay in 22 Hela stable clones (A: liseale, B: logarithmic scale) and 36 CHO stabtmes (resp.
C and D). The R-labelled clones have been trareslewith the telomeric repeats containing plasmiBXR)
and the NR-labelled clones with the control plaswithout repeats (pBX-NR). Clones transfected wtik
telomeric repeats containing plasmid show a 5-faleer mean activity of luciferase in HelLa cellsdamly 1.5-
fold in CHO cells. Controls are relative to untriaesed cells. (*) Clones whose internal inserticasveonfirmed
by Southern blot. (**) P<0.05; Student$est. Rlu: relative light units.
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The frequency of telomeric integrations observeti@ia cells is consistent with that of the
70% noted by Kilburret al. (2001) and it may explain the significant decreaSkiciferase
activity observed in HelLa cells, although HelLa @light be also particularly prone to TPE
(Kilburn et al., 2001). Considering these evidendtbe HelLa cell line appears as the most
suitable for a study in a context of telomeric rsti@g because of its facility to insert a
transgene in a telomeric position and its bettiensing of telomeric transgenes. Thus, this
cell line was chosen for the following experimentdiile the CHO cell line appears to be

inappropriate for the study of telomeric silencing.
[1.3.2 Construction of two reporters system for stedy of boundary proteins.
11.3.2.1 Plasmid constructions designed for thelgf boundary proteins.

The strategy elaborated to observe the boundaegtedif CTF1 against the telomeric
silencing consists in analyzing the expressionwad teporter genes in a telomeric context
using the mechanism of telomeric insertion desdrilpeeviously. Due to the telomeric
position, both reporter genes might be silenced,kanding a boundary protein between them
would protect the telomere distal gene from thensing, while leaving the telomere
proximal reporter gene silenced. Neverthelesseatsiof CTF1 binding sites, Gal4 binding
sites were firstly preferred to allow the posstgilof analyzing different Gal-fusion proteins
within the same clone, such as Gal-VP16 supposedtteate transcription for both reporter
genes in spite of the telomeric silencing. In thesetors, telomeric repeats were obtained
from the plasmid previously described, but fluoesgcproteins (GFP and DsRed) were
preferred for their direct and easier detectiorsimgle living cells, whereas the luciferase
needs an enzymatic assay on a pool of cells. Inpérspective to obtain (1) an easy and
frequent telomeric silencing and (2) to distinguistiectively unsilencing effects, three
plasmid vectors were tested in this study to detezrthe most adapted promoter and the best

orientation of the reporters.

Firstly, just pGE-Gal4 plasmid was constructed #i§), in which DsRed and GFP
reporter genes are controlled by the same pron{@stV) to maintain similar expression
levels, and they are positioned in an oppositectior trying to exclude the possibility of
direct transcription activation by Gal-fusion prote because of their proximity to the
promoter. Cell lines were generated and charaei@ripr telomeric integration. However,

inappropriate results obtained with this plasmide($elow), and two other vectors were
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Figure 9. The three vectors designed to observe potential baodary effects of Gal-fusion proteins.

(A) pGE-Gal4 construction is composed of the two reporteregg GFP and DsRed) controlled by the strong
CMV promoter, including its enhancer. GFP and DsRed arenta@ in order to move the promoter away
from the Gal4 binding sites. (B) pGEmin-Gal4 plasmid is $imio the precedent, except that DsRed and
GFP reporters are controlled by a CMV promoter deleted oéiitsancer (minimal CMV). (C) pGE2min-
Gal4 plasmid is constructed by reversing of the DsRed and i@pérters, always under the control of the
minimal CMV promoter. All of these constructions contair6lb of telomeric repeats to facilitate the
telomeric insertion in the genome, and are preceded by thepein resistance gene (not shown). Control
plasmids (not shown) are similar except for their deletibretomeric repeats.
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constructed (Fig.9 B and C). Consequently, the @a#4 plasmid was derived in the
pGEmin-Gal4 plasmid in which GFP and DsRed repsri@re controlled by the CMV
promoter deleted from its enhancer (minimal CMV}ieth may facilitate the silencing of
reporter genes while allowing a better effect ofl-@a16 transcriptional activator. The
reverse orientation of the GFP and DsRed repodraeg was also tested with the pGE2min-
Gal4 plasmid in which the reporter genes are demetly transcribed from the minimal CMV

promoter.

11.3.2.2 Assessment of the most appropriate plasmoigtruct for the study of boundary

proteins.

Firstly, the basal expression of reporter genestested through co-transfection of the
plasmid reporter construction with a control plagnirig.10 D,G,J), whereas transcription
activation without epigenetic interference was d@dsby the co-transfection of the same
plasmid reporter constructs with a Gal-VP16 encgditasmid (Fig.10 F,I,L) or with a Gal-
DBD control vector (Fig.10 E,H,K). Among the threenstructs tested, pGE-Gal4 show the
highest basal expression of GFP and DsRed (Fig,3J) and the activation by Gal-VP16
induces only a 1.2-fold increase of high expressilts (Fig.11), suggesting that DsRed and
GFP are already expressed at their maximal levelxpression. In contrast, the two other
constructions have a lower basal expression ofrtepgenes, but comparison of Gal-VP16
activation for these two constructions shows thaly opGE2min-Gal4 can increase
significantly the expression of reporter genes,clhis comforted by the fact that activation
by Gal-VP16 is lost when Gal4 binding sites are oeed from the plasmid construction
(Fig.11).

Stable clones isolated from pGE-Gal4 transfectionficmed also the high basal
expression of the reporter genes and the diffictdtyactivate transcription with Gal-VP16
(data not shown). Moreover, such clones expresghdreanore DsRed or more GFP, but
rarely the two reporter genes with the same lewblich might be the consequence of a
competition of RNA-polymerases transcribing in ogip® directions. In contrast, clones
isolated from pGEmin-Gal4 and pGE2min-Gal4 transées expressed generally both
reporter genes at the same level and they werly sdenced. Thus, for each of these plasmid
constructs and for their respective repeats-deletatirols, 25 clones were analyzed to assess

the suitability of their reporter gene expressiomggard to the study of boundary proteins.
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Figure 10. Basal or activated expression of the D& and GFP reporters.

FACS analysis of DsRed and GFP fluorescences irattells transiently transfected with the

three reporter plasmids shown in Fig.9. Cells esqireg no fluorescent protein, DsRed or
GFP are respectively shown panel (A, B, C). (DFEpGE-Gal4 plasmid respectively co-

transfected with a control plasmid, a Gal-DBD exsgren plasmid or a Gal-VP16 expression
plasmid. Cells carrying the pGEmin-Gal4 and pGE2@ai4 are respectively shown in (G,

H, ) and (J, K, L). Quadrant regions are determiion the basis of untransfected cells (A) in
order to obtain at least 99% of autofluoresceriséelthe bottom left region. High expressing

cells are ranged in the R2 region (top right). Petages are function of the proportion of
cells in the R2 region compared to the total samiptdd increase of the R2 percentages in
GalVP16 transfection relative to the GalDBD valgeshown Fig.11. Each analysis results

from the analysis of 100.000 cells 3 dggst-transfection.
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Transfection of each clone with Gal-VP16 and BFPressing plasmids (ratio 1:1) permitted
to compare by FACS analysis the cells expressigh lavels of BFP with those expressing
lower levels of BFP, and therefore to exclude frtdme study the clones displaying the

following criteria :

- Heterogeneous DsRed and GFP expression, bechaggrabable multiple insertion and/or

an imperfect clonal isolation.

- Clones with a high basal expression of GFP anBddswhich may result from internal

insertion.

- No activation of DsRed and/or GFP by Gal-VP16ctsalones may be either very difficult

to unsilence, or may be deleted of one or bothrtepgenes.

- Clones expressing DsRed at higher levels than, ®EPause a boundary effect in these

clones would be partly or totally hidden.

Among the remaining clones, four were selectedttieir low expression of reporter
genes as expected from a telomeric silencing (Eig)1 while clones displaying higher levels
of reporter genes were also isolated as negativeate of TPE (Fig.12 B). In order to control
that reporter gene expression in these clones lisr@gilting from their position in regard to
the telomere, rather than from a preferential esgiom of one reporter gene, control clones
transfected with the repeats-deleted plasmids @asceisolated with similar expression levels
as in the first category of clones (Fig.12 C).
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Figure 11. Gal-VP16 activation and specificity of the Gald nding sites in the different plasmid
constructions.

Values represent the fold-increase of cells expressing lagels of DsRed and GFP (Fig.10. R2 region)
when different reporter plasmid constructions are cosfiested with a Gal-VP16 expression plasmid.
Values were normalized with the fluorescence values obthinith a GalDBD expression plasmid. ‘pGE’,
‘PGEmin’ and ‘pGE2min’ differ from the three plasmids showig.9 by the deletion of Gal4 binding sites
between GFP and DsRed. These three plasmids show no indigaGalVP16, excluding an aspecific
activation of Gal-VP16. pGEmin-Gal4 and pGE2min-Gal4 ¢omgions are more activated by GalVP16. As
shown in Fig.10, pGE2min-Gal4 shows the best effect. Eraps:0SEM on three independent experiments.
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Fig. 12. Pattern of expression of DsRed and GFP for the 12 mowe@nal populations selected from

stable transfections.
HelLa cells were transfected with the Notl-linearized régoplasmids as shown in Fig. 9B and 9C,

antibiotic resistant cells were selected and monoclonplufadions were generated by single cell sorting.
Clones were characterized as described in the main textrenGEP and DsRed expression were analyzed
by cytofluorometry. The six panels on the left depict cloonasrying the plasmid with convergent reporter
gene transcription and the six clones on the right hand sidee hdivergent reporter genes. (A)
Representative telomeric clones expressing undetectablé®w levels of the reporter proteins. (B)
Representative telomeric clones expressing detectabddslef the reporter proteins. (C) Representative
clones generated from transfections with the plasmid dkwditelomeric repeats, and showing a non-
telomeric location by FISH analysis.
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Interestingly, both transient and stably transféctells showed preferential detection of GFP,
but only for the lower levels of expression. Thigfprence was observed only when reporter
genes were controlled by a minimal CMV promoterd avas also observed for telomeric
repeats deleted constructions. Analysis of tramsérd stable expressions of pGE-Gal4
reporter genes suggest that the strong CMV promsterappropriate to obtain a silencing
when integrated in the genome, and its lack ofvation by Gal-VP16 suggests that DsRed
and GFP reporters may be already at their higlesst bf expression. For these reasons, the

pGE-Gal4 construction was less suitable for thiglgiand thus not used in next experiments.

The difficulties to obtain Gal-VP16 activation withGEmin-Gal4 compared to
pGE2min-Gal4 show that the distance between Gailditg sites and the CMV promoter is
determinant for transcription activation mediated Gal-VP16. Consequently, the first
reporter construct avoids any transcriptional ation by Gal-fusion protein and allows only
the detection of chromatin boundary effects. Intcst, the second construct may insure an
easier desilencing of reporter genes by activadach as Gal-VP16. In addition, testing the
plasmid constructs deleted from Gal4 binding ségsluded an aspecific binding of Gal-
VP16 or other Gal-fusion proteins (Fig.11). Consagly, both pGEmin-Gal4 and pGE2min-
Gal4 constructions were considered as suitabledtyae the activity of boundary proteins.
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I1.4. Conclusions.

Silencing of genes at mammalian telomeres was thdpby a few studies showing
opposite results. Nevertheless, these studies diduse the same experimental approach.
Here, both HeLa and CHO cell lines were analyzedHeir telomeric position effect using a
plasmid containing telomeric repeats to allow aggene position close to the telomere. In
agreement with Bauet al. (2001), the presence of telomeric repeats in tlesnud
construction may be associated with telomeric iratign since internal integrations were less
frequent in the clones transfected with telomeejgeats. Moreover, the luciferase assay
confirms that HelLa telomeres aréoaus of silencing for neighboring transgenes. Indekd, t
comparison of clones transfected without telomezpeats with those transfected with repeats
results in a significant 5-fold decrease in the miesiferase activity; and up to 8-fold when
putative telomeric clones are compared with intemmserted clones, while Baet al. (2001)
described a 10-fold decrease. In CHO cells, trensihg associated to telomeric repeats was
dubious since it reaches only 1.5-fold decreagbenmean of luciferase activity, which was
not statistically significant. Moreover, the simifaequency of internal integrations observed
in cells transfected with or without telomeric rafgesuggests that this cell line is less prone to
telomeric insertion than Hela cells. This could lexp the lower decrease in luciferase
activity observed when CHO cells are transfecteith welomeric repeats. Then, the low rate
of internal integrations observed in HelLa cellseraftransfection with telomeric repeats-
containing plasmid dictated the choice of this te# as the best candidate to study telomeric
silencing. Nevertheless, the one reporter-plasnesicdbed here remains non-ideal for the

study of boundary proteins.

Thus, three dual-reporters plasmid constructs cayrshe GFP and DsRed reporters were
tested here. FACS analyses confirmed that theee@MV promoter remains stronger to
allow an easy silencing of reporter genes insertear the telomere. In contrast, minimal
CMV promoter allows the silencing of reporter gemdsen located near the telomere, but
without difficulties in detecting their unsilencings confirmed by GalVP16 induction. FACS
analyses suggested that DsRed and GFP are notss&grat the same level in spite of their
proximity. Nevertheless, unsilencing of DsRed remailetectable but it suggests that this
system would preferentially detect proteins thateha high boundary activity, rather than
those allowing only a low expression of DsRed. Tke of Gal4 DNA binding sites permits

to bind specifically Gal-fusion proteins while aglimig the binding of these proteins to non
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specific sequences, as shown by the comparisommdticts with or without Gal4 DNA
binding sites co-transfected with GalVP16. Morepube use of Gal4 DNA binding sites
allow to compare within the same clones - and thissmilar chromatin environments — many
Gal-fusion proteins such as the Gal-TRD mutantslistl by Pankiewic®t al. (2005), or
many other putative boundary protein. In additibre boundary effect of other insulating
sequences might be also studied provided minimatlifications of these vectors and

construction of appropriate reporter cell lines.

Finally, the use of fluorescent proteins like GKRl ®&sRed permits to analyze boundary
elements in single living cells, and as well to mpifg the proportion of cells in which this
phenomenon occurs, where luciferase measure comlatify only a average value on several
thousand of cells. Stable clones isolated fromsfiestions by pGEmin-Gal4 and pGE2min-
Gal4 showed that most cells express low levelsepbrter genes, as expected from silenced
transgenes. Furthermore, GalVP16 transfection @sehclones confirmed that DsRed and
GFP over-expression can be also detected wherratéel in spite of this silencing, meaning
that gene expression resulting from the balancevd®t promoter force and telomeric
silencing is correctly equilibrated. Then, the istdled clones described in Fig.12 A appear as
ideal models to assess the boundary activity of ICdérivatives and to establish experiments

that would address to the previously mentionedativjes.
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lll. TRANSCRIPTION FACTOR CTF1 ACTS AS A
CHROMATIN DOMAIN BOUNDARY THAT SHIELDS
HUMAN TELOMERIC GENES FROM SILENCING.

This chapter is based on a manuscript currenthgwsion for publication in Molecular Cell
Biology (MCB): Germain Esnault, Danielle Martinelacques S. Beckmann, and Nicolas
Mermod. Transcription factor CTF1 acts as a chromatin danbaundary that shields human
telomeric genes from silencing. All the figures weyenerated by the author of this report,
except for the FISH experiments.
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[11.1 Abstract.

Telomeres are associated with chromatin-mediatiethcsng of genes in their vicinity.
However, how epigenetic marks mediate mammaliamtefic silencing and whether specific
proteins may counteract this effect is not knowre valuated the ability of CTF1, a DNA-
and histone-binding transcription factor, to prevéire silencing of genes inserted at human
cell telomeres. CTF1 was found to protect the geom silencing when its DNA-binding
sites are interposed between the gene and thedrsextremity, while it does not affect a
gene adjacent to the telomere. Protein fusionsagung CTF1 histone-binding domain
displayed similar activities, while mutants impaliia their ability to interact with the histone
did not. Chromatin immuno-precipitation indicatdttt the propagation of a hypoacetylated
histone structure was dependent on the telomere. OhF1 fusion protein was found to
recruit the H2A.Z histone variant at the teloméoicus and to restore high histone acetylation
levels to the insulated telomeric transgene. Istargly, levels of trimethylated H3K9,
H4K20 and H3K27 were also increased on the insdlétansgene, indicating that these
marks may mediate expression rather than sileratilgiman telomeres. Overall, these results
indicate that transcription factors can act to rddlichromatin domain boundaries at

mammalian telomeres, thereby blocking the propagatf a silent chromatin structure.
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[11.2 Introduction.

In eukaryotes, gene expression regulation is betige rely largely on modifications of
the structural organization of chromatin, which maglude the relative positioning of
chromosomal domains in the cell nucleus, nucleoslmradization on regulatory sequences,
as well as covalent modifications of histones andADor the incorporation of histone
variants. For instance, the heterochromatin stradiequently associated with gene silencing
has been associated with low levels of histoneytten and with a variety of other
epigenetic marks such as changes in the methylatains of histones and of the DNA. Silent
heterochromatic portions of the chromatin are spgersed with euchromatic structures that
are more permissive for gene expression, and boasdaetween the two types of chromatin
structures has been found to be enriched with Bpeepigenetic markers, such as
incorporation of the H2A.Z histone variant (Li ét, 005; Meneghini et al., 2003; Zhang et
al., 2005).

Constitutive heterochromatin, as found at telomeresentromeres, has been associated with
the silencing of adjacent genes.3ncerevisiae, the telomere position effect (TPE) has been
well studied and it is attributed to the spreadhaf SIR complex from the telomere along the
chromosome. Proteins of the SIR complex associ#te deacetylated nucleosomes, where
their histone-deacetylase activity may modify adjadistones, allowing auto-propagation of
the hypoacetylated structure along the chromosaéiope et al., 2002). TPE-associated gene
silencing has also been observed in human and nualise(Baur et al., 2001; Pedram et al.,
2006), but a potential role of SIR-like proteinglan of another mechanism that propagates a

telomeric heterochromatic structure remains todeatified in mammals.

The mammalian telosome is composed of a multipnot@mplex that binds to repetitive
telomeric DNA sequences. This complex, named Sieltenay shield the telomere from
being recognized as a double-strand break thrdugfiormation of the T-loop (Blasco, 2007,
de Lange, 2005; Hockemeyer et al., 2006), whilering the maintenance of a correct length
of telomeric repeats by interacting with the teloase (Kelleher et al., 2005; Ye et al., 2004).
Chromatin features present at telomeres and nearbtelomeric sequences include histone
modifications such as the trimethylation of H3 gaihe 9 (H3K9Me3) and of H4 on lysine
20 (H4K20Me3, ref. (Benetti et al., 2007a; Petdrale 2001; Schotta et al., 2004)). These
modifications have been associated with constiéutigterochromatin, as exemplified by the
interaction of H3K9Me3 with Heterochromatin Protein(HP1, ref. (Cowell et al., 2002;
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Perrini et al., 2004; Schotta et al., 2004)), altjio other studies have indicated that
H3K9Me3 and H4K20Me3 modifications may also occtansiently upon transcriptional
activation (Vakoc et al., 2005). Trimethylation HBK9 and H4K20 are catalyzed by the
Suv39H1/2 and Suv4-20H1/2 histone methyl-transérabat are specifically recruited to
telomere (Benetti et al., 2007a; Garcia-Cao et 2004; Kourmouli et al., 2004). The
relatively low activities of the cellular demethgés capable of removing methylation
residues at the telomeric locus is consistent wighpersistence of these modifications in the
constitutive heterochromatin (Cloos et al., 200&9¢ et al., 2006; Loh et al., 2007; Tsukada
and Zhang, 2006).

Insulators and boundaries are DNA elements that aft@y gene expression by preventing
activation or inhibitory effects that stem from thehromosomal environment (Bell et al.,
2001; West et al., 2002). Insulators are oftenrgefias DNA elements that can prevent the
action of an enhancer or silencer on a promoteerwihterposed between the promoter and
the regulatory sequence. Chromatin domain bourslane defined as elements that prevent
the propagation of chromatin features such as ¢ateomatin, and they may thereby
demarcate chromosomal domains that possess distirmnatin features and gene expression
status. Nonetheless, while insulator and boundalgments may be distinguished
experimentally, the frontier between these two $ypé epigenetic regulators is not entirely
clear, as expected from the fact that enhancersilencers’ function may include the
regulation of chromatin structure. For instance, ¢thicken HS4 enhancer-blocking insulator
has also been found to protect transgenes from (Rcon-Arano et al., 2007). In yeast,
boundary activities have been observed for protesinsh as DNA-binding transcription
factors (Fourel et al., 2001; Ishii et al., 2008htably, the activation domain of the human
transcription factors such as CTF1 have been foardock the SIR-mediated silencing when
recruited to the yeast telomere (Ferrari et alQ420However, mammalian and yeast cells
have distinct chromatin structures, and whetheensilchromatin may propagate from
mammalian telomeres as it does in yeast is unchemrause an equivalent of the yeast SIR
protein complex has not been found in mammalials.cel addition, whether DNA-binding
proteins such as transcription factors may insutgees from telomeric silencing effects

remains to be established.

In this study, we have evaluated whether proteirlch s CTF1 may prevent the silencing of
telomeric transgenes in mammalian cells, and winethe may result from the interruption of

the propagation of a specific chromatin structuoenfthe telomere. To do so, we generated a
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dual reporter gene assay, where gene expressian tefomere-distal and of a telomere-
proximal locus, separated by a potential insulagmuence, can be assessed simultaneously in
individual cells. We found that the viral VP16 tsaniptional activation domain activates both
the telomere proximal and distal genes. In contrative CTF1, or fusion protein containing
its histone-binding domain, were found to preveme tsilencing of the telomere-distal
transgene only. Chromatin immuno-precipitation expent (ChlP) indicated that CTF1 can
demarcate chromatin structures of distinct histacetylation status and to recruit H2A.Z at
the chromatin domain boundary. Furthermore, the $8\8&3 modification was found on
insulated telomeric transgenes, thus marking ggpeession at an otherwise silent chromatin
locus. Overall, we conclude that transcriptiontdes such as CTF1 may mediate chromatin
domain boundaries to protect transgenes from tbpagation of a silent telomeric chromatin
structure.
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[11.3 Material and methods.

111.3.1. Plasmid vectors.

The minimal CMV promoter and EGFP and DsRed codiaguences (Clontech) were
PCR amplified and cloned in both orientations inSpBK2 containing telomeric repeats,
kindly provided by J. Baur (Baur et al., 2001). ¢taycin resistance gene expressed from the
CAG promoter was inserted upstream of DsRed, ielartere-distal position. Four Gal4
binding site were introduced between EGFP and Ds&guession cassettes at Ascl and
BamHI restriction sites, yielding pGE1min-Gal an@g2min-Gal. Control plasmids were
generated by deletion of the telomeric repeatssriilds encoding the Gal DNA binding
domain alone (pCD-Gal-DBD), or fused to the CTFaliRAe rich (pCMV-Gal-Pro) or to the
VP16 (pCMV-Gal-VP16) transcriptional activation dams were as described previously
(Pankiewicz et al., 2005). Plasmids encoding GarCTusion mutations were previously
described by Alevizopoulost al. (1995). Plasmids used to generate stable popofati
expressing Gal4 derivatives were obtained by clp@al-fusion genes or the BFP gene in an
expression vector carrying the MAR 1-68 and the &@ebmoter (Girod et al., 2007) .

[11.3.2. Cells culture, transfection amnaglsitu hybridization.

HeLa cells (Clontech) were cultivated at 37°C aftl 602 in DMEM-F12 with 10%
fetal bovine serum (Gibco). Histone deacetylation @NA methylation studies were
performed by supplementing the cell culture mediwith either 1uM of Trichostatin A
(TSA, Wako) for 48h, 1mM of Sodium butyrate (Signfa) one week, 3uM of 5-aza-2’-
deoxycytidine  (5azadC, Sigma) for 48h, or 50uM Bfomo-deoxyuridine (BrdU,
Applichem) for one week. Transfections were perfdnusing the Fugene 6 transfection
reagent following instructions from the manufactyfoche). Stable clones were obtained by
transfection of linearized plasmids pGEmin-Gal, 2@fn-Gal or their respective controls.
Cells were selected with 2ug/mL of puromycin foreth weeks, and all analyses were
performed at least two weeks after the end of selecto allow for the silencing of the
telomeric locus. Transient transfections were paréal by co-transfection of a Gal-fusion
encoding plasmid and a BFP encoding plasmid at Ermratio of 9:1. Cytofluorometric
assays of the fluorescent reporter proteins weréommeed 48h later. Stable populations
expressing Gal-DBD/Gal-Pro were obtained by codfecting the Gal-fusion expression

plasmid, a BFP-encoding plasmid, and a Zeocin taesige plasmid at 45:45:10 weight ratio.
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Zeocin resistant cells displaying high BFP levetsavsorted twice, and the amount of zeocin
was increased to 1800pg/mL with increments of 20@ylLgto insure consistent and elevated
levels of fusion protein expression. Fluorescemcgtu hybridization (FISH) was performed

as described previously (Flahaut et al., 2006; d&sebal., 2007) using two colors labeling of

the reporter plasmids and of the telomeric repeats.
[11.3.3 Chromatin immuno-precipitation.

Antibodies against acetylated H3 (06-599), acetgdaiti4 (06-866) and trimethylated
H3K9 (07-442) were obtained from Upstate biotechgy! Antibody against H2A.Z
(ab4174) was purchased from Abcam. HelLa cells wareested at a confluence of 90% and
cross-linked with 1% formaldehyde for 4 min. Aftlsis of the nuclei, chromatin was
sonicated to obtain fragments of ~1000pb and degesith BamHI. The chromatin solution
was diluted to a volume of 300uL in a buffer contag 200mM HEPES, 2M NaCl, 20mM
EDTA, 0.1% NaDoc, 1% Triton X-100, 1mg/mL BSA. Chratin fragments were precleared
30 min with 10uL rProtein A Sepharose (AmershamsBiences) and supernatants were
incubated at 4°C overnight with 5uL of antibody.ntomoprecipitated complexes were
incubated with 10uL rProtein A Sepharose and peletre washed 3 times with IP buffer
(20mM HEPES, 0.2M NaCl, 2mM EDTA, 0.1% NaDoc, 1% itdm X-100).
Immunoprecipitated complexes were eluted in 100mfs/MACI, 1% SDS and cross-links
were reversed at 65°C for 1 hour. Precipitated DM&se eluted in 50uL TE.

[11.3.4. Quantitative PCR.

Quantitative PCR was performed on 7700 Sequeneetet(Applied Biosystems) using
SYBR Green reagent (Eurogentec). Chromatin immuecipitation samples and chromatin
input were diluted 10 fold before analysis. GAPDipdification was performed using 5’-
CGCCCCCGGTTTCTATAA-3' and 5-ACTGTCGAACAGGAGGAGCAG: primers,
EGFP using 5-AGCAAAGACCCCACCGAGAA-3' and 5’GGCGG@ICACGAA-3’
primers and DsRed using 5-TTCCAGTACGGGTCCAAGGT-3'and 5'-
GGAAGGACAGCTTCTTGTAGTCG-3’ primers. EGFP and DsRelues were normalized
by GAPDH.
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111.4. Results.

[11.4.1. Design of a quantitative assay of telorogyéne silencing.

In order to analyze both telomere-insulated andinsunlated genes co-integrated at the
same telomeric locus, we generated the reportenpis shown in Fig. 13A. Reporter vectors
consist of the green fluorescent protein (GFP) gt fluorescent protein (DsRed) coding
sequences placed on either side of four DNA binditgs for the yeast GAL4 protein. Each
reporter gene was placed under the control of anmainCMV promoter, in an orientation
mediating either convergent sor divergent dirediohtranscription. An antibiotic resistance
gene was placed adjacent to DsRed, while telonf€li&GGG)n repeats were placed next to
the GFP expression cassette. Previous studiesdewenstrated that stable transfections of
telomeric repeat-containing plasmids yield mostiygke copy integration at a telomeric
position, possibly because integration of the t&lomrepeats induces a chromosomal break
and the formation of a new telomere (Baur et &Q12 Pedram et al., 2006; Rincon-Arano et
al., 2007). These constructs were transfected, antibiotic-resistant cells having stably
integrated the transgenes in their genome werectedleand sorted into monoclonal
populations. Clones showing the following propertieere discarded: (1) heterogeneous or
disproportionate DsRed and GFP fluorescence, pipltause of multiple insertions and/or
a non-clonal nature, (2) no activation of DsRed/an&FP upon transfection of a Gal-VP16
expression vector, which suggests the deletionnef @ both reporter genes, and (3) high
basal expression of GFP and DsRed, which may résuth non-telomeric integrations.
Fluorescencen situ hybridization (FISH) analysis indicated a telomnedr subtelomeric
transgene position for all retained clones (see. Hfj in the supplemental material).
Monoclonal populations were also generated frontriduesfection of reporter plamids deleted
of the telomeric repeats, to obtain integratiomnah-telomeric loci, and cell clones were

selected similarly according to the above critérend 2.

This yielded three categories of clonal populatiortse first two categories, generated from
telomeric repeat-containing plasmids, display artedric or subtelomeric transgene location
and nearly undetectable reporter gene expressidoywobut detectable transgene expression
(see Fig. S1 in the supplemental material and F2é\ and 12B). These results are consistent
with previous reports of the low expression of teéwic transgenes in mammalian cells (Baur
et al., 2001; Pedram et al., 2006; Rincon-Aran@let2007). The last category of clones

generated using constructs devoid of telomericatgpelisplayed random
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Fig 13. Gal-Pro protects transgenes from telomeric positio silencing effects.

(A) Vectors used to assay the silencing of telomeric tranegeConstructions were designed to place the
GFP-coding gene in a telomere-proximal position and DsRedl telomere-distal position relative to four
binding sites for the yeast GAL4 protein. Transcription b€ treporter genes is either convergent or
divergent. Not depicted here is an antibiotic selectionegiecated to the left of the DsRed gene. Control
plasmids used for random integration at internal chrom@dodotations were deleted of the telomeric
repeats which are shown by arrowheads. (B-G) Examples oflagrometric analysis of the DsRed and
GFP fluorescence in clones B09 (panels B, C, D) and D17 (pdfel, G), carrying at a telomeric position
shown in panel A the convergent or divergent reporter canstrespectively. Each clone was transiently co-
transfected with a plasmid encoding the GAL4 DNA-bindingriin alone (Gal-DBD, panel B and E) or
fused to the CTF1 proline-rich (Gal-Pro; C, F) or VP16 (G&6; D, G) activation domain, and with a BFP
expression vector. The panels depict the GFP and DsRedeflcence of 1000 BFP-expressing cells.
Quadrant regions were set for each clone according to thel BesRRed and GFP fluorescence in Gal-DBD
expressing cells, so as to obtain 99% of the cells in the botedt region. The percentile of cells in each

quadrant is indicated.
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chromosomal integration sites and variable levélexpression (see Fig. 12C and S2 in the
supplemental material). Clones displaying clearermal chromosome integration and

relatively low expression levels were kept as acalstr

[11.4.2. CTF1 protects telomeric transgenes fronETP

The proline-rich domain of CTF1 has been showmteract with histone H3.3 and to
activate gene transcription in response to growatiiors in mammalian cells (Alevizopoulos
et al., 1995). To specifically assess CTF-1 agtiait mammalian telomeres, and to exclude
possible interference from other members of theaddetll CTF/NF1 family (Santoro et al.,
1988), the CTF1 proline-rich domain was transiergkpressed as a fusion to the DNA
binding domain of the yeast GAL4 protein (Gal-Pie)pression vectors encoding either the
unfused GAL4 DNA-binding domain (Gal-DBD), or a fis with the strong herpes simplex
virus VP16 activator (Gal-VP16), were used as adstrThese plasmids were co-transfected
with a blue fluorescent protein (BFP) expressiorctee as a transfection marker, and
transiently transfected BFP expressing cells waadyaed for GFP and DsRed fluorescence.
Gal-Pro expression resulted in an increase of D$Redescence without an increase of GFP
fluorescence in the telomeric clones (compare H8B and 13E with 13C and 13F,
respectively), while the Gal-VP16 fusion did nagrsficantly activate the transgenes, when
transcribed in a convergent fashion (compare R3¢ &nd 13D), or it activated DsRed and
GFP divergent transcription to a similar exteng(Ri3E and 13G). The low activation seen in
Fig. 13D is explained by the more distant locatafrthe Gal-VP16 binding sites from the
promoters driving the transcription of the convertgeeporter genes (Figure 13A, top
drawing). Assays of GAL4 fusions to other protethat bind insulator and/or boundary
elements, such as CTCF or USF1 (Baur et al., 2Bédram et al., 2006; Rincon-Arano et al.,
2007), failed to affect DsRed or GFP expressiorta(deot shown), confirming a specific
function of CTF1 at the telomeric loci.

Quantification of the Gal-Pro effect indicated titavccurs in independent clones that have a
telomeric transgenes integrated in various chromeso(Fig. 14A and 14B, and Fig. S2 in

the supplemental material). In contrast, Gal-VPtévated the expression of the reporter
genes to a variable extent, but without a markedepence for the activation of DsRed over
GFP. Gal-Pro had variable but generally smallee@# on the expression of transgenes

integrated at non-telomeric positions, where itld@lso activate GFP expression (Fig. 14C).
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We previously showed that the proline-rich activatdomain of CTF1 possesses two regions
that cooperate to bind histone H3, and that thiealo may reposition nucleosomes close to
its binding site (Ferrari et al., 2004; Muller aMermod, 2000; Pankiewicz et al., 2005).
Thus, we assessed whether the H3 interaction denmaay mediate the boundary activity.
Gal-fusions previously characterized by their &pito bind H3 were expressed in telomeric
clones B09 and D17, where Gal-Pro shows strong demyreffects. In both cases, deletion of
the H3 interaction domains was associated witlhrangtreduction of DsRed expression (see
Fig. S3 in the supplemental material). Single m®lrich domain point mutations known to
decrease or abolish interaction with H3 similarégickased the boundary effect (see Fig. S4 in

the supplemental material), supporting a role lier 3 interaction in the boundary activity.

To assess if the boundary effect can also be wbdefrom the expression of native

transcription factors such as CTF1, we analyzededogenerated with reporter constructs
carrying seven CTF/NF1 binding sites inserted betwthe two reporter genes instead of the
GALA4 sites. Since various members of the famil\CoF/NF1 proteins are expressed in HeLa
cells (Santoro et al., 1988), we sought to idertlbnes in which the additional expression of
CTF1 may mediate a boundary effect. Clones havmmggrated the reporter genes in
telomeric or internal chromosomal positions weresthsolated and analyzed after the
transient expression of CTF1. The boundary effe@s$ wbserved upon CTF1 expression in
cells with telomeric transgenes (Fig. 15A and 15®jile a commensurate activation

occurred for both reporter genes inserted at anat location on the chromosome (Fig. 15C
and 15D). The boundary effect at telomeric loci waserved in three independent clones
with telomeric transgenes, but the boundary eftdsterved upon CTF1 over-expression was
overall smaller that that obtained with the GAL4itin protein (data not shown). This may

Figure 14. Specific boundary activity of Gal-Pro atelomeric transgenes.

(A, B) Panel A depicts the percentile of fluoregrcells from cell clones having integrated a
reporter construct at a telomeric locus, and whisplay little or no basal expression of the
transgenes, whereas panel B shows results fromeslgenerated similarly, but having
detectable levels of GFP or DsRed fluorescenceabBied and D-labeled clones were
generated using the convergent or divergent, réspgG reporter constructs containing
telomeric repeats. Each clone was transiently teatessd with an empty expression vector
(control), or with the Gal-DBD, Gal-Pro or Gal-VP&&pression vector. Values represent the
average of the percentile of cells expressing Dsi&dP, or high levels of both DsRed and
GFP among 1000 BFP-expressing cells, determinegtluasrated in Figure 13. Error bars:
standard error of the mean of at least 3 indepdndeperiments. (C) Clones generated
without telomeric repeats, and showing internalegnation site, were transfected and
processed as for panels A and B.
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Figure 15. Native CTF1 acts as boundary at human cell telomes.

Hela cells were transfected with a plasmid reporter constas in Figure 1A, except that it carries seven
CTF/NF1 binding sites instead of GAL4 sites inserted betwd®e DsRed and GFP genes, which are
divergently transcribed. The integration site of clonesggated with reporter constructs containing (panels
A and B) or devoid of (panels C and D) telomeric repeats wadfiedrby FISH analysis by probing
telomeric repeats (green) or the reporter vector (red)glsafs and C). Boundary activity was evaluated by
comparing DsRed and GFP expression as described Figure Briasctransiently co-transfected with a
control plasmid (pBS) or with the CTF1-encoding expresgi@smid (CTF) (panels B and D).

74



stem from the background of CTF/NF1 proteins, &y tinay already mediate some boundary
effects on the reporter constructs containing CHY/Minding sites, and/or from the stronger
interaction of GAL4 to heterochromatic DNA as comguhto CTF1 (Pankiewicz et al., 2005).

Taken together, these results indicate that CTRelis fusion derivatives act specifically to
prevent silencing of the telomere distal but nothef telomere-proximal gene, implying that
they may prevent the propagation of a silencingqiaigrom the telomere towards more
centromeric sequences. Thus, these results sudgéstiethis protein may act as a boundary
or barrier element that blocks the spread of aesgwe chromatin structure from the

telomere.

[11.4.3. Chromatin landscape at mammalian telomiecc

Chemical agents that affect histone acetylatioDNA methylation were used to assess
whether telomeric transgenes are subjected to dtimmediated silencing effects.
Trichostatine A (TSA), a broad-specificity inhibitef class | and Il histone deacetylase
(HDAC) was found to strongly increase transgenaesgon at various telomeric positions in
independent cell lines (see Fig. S5 in the suppheahenaterial). In contrast, sodium butyrate
(NaB), a more specific inhibitor of HDAC | and lidasses, mediated lower unsilencing
effects in some clones, suggesting an involvemetiteoHDAC llb class in gene silencing at
some but not all telomeres. Thus, several HDACraigs may be involved in telomeric gene
silencing. HDAC inhibitor treatment of telomericonkes with lower transgene expression
generally resulted in greater enhancement of g&peession, as would be expected from a
chromatin-mediated silencing process (compare g\ and S1B with S5A and S5B in the
supplemental material).

Treatment of telomeric clones with the 5-aza-2'xd@ytidine (5azadC) DNA-methylation
inhibitor had little effect on transgene express{éigure S6). Thus, DNA methylation is
unlikely to be the primary determinant of telomesitencing in this cellular model. Several
studies have shown that Bromodeoxyuridine (BrdUn edolish expression variegation,
namely the cycling between semi-stable expressitreon-expressing states. Its mode of
action remains unclear, but it may act by decreggBistones mobility (Lin et al., 1976). BrdU
treatment of telomeric clones was associated withnarease in expression of the reporter
genes, but to a lesser extent than that noted T#A, suggesting that telomeric silencing

involves chromatin remodeling.
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The involvement of nucleosome hypoacetylation ia #ilencing of telomeric genes was
further analyzed by chromatin immunoprecipitati@says (ChlP) of two clonal populations
showing strong telomeric silencing. This revealg@dacetylation of H3 over both the GFP
and DsRed telomeric sequences, but the effect veas prominent on the telomere-proximal
GFP gene, as compared to the telomere distal Dskegdence. This does not stem from
preferential acetylation of the latter gene, ahheyels of acetylated H3 were found on both
transgenes integrated at an internal locus in tB®6c cells (Fig. 16A and 16B).

Hypoacetylation of histone H4 was only observedlenGFP sequence, further arguing for a
correlation between telomere proximity and the dmst hypoacetylation effect (Fig. 16B).

This finding is consistent with the spread of armsting signal from the telomeric repeats, and
it is reminiscent of distance-related silencingeet§ associated with the propagation of a

silent chromatin structure from yeast telomeresr@#iani and Grunstein, 2003).

The trimethylation of histone H3 on lysine 9 (H3KBB) has been associated with
heterochromatin-mediated gene silencing (Benetil.eR007a; Peters et al., 2001; Schotta et
al., 2004). However, H3K9Me3 levels were not sigaintly elevated in the telomeric clones
as compared to the transgenes integrated at amahtposition (Fig. 16C). Rather, low
H3K9Me3 modifications on clone D17 GFP sequenceetates well with the low GFP
expression, in contrast to clones BO9 and cDO06 hvBltow moderate or high levels of both
methylation and GFP expression, respectively (coendag. 16C and Fig. S1 in the
supplemental material). Other histone modificatiaueh as H4K20Me3, H3K27Me3 or
H3K79Me2 did not have a preferred location on #lerheric genes (data not shown). The
histone variant H2A.Z has often been located atlkbendaries of silent and permissive
chromatin domains (Dhillon and Kamakaka, 2000; Mgm& et al., 2003). Its low levels at
the telomeric reporter genes of clones B09 and Ddlicate that it may be excluded from
telomeric loci (Figure 16D). Overall, these reslilt& telomeric gene silencing to histone H3
hypoacetylation and H3K9 methylation, and they yrnjplat a short-ranging gradient of such
modifications stems from the telomere.
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Figure 16. Telomeric histones H3 and H4 are hypoacetylated.

Chromatin immuno-precipitation were performed on two nedoic clones (B09 and D17) and one clone
with non-telomeric integration (cD06). Chromatin fragrteenvere immunoprecipitated using antibodies
specific for acetylated H3 and H4 (panel A and B), trimettsdaH3K9 (C) and the histone variant H2A.Z
(D), and the precipitated DsRed and GFP genomic sequences agsayed by real-time PCR, and
normalized to values obtained by amplifying the GAPDH gehMean and SEM of 3 independent
experiments with at least two independent chromatin pegjoar are indicated.
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l1l.4.4. CTF1 fusion protein delimits distinct clmatin domains at telomeric

boundaries.

Given our conclusion that telomeric transgene sil@ninvolves histone modifications,
we next assessed if Gal-Pro expression may seddctippose these changes over the DsRed-
coding sequence. Clone B09 was stably transfecidd @al-DBD or Gal-Pro expression
vectors to insure stable expression of the GAL4ofusn a significant proportion of the cell
population. Expression of these GAL4 fusions wasessed indirectly, by measuring the

fluorescence of the blue fluorescent protein (B&ressed from a co-transfected vector.

Gal-pro expression was associated with an incre$t3 and especially H4 acetylation on
the DsRed sequence of clone B09. However, Gal-Rpression did not affect histone
acetylation on the GFP sequence, indicating thdtP@a mediates the formation of two
chromatin domains of distinct acetylation statug, that it does not act by recruiting HATs
that would acetylate bidirectionally the GFP andRPd genes. Gal-Pro expression also
strongly increased H3K9Me3 on DsRed but not GFPa@B09 telomere. The trimethylation
of H3K27 and H4K20, which are modifications gengralssociated with gene silencing,
were similarly increased on the expressed DsRedeseg in the presence of Gal-Pro (data
not shown). The HDAC inhibitor TSA yielded an inase of the acetylation of both DsRed
and GFP, as well as the trimethylation of H3K9,i¢ating that the latter modification may be

a consequence of the increase in histone acetylatio

To determine if histone acetylation changes aragdwnvolved in the boundary effect, clone
D17 was similarly tested, as GAL-Pro has strongnoauy activity while the HDAC inhibitor
NaB has little effect on telomeric gene expresgkig. 14A and Fig. S5 in the supplemental
material). Expression of Gal-Pro was not associatgtth an increase in H3 and H4
acetylation, nor with modifications such as H3KOMe&BK27Me3 or H4K20Me3 (Fig. 17
and data not shown). However, the occurrence of .A26n DsRed was significantly
increased. This indicates that several types obrohtin structures may be associated with
telomeric silencing and insulation effects, and tBal-Pro may act to separate chromosomal

domains of distinct chromatin structures.
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Figure 17. Effect of the Gal-Pro boundary on telomeric chronatin structure.
Chromatin immuno-precipitations were performed on teldmelones B09 and D17 stably expressing Gal-
DBD or Gal-Pro, or treated with the HDAC inhibitor TSA. Antilies were specific for acetylated H3 and
H4 (panel A and B), trimethylated H3K9 (C) and histone varid@A.Z (D) and precipitated sequences were
processed as for Fig. 16. (*) p<0.05 Studentsst (**) p<0.01 Student's-test.
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[11.5. Discussion.

The eukaryotic genome is thought to be partitiome@uchromatic or heterochromatic
domains in which chromatin may be either permissoregene expression or rather silent.
How the boundaries separating these chromatin deae established, and how they may
influence gene expression, remains poorly undegstiothis work, we show that two genes
co-localized at a telomeric locus can be partittbneto active and inactive chromatin
structures by the CTF1 protein or fusions derivezté¢of. This mode of action is distinct from
that of the VP16 transcriptional activator, whictduces bi-directionally the expression of
telomere proximal as well as telomere distal gehaspnly over a short distance. This latter
effect most likely results from the ability of VP1® recruit HAT and components of the basal
transcription machinery to the promoter (lto et @000). In contrast, CTF1 derivatives
protect the telomere-distal gene from silencinge@# without significantly affecting the
expression of the telomere proximal gene, andpaetsve of the gene orientation or distance
to the promoter. This implies that CTF1 does ndtaaca classical transcriptional activator,
but rather that it mediates the establishmentlmdraier that blocks the propagation of a silent
chromatin structure from the telomere, thereby fogra boundary between expressed and
silent genes. The CTF-1 boundary effect is medidtgdts histone-binding domain, and
mutations that inhibit interactions with the histoalso inhibit the boundary effect. Taken
together with previous observations that CTF1 bipaferentially to the H3.3 and that this
histone variant is enriched at chromatin boundafftesrari et al., 2004; Mito et al., 2007),
these findings imply a mechanism whereby the icteya of CTF1 with nucleosomes may
establish a chromosomal structure that blocks the-propagation of silencing signals from
the telomere. These findings provide a mechanestmanation for the previous observations
that CTF1 may contribute to reversing chromatin-taiedl gene silencing, but that alone it is

unable to activate transcription (Pankiewicz et2005).

In budding yeast, TPE is mediated by the SIR pnoteimplex spreading from the telomere
over subtelomeric regions, which results in histaeacetylation and gene silencing.
However, a similar mechanism involving the propamatof SIR proteins has not been
reported in mammalian cells. Rather, the estabkstirof a repressive telomeric structure has
been associated with increased H3K9Me3 modificatiantelomeres (Benetti et al., 2007a;
Perrini et al., 2004). H3K9Me3 is known to bind HRdhich may in turn recruit the Suv39
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HMTase to mediate further H3K9 methylation. Heres find that histone deacetylation is
linked to silencing at several of the analyzed rteddc loci, and that broad-range HDAC
inhibitors such as TSA mediate not only an increafséistone acetylation, but also other
types of modification such as H3K9 trimethylatiomhis implies a causal effect of

hypoacetylation on histone methylation levels ailghsing effects in mammalian cells. This
conclusion is further supported by the previous alestration that H3K9Me3 modifications

may occur as a result of gene transcription (Va&bal., 2005) and by the occurrence of
H3K9Me3 on a transgene protected from a chickeantete by the cHS4 beta-globin

insulator (Pedram et al., 2006; Rincon-Arano et2407).

Although we observed variable degrees of histonmagetylation when comparing different
telomeric integration loci, the extent of historeadetylation was found to be associated with
telomere proximity, as it is significantly lower @vthe telomeric-distal gene. This finding
suggests a short-ranging spread of a hypoacetylatgnal from the telomere. This contrast
the long-ranging histone hypoacetylation and silenthat stem from yeast telomeres, and it
may explain why telomeric gene silencing has beemnendifficult to detect in mammalian
cells. In human cells, we find that expression @fl-Bro results in the recovery of histone
acetylation on the telomere-distal but not on theximal gene, further supporting the notion
that it acts to block the self-propagation of ac#d@ated histone structure. This interpretation
is consistent with the recent implication of themnmaalian SIRT6 homolog of the yeast Sir2
HDAC in mammalian TPE, and with its H3K9 deacetglastivity (Michishita et al., 2008).
Thus, these results suggest a mechanism by whiRif&Sand possibly other proteins may

propagate along the mammalian chromosome to silaungielomeric regions.

Interestingly, our results imply that various chaim structures and/or mechanisms may be
implicated in the telomeric silencing and boundeffects. For instance, distinct telomeric
clones display different responses to treatment wgents that affect chromatin-modifying
activities. Furthermore, the boundary effect edidiby the CTF1 fusion protein is not always
associated with major changes in histone acetyla@s it was rather associated with the
incorporation of the histone H2A.Z variant in timsulated gene of one clone. This finding is
reminiscent of the previous demonstration that yeast H2A.Z homolog is capable of
synergizing with boundary elements, and that ifggentially locates on insulated telomeric
genes (Li et al., 2005; Meneghini et al., 2003; th&t al., 2005). Thus, in contrast to the
view that the mammalian H2A.Z may have the distifaiction of mediating a silent
heterochromatin structure (Fan et al., 2004; Lalet2005; Meneghini et al., 2003; Zhang et
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al., 2005), our results indicate that it can beoeiséed with gene expression at human

telomeres.

What distinguishes telomeric loci where the boupdsfect may be associated with histone
acetylation or with H2A.Z enrichment is unclearpaésent, but it may stem from different
chromosomal contexts. It has been found that telienséiencing is often counteracted by
HDAC inhibitors in tumor cell lines but not in noaincells (Baur et al., 2001; Pedram et al.,
2006; Rincon-Arano et al., 2007). While our resate consistent with these observations,
they raise the possibility that distinct mechanismesy operate at distinct chromosomal loci,
and that the previously observed cell-specific vadra may also reflect distinct telomeric

assay systems.

While the role of the CTCF transcription factor ars enhancer-blocking insulator has been
well characterized, the occurrence of mammalian EBWAling proteins that might mediate
chromatin-domain boundary effects has remained iv@usFor instance, the USF1
transcription factor binding site present in theckan HS4 insulator has been proposed to
mediate the boundary activity of this epigenomigutator (West et al., 2004). However,
while HS4 can shield transgenes from silencinghétken telomeres, the USF1 protein was
found to be dispensable for this effect (Pedraml.e2006; Rincon-Arano et al., 2007). Thus,
evidence for the long sought DNA-binding activitigst may mediate telomeric boundaries
in higher eucaryotes could not be obtained. Owlt®#dicate that binding sites for a single
transcription factor, or the recruitment of itsthige-binding domain by a heterologous DNA-
binding activity, suffices to mediate a chromatwonthin boundary effect and that it acts to
shield transgenes from telomeric silencing effelctsaddition, our study provides a means by
which very short DNA sequence acting as boundariag be identified and characterized,
opening the way to their use to protect transgé&oes silencing effects, for instance by their

incorporation in viral or non-viral gene therapycigs.
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111.6. Supplemental material.

HelLa B09 clone

HelLa B10 clone

HelLa D17 clone

HelLa D34 clone

Supplemental Fig. 1. Localization of telomeric transgenernitegration in four stable cells clones.

(A) Metaphasic chromosomal spread of clone D17 were hyteitliwith fluorescent probes consisting of the GFP and DsRgdesces (red
label) and the telomeric repeats (green label).

(B) Telomeric transgene integration of clones B09, B10, Bdd D34. Note the yellow color resulting from superpositidthe green and the red
colors, indicating colocalization of the insert and thete¢re. The presence of two integrated chromosomes for oime @34 results from the

duplication of the chromosome after transgene integraficensgenes of clones expressing higher levels of repprbéeins (B05, B23, D26 and
D31) were also integrated at a telomeric position (data hotvs).
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Supplemental Fig. 2. Non-targeted transgene integrationni clones generated without telomeric
repeats.

Integrations of transgene were analyzed as described gorS2, using the clones generated with plasmid
lacking the telomeric repeats as in Fig. S1C. Clones cBO1c&id (panels A and B) carry the convergent
reporter construct, while clones ¢cD06 and cDO07 (panels C Rnhaarrying the divergently transcribed
construct. Both cBO1 and cB17 are integrated near or at thenége, illustrating the frequent telomeric of
subtelomeric integration of constructs, even when devoithe telomeric DNA repeats, whereas cD06 and
cDO07 integrated the transgenes at internal chromosomial loc
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Supplemental Fig. 3. Deletions of the H3-interacting domais of CTF1 abolish its telomeric boundary activity.

(A) Schematic view of different deletion mutants are ilhaséd along location of the main H3 interaction domain (@atine, amino-acids 486 to
499), and the accessory H3-interaction domain (dasheddiae399-438), according to Muller and Mermod, 2000, a®fssto the GAL4 DNA-
binding domain (Gal-DBD).

(B) Analysis of the GAL4-CTF1 fusions boundary activity ilmee D17 as described in the legend to Fig. 2.

(C) Analysis of the GAL4-CTF1 fusions boundary activity iloige BO9 as in panel B
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Supplemental Fig. 4. Point mutations in CTF1 H3-interactirg domains inhibit the boundary activity.

(A) Different mutations previously shown to decrease orlishahe histone H3 binding activity of Gal-Pro (Alevizofdos et al., 1995) are
illustrated as described in Fig. S4. The boundary activityhese constructs was analyzed in clone D17 (panel B) or pa@ad] C) as
described in the legend to Fig. 2.
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Supplemental Fig. 5. Telomeric position effects are relieed by histone deacetylation inhibitors.

The four clones with telomeric integration displaying loi) ©r significant transgene expression levels (B)
were treated with TSA (1uM), Na butyrate (NaB, 1mM), 5aza@BN) or BrdU (50uM). Unsilencing
effects were assessed by recording the percentile of cedisvig an increase of GFP and/or DsRed
fluorescence as compared to the untreated cell populasibown in Fig S1. Both HDAC inhibitors (TSA
and NaB) and BrdU treatment mediated transgenes unsigneimereas DNA methylation inhibitor
(5azadC) had no effect.

87



V. CONCLUSIONS AND OUTLOOKS.
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In the genome, regions separating permissive chionfidm silent chromatin are
believed to be necessary to maintain a proper agigal of gene expression. Boundaries and
insulators insure this function by separating crabmdomains of distinct structures and that
may thus become crucial elements for the estabésimf tightly controlled gene expression
systems in biotechnology or in gene therapy.

The telomeric position effect has been describedicodarly in yeast, but how it
occurs in higher eukaryotes remains partially umkmaln this work, the context of telomeric
silencing was preferred to assess the boundaryitstatif Gal-fusion proteins, with the hope
to guarantee the direction from which heterochramstems, and two mammalian cell lines
were therefore assessed for their telomeric posiiect. As shown by Bauwst al. (2001),
TPE occurs frequently and strongly in HelLa cellscsilow levels of reporter genes were
correlated with telomeric insertions, even with tiéerent reporter constructs. Although this
phenomenon was less prominent in CHO cells, the timerease in luciferase activity
observed suggests that TPE may occur with a lomtensity and/or in a lower frequency in
this cell line, but it does not exclude that teloimeposition effect may be a widespread
mechanism of silencing occurring at telomeres oftmarganisms from budding yeast to

Human.

How telomeric position effect occurs in superiorkawyotes remains partially
unknown and mechanisms modulating telomeric sitepcare various and probably
interacting between each others. Indeed, telompasition effect occurs differently in
function of the cell line analyzed and varies ewa®smong the cells from a same line, since
some clones display only a partial silencing oforieric transgenes while others are
completely silenced. Such variegations may firstgm from telomere length which is known
to influence positively telomeric silencing, so ttl@aclone over-expressing the telomerase or
any gene involved in the ALT mechanism may exhabstronger telomeric silencing (Baur et
al., 2001; Ning et al., 2003). Secondly, the systd#ntelomeric integration described here
allows an integration of transgenes at a telomaueregardless of the chromosome identity.
Consequently, the chromatin located at the centrersiele of the reporter construct is able to
influence positively or negatively its expressigithough chromosomal identification was
assessed by FISH for all telomeric clones isolatetthis work, chromosomal recombination
and duplication occurring in HelLa cells made itfidiflt to compare the chromosome

integrated with the human pattern of cytologic chatin. Finally, histones marks present at
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telomere appear as the most important elementrigath telomeric silencing, and the
complexity of the histone code may also affect ingoatly the variety of phenotype observed
for the telomeric silencing. Histone deacetylat®targely involved in telomeric silencing, as
previously observed in yeast. Indeed, accordingithishitaet al.(2008), and consistent with
the HDAC inhibitors assays described previouslg, $lirtuin deacetylase family is thought to
be the main responsible of histone deacetylationeltmeric chromatin, although other
HDAC are also involved in this phenomenon. Nevdetse ChIP experiments have shown
that this deacetylation signal extends on a slargje when compared cerevisiae. Such
difference might be explained by the fact that mdf secruiting function has been yet
discovered for the Sirtuin proteins in higher eyk&es. Surprisingly, no histone mark
involving lysine methylation among those testeceh(@rcluding H4K20Me3, H3K27Me3 and
H3K79Me2) nor HPE were associated with gene silencing at telom@tata not shown),
suggesting that these histone marks and (HBde not involved in the composition of
mammalian telomeric heterochromatin. DNA methylatlas been shown to occur in non-
tumorous cell lines as an additive mechanism tbatdcreinforce telomeric position effect
(Pedram et al., 2006; Rincon-Arano et al., 200¢}ing thus as an additive source of
variegation of telomeric silencing. Neverthelessgtimglation inhibition by 5azadC showed
that DNA methylation was not involved in the telamesilencing analyzed in this work.

As a first hypothesis, the polar effects of CTF1lgeme expression at telomeres might
be explained by its transcriptional activity whislould be facilitated at telomere distal locus.
Indeed, in all clones carrying the reporter corgdtmith diverging reporter genes, boundary
activity of CTF1 remains more difficult to distinigh from its transcriptional activity, and a
synergic effect on gene expression cannot be eadlublevertheless, clones carrying the
converging reporter construct show that CTF1 acenhavhen distant from the promoter as
expected from a chromatin remodeling or boundaryiviac Moreover, asymmetrical
activation of the gene distant from the telomermfaots this hypothesis when compared to
VP16 activation that activates both reporter gaegsardless of telomere orientation, but at a
short distance only. Internal integrated contrad® gupport to the boundary activity of CTF1
since it activates both reporter genes when theynat specifically inserted in a location
adjacent to heterochromatin. Moreover, ChIP expemtmhas shown that histone marks
associated with transcriptionaly active genes fikaethylated H3K36 were not increased by
binding of CTF1 neither for GFP nor for DsRed, keliwhat would be expected from a
transcriptional activation mechanism (data not showaken together, these data are fully
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consistent with a chromatin boundary activity of FITwhich is not dependent of its

transcriptional activity.

How CTF1 protect genes from telomeric silencing basn attributed to the blocking
of the spread of the SIR complex along the chrommesm yeast cells, but no such spreading
has been yet described in mammalian cells, anchdmmalian Sirtuin proteins have not been
identified as chromatin components although they ima involved in the deacetylation of
telomeric nucleosomes. Here, ChIP experiment showat CTF1 blocks histone
deacetylation signal spreading on a short rangenextom the telomere, which is not
exclusive with the possibility that this signal midpe partly carried by SirT6 or SirT1 histone
deacetylases. Nevertheless, binding of CTF1 betweporter genes is also associated with
the increase of other histone marks at the teloipeectedlocus, suggesting those are
involved in the establishment of chromatin bouremriather than in the composition of
telomeric chromatin. Indeed, in the clone displgyan incomplete silencing of transgenes,
trimethylated H3K9 and H4K20 were associated wigistaration of histone acetylation
whereasthey are generally observed in heterochromaticoregiOn the other hand, in the
clone displaying a complete silencing of transgenessilencing of the telomere distal
transgene was not associated with a recovery tdrigsacetylation but with the recruitment
of the H2A.Z variant. This does not exclude thatgtdme hypoacetylation is involved in
telomeric position effect in this clone, since ChéRperiment confirmed low levels of
acetylated histones and it was also respondingXA&®& inhibitors. Nevertheless, lower levels
of reporter genes expression in this clone suggdsis H2A.Z recruitment may precede
histone acetylation recovery during the establisitnoé chromatin boundaries, and this may
explain why CTF1 mediating unsilencing can be assed with different chromatin

modifications.

The establishment of chromatin boundaries involmasy histones marks which may
interact with one other. However, the possibilitatt CTF1 interacts with several chromatin
modifying proteins remains unsubstantiated, thugLmay recruit a histone mark that could
lead to gene unsilencing by different ways. Two ridd experiment have shown that CTF1
binds preferentially the H3.3 histone variant innrnmaalian cells (Ferrari et al., 2004), which
is a variant known to be present at chromatin batied. Then, CTF1 boundary activity could
be initiated by H3.3 recruitment, although up tevnao study has shown a link between H3.3
variant and the recruitment of H2A.Z or H3K9Me3thAdugh the H3.3 variant and H3 are

different for a few amino acids, the analysis of-Beb mutants shows that binding of CTF1
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with histone H3 is needed for a correct boundatyvigy, so that its chromatin boundary
activity may be directly dependent on the H3 bigdianction. CTF1 has been shown to act
as a chromatin boundary 8icerevisiae telomeres (Ferrari et al., 2004) and to exhibit an
unsilencing activity in mammalian cells that mayguge its interaction with H3 histones
(Pankiewicz et al., 2005). Thus, the present waorksl these two studies since it shows that
the boundary effect of CTFL1 is efficient mammalceils, and that this boundary activity is
dependant of the interaction of CTF1 with H3 histenlt remains difficult to determine
which of the multiple histones marks may be invdha influenced by CTF1. However,
recent studies in the laboratory using CHIP coupbedeep DNA sequencing have allowed to
analyze genome wide histones modifications to deter what histone marks are
preferentially associated to CTF1 binding sitesl@sliPjanic, personal comm.). Such study
will permit to determine histone marks recruited@®¥F1 at native CTF/NF1 binding sites in
mouse fibroblasts and to give larger informatiohew the possible combinations of histone

marks induced by CTF1-mediated boundary activity.

CTF1 displays interesting features that are reduiceisolate a transgene from its
environment in biotechnological applications. Nékeless, if CTF1 binding sites are able
here to protect a transgene from silencing, it do@simply it protects it from activation as
expected from a perfect insulator. Moreover, the v$ native CTF1 binding sites in
biotechnological applications leaves the problerhinéling of other isoforms of the CTF/NF1
family strongly expressed in most of cells, and plossibility that they form heterodimers
with CTF1, modulating negatively its activity. Ceggiently, insulating tightly a transgene
from its chromatin environment would require prolgahe combination of several insulating
elements. The plasmid construct described in tloikypermits to test Gal-fusion proteins on
a large scale within the same clone, and conselguemtcompare these fusion proteins
between each others. For instance, this systemifpednio compare CTF1 boundary activity
with other elements known as insulators and/or Hates such as Gal-CTCF or Gal-USF1,
which did not show any boundary activity in all oés analyzed (data not shown), even when
both were bound between DsRed and GFP. Neverthelsssg Gal-fusion proteins in
biotechnological applications remains limited sinc@eeds to express also the Gal-fusion
protein, but such two-reporters system may be itleacreen for new boundary activities.
Consequently, this system is currently being adhptethe study of other genomic putative
boundary elements such as MARs and STARs. Suckrsagwill permit to select genomic

DNA elements displaying a strong boundary activiityfore assessing their ability to control
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gene expressiom vivo when integrated in an inducible system. Moreotis study will
permit to determine the role of different MARs agard to chromatin organization, as well as
their possible recruitment of specific histone nsarkvhich remains currently unknown.
Finally, STARs were described as blocking the pgapian of HP1-mediated silencing, so
that testing these elements will permit to deteemfrother HP1 isoforms than HRBhcts in

telomeric silencing in human cells.
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